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Abstract

Understanding the transcription factor proteins that control the biology of neural stem cells during
embryogenesis provides insight into brain development as well as neurodevelopmental disorders.
Likewise, studying the function of transcription factors in adult neural stem cells allows us to
appreciate the dynamics of these cells and their contribution to normal cognitive function. It also
provides a knowledge base so as to one day harness the activity of adult neural stem cells to treat

degenerative conditions of the nervous system.

One family of transcription factors key to brain development are the Nuclear Factor Ones (NFIs).
Comprised of four members in mammals (NFIA, NFIB, NFIC and NFIX) these proteins promote
both neuronal and glial differentiation during mouse forebrain development, and in general, appear
to have a highly similar function. This thesis addressed two outstanding questions regarding the
function of one these proteins, NFIX, in mouse neural stem cell biology. The first question
concerned refining our understanding of NFIX function during forebrain development by
determining, which stage of neuron differentiation, from a stem cell to a mature neuron, is
controlled by NFIX? I answered this question by studying early changes in progenitor populations
in loss-of-function mice, revealing that NFIX promotes the production of intermediate neuronal
progenitors by directing stem cells to divide in an asymmetric manner. Mechanistically, this was
because NFIX, and NFIA/B activated the expression of the spindle regulator Inscuteable, which
changes cleavage plane orientations to direct an intermediate neuronal progenitor cell fate. The
significance of this finding to neurodevelopmental disorders caused by de novo NFLX mutations is

discussed.

The second question I addressed in this thesis, was that if NFI proteins are so important for
regulating neural stem cell biology during brain development, then do they also regulate adult
neural stem cell biology? I addressed this question by breeding inducible, conditional mice to allow
for deletion of Nfix from adult hippocampal neural stem cells and separately, immature neurons. I
found that NFIX is essential for adult-borne neuron differentiation, so that in the absence of NFIX,
mature neurons are not generated and behavioural deficits ensue. Mechanistically, we found that
NFIX is essential for primary dendrite formation, and that without NFIX a proportion of adult
hippocampal progenitors switch fate to become oligodendrocytes or aberrantly express increased
levels of oligodendrocyte mRNA. In addition to demonstrating the absolute requirement of the

NFIX protein for the generation of adult-borne neurons, these findings reveal the surprising tri-



potency of adult hippocampal progenitor cells. This information may prove useful when
considering strategies to harness the endogenous neural stem cell activity of the adult brain to treat

demyelination disorders.
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Chapter 1  Nuclear Factor One transcription factors:
divergent functions in developmental versus adult stem

cell populations?

1.1 Scope of thesis and structure

This thesis examines the transcriptional regulation of neural stem cell biology, both in the
developing brain and in the adult hippocampus. It uses mouse as a model and focuses
predominantly on the function of one transcription factor called nuclear factor one x (Nfix). This
thesis identifies and compares Nfix function across development (Chapter 3) with its function in the
adult hippocampus (Chapter 5). This thesis also contributes a new histological method for
identifying dividing adult hippocampal stem cells (Chapter 4), which was integral to the analysis in

Chapter 5. The structure of thesis is as follows:

Chapter 1: Literature review — “Nuclear Factor One transcription factors: divergent functions in

developmental versus adult stem cell populations?”’
Chapter 2: Methods chapter — “Production of transgenic mouse strains”

Chapter 3: Data chapter — “Transcriptional regulation of intermediate progenitor cell production by

NFIX during cortical development”.

Chapter 4: Data chapter — “A morphology independent approach to identifying dividing adult

hippocampal neural stem cells”.
Chapter 5: Data chapter — “NFIX is essential for neuronal fate in the adult hippocampus”

Chapter 6: General discussion.
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1.2 Aims of Chapter 1

The aim of this chapter is to provide an overview of the field’s current understanding of NFI
transcription factors in developmental stem cells and in adult stem cells. The scope of this chapter is
broad, covering the function of NFIs not only in the nervous system but also in the many other
organ systems. I make the generalisation in this chapter that NFIs promote differentiation during
development, while also acknowledging exceptions to this rule, and gaps in our knowledge. One of
the major knowledge gaps I highlight is that while NFIs promote neuronal differentiation during the
development of the dorsal telencephalon, the stage of neuronal lineage progression regulated by

NFIs is unknown. Addressing this gap forms Chapter 3 of my thesis.

The second generalisation I argue for in this chapter is that NFIs may play a different, and/or
additional role within adult stem cell populations. The few studies published on NFI function in
adult stem cells suggest that NFIs regulate quiescence, a state of reversible cell-cycle exit unique to
adult tissue stem cells. Interestingly, of the few studies published thus far, NFI deletion from adult
tissue stem cells had little effect on processes of differentiation. These few studies, suggest that
NFIs regulate quiescence and are not integral to differentiation programs in adult stem cells, unlike
during development. This discussion backgrounds Chapter 5 of my thesis, wherein, I directly
address the function of NFIX in adult stem cells in the hippocampus, assessing both the regulation
of quiescence and the differentiation of this population. In doing so, by the end of this thesis I
provide an informed discussion (Chapter 6) directly comparing and contrasting the functions of

NFIs during brain development (Chapter 3) and in adult neural stem cells (Chapter 5).

The text in the following chapter was published in the journal Developmental Dynamics, on August

20, 2014.

Harris L, Genovesi LA, Gronostajski RM, Wainwright BJ, Piper M. 2015. Nuclear factor one
transcription factors: Divergent functions in developmental versus adult stem cell populations. Dev

Dyn 244:227-238.
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1.3 Introduction

A stem cell is an undifferentiated cell that has the capacity to retain stem cell identity through self-
renewal, and to differentiate to generate multiple cell types (Weissman, 2000). Broadly speaking,
there are two classes of stem cells, those present in the developing embryo and those resident in
adult tissues. In the developing embryo, each organ system has a set of lineage restricted stem cells
that proliferate in a continuous manner and which, through their differentiation, produce the post-
mitotic cellular components of the particular organ system in a relatively short period of time. In
contrast, resident adult tissue stem cells, which function to replace and repair tissue throughout life,
comprise a relatively scarce and long-lived cellular population. Because of this, a proportion of
these cells exist in a non-proliferative state (quiescence) for prolonged periods, thereby preserving
the adult stem cell pool by preventing proliferative stress and precocious commitment to

differentiation (Valcourt et al., 2012; Cheung and Rando, 2013).

A key determinant of stem cell proliferation and differentiation are the gene regulatory networks
governed by transcription factors. One group of transcription factors that is highly expressed by
stem cells during development, as well as by adult stem cells across a range of tissue types, is the
NFI family. The first NFI factor isolated was described as a host-encoded protein required for the
initiation of adenovirus replication (Nagata et al., 1982). Subsequently, four genes encoding Nfi
family members in mammals have been isolated, namely Nfia, Nfib, Nfic and Nfix (Rupp et al.,
1990; Kruse et al., 1991). NFIs interact with double-stranded DNA as either hetero- or homodimers
by binding to the palindromic sequence TTGGC(N5)GCCAA with high affinity, thereby activating
or repressing gene transcription depending on the cellular context and gene promoter [for an in

depth review of these topics see (Gronostajski, 2000)].

The expression pattern of NFIs during development was characterized over 15 years ago (Chaudhry
et al., 1997); from this study and subsequent analyses it has been demonstrated that NFIs are highly
expressed by embryonic stem and progenitor cells within the central nervous system (CNS), lung
and skeletomuscular tissue, amongst others. This initial expression analysis, combined with the
generation of Nfia null mice, provided the first indicators that Nfi genes are important regulators of
stem cell biology during development (das Neves et al., 1999). Subsequent cellular and molecular
characterization of Nfia, Nfib, Nfic and Nfix null mice (see Table 1.1) demonstrated that NFI factors
play multiple roles during development that promote cellular differentiation, including activating

cell-type specific programs of gene expression and repressing the transcription of genes encoding
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factors mediating stem cell self-renewal (Messina et al., 2010; Piper et al., 2010; Lajoie et al.,
2014). Consistent with their role in promoting stem and progenitor cell differentiation during
development, NFIs have been implicated in a number of developmental disorders (Lu et al., 2007;
Malan et al., 2010; Priolo et al., 2012; Yoneda et al., 2012), and have been reported to act as tumor

suppressors in some cancers, including medulloblastoma (Genovesi et al., 2013).

Recently, the development of novel in vitro models and the use of conditional knockout
technologies have shown that NFIs are also important regulators of stem cell biology in adult
tissues, including melanocyte stem cells within the hair follicle niche (Chang et al., 2013) and
hematopoietic stem cells in adult bone marrow (Holmfeldt et al., 2013). Intriguingly, in these
studies, loss-of-function analyses did not lead to a delay in the differentiation of the adult stem cell
populations as would be expected based on the role of NFIs during development. Instead, the loss
of NFI function led to the loss of stem cell quiescence, precocious differentiation and the loss, or
cellular death, of the stem population. In this review we discuss the role of NFI factors in
development, largely as promoters of differentiated states, and reconcile this with the emerging

evidence for NFIs as mediators of quiescence and survival within adult stem cell niches.
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1.4 NFls drive stem and progenitor cell differentiation during

development

There is strong evidence that the major role of NFIs during development is to promote
differentiation at the expense of stem cell self-renewal. NFIs carry out this role by exerting multiple
effects on stem cell populations that act cumulatively to promote differentiation. Evidence for this
role is found across a range of tissue types, including the CNS (Barry et al., 2008; Piper et al., 2010;
Heng et al., 2014), musculoskeletal system (Messina et al., 2010; Pistocchi et al., 2013) and lung
(Hsu et al., 2011) as well as in a range of other contexts such as in the development of teeth (Park et

al., 2007) and the mammary gland (Murtagh et al., 2003; Nilsson et al., 2006).

Within the developing CNS, neural stem cells give rise to post-mitotic cells in a temporally distinct
manner, first generating neurons and subsequently glia. These post-mitotic cells then migrate away
from the germinal zones of the developing brain and integrate into the emerging cellular layers
where they terminally differentiate (Kriegstein and Alvarez-Buylla, 2009). Results to date have
shown that NFIA, NFIB and NFIX all have multifaceted roles in regulating neural stem and
progenitor cell differentiation during development, including driving the differentiation of stem

cells within the developing cerebral cortex and neuronal progenitors within the nascent cerebellum.

1.4.1 NFls promote cortical neural stem cell differentiation

Radial glial cells are the principal class of stem cell in the developing cerebral cortex (dorsal
telencephalon), generating the majority of the post-mitotic neurons and glia present in the mature
cortex (Casper and McCarthy, 2006). During early development, radial glial cells, which are located
in the cortical ventricular zone, predominantly divide symmetrically to expand the population of
stem cells. As development progresses, radial glial cells switch to dividing asymmetrically,
generating a secondary pool of progenitor cells called intermediate progenitor cells (IPCs) (or basal
progenitors) that migrate to the subventricular zone region, followed by glia such as astrocytes and

oligodendrocytes (Kriegstein and Alvarez-Buylla, 2009).

NFIs were first implicated in regulating the differentiation of radial glial cells by expression
analysis, which revealed that NFIA, NFIB (Plachez et al., 2008), and NFIX (Plachez et al., 2008)
are all expressed within the ventricular zone of the telencephalon from embryonic day 12 (E12) in

mice until the end of corticogenesis at E18. Subsequent examination of the neocortical and
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hippocampal phenotype of Nfia and Nfix null mice revealed that there was an expansion of the pool
of radial glia from approximately E16 onwards, as identified through immunohistochemical
staining for stem cell markers such as PAX6 and SOX2 (Piper et al., 2010; Heng et al., 2014).
Similarly, in a recent study examining the neocortical and hippocampal phenotype of Nfib null
mice, more PAX6-positive stem cells were identified within the ventricular zone, indicating that in
mice lacking Nfib, cortical stem cell populations are also expanded (Betancourt et al., 2014).
Despite the greater number of cortical radial glia within Nfia, Nfib and Nfix null mice at E16, these
mouse lines do not display a concomitant increase in the expression of the intermediate progenitor
cell marker TBR2 at this age (Piper et al., 2010; Betancourt et al., 2014; Heng et al., 2014); nor do
they display increased expression of the astrocytic protein GFAP, which is instead dramatically
reduced (Shu et al., 2003; Piper et al., 2010; Heng et al., 2014). Therefore, these data argue that in
the absence of NFIs radial glial cells fail to differentiate down neuronal and glial lineages according
to normal developmental timelines resulting in severe morphological defects such as the
dramatically reduced size of the hippocampal dentate gyrus in postnatal Nfia and Nfix null animals

(das Neves et al., 1999; Heng et al., 2014).

Molecular studies and expression analyses suggest that NFIs may promote the differentiation of
radial glial cells into neurons and glia through a dual mechanism of directly inducing glial (and
potentially neuronal) specific gene expression, while repressing the transcription of genes
associated with the maintenance of stem cell populations (Figure 1.1). While earlier studies showed
a decrease in glial-specific markers in Nfia (das Neves et al., 1999) and Nfib null mice (Steele-
Perkins et al., 2005), the first evidence that NFIs directly induce glial-specific gene expression came
from rat cortical cell cultures, where a pan-NFI antibody was used to demonstrate that NFI occupies
the Gfap promoter prior to the induction of astrocyte differentiation, and that mutation of the NFI
binding site correlates with reduced GFAP expression (Cebolla and Vallejo, 2006). Subsequent to
this, using an in vitro model of cortical neural stem cells derived from mouse, Namihira et al.
(2009) implicated NFIA as an intermediary factor in the canonical Notch/JAK/STAT pathway,
which functions instructively during development to drive glial differentiation within the cortex.
Specifically, they demonstrated that activation of Notch signaling induced NFIA expression in
cortical neural stem cells, and that subsequent NFIA expression was correlated with disassociation
of the inhibitory factor DNA methyltransferase 1 from the Gfap regulatory region, and with STAT3
binding site to the Gfap promoter. These findings illustrate that another pathway through which
NFIs may induce expression of the Gfap locus is via the inhibition of repressive promoter
methylation. Intriguingly, recent studies in human neural progenitor cell cultures have further

shown that the NFIX-3 splice variant is also a potent activator of the Gfap promoter, in this case
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through regulating nucleosome architecture and the recruitment of RNA polymerase to the
transcription complex rather than via the modulation of DNA methylation (Singh et al., 2011).
Together these findings illustrate the different ways in which NFIs can regulate the molecular
pathway driving Gfap expression during glial differentiation. The precise mechanisms governing
how NFI factors regulate the expression of other astrocyte specific genes currently thought to be
downstream of NFIs, such as B-fabp (Bisgrove et al., 2000), Sparcll (Wilczynska et al., 2009),
Apcddl, Mmd?2 and Zcchc24 (Kang et al., 2012) are yet to be determined.

Repression of stem cell self-renewal pathways represents a second, complementary mechanism that
may contribute to the delays in neuronal and glial development seen in Nfi null mice. Work from
our group has shown that two genes implicated in cortical stem cell self-renewal, the epigenetic
factor Ezh2 (Pereira et al., 2010) and the transcription factor Sox9 (Scott et al., 2010), are repressed
by NFIB (Piper et al., 2014) and NFIX (Heng et al., 2014) respectively in vitro, and that the
expression of these factors is upregulated in null mice. Similarly, we have also demonstrated that
expression of the Hairy-Enhancer-of-Split (Hes) genes Hesl and Hes5, which are key regulators of
Notch signaling-induced stem cell self-renewal, are upregulated in Nfia and Nfib null mice (Piper et
al., 2010), suggesting that NFIs may repress elements of the Notch pathway associated with self-
renewal, while simultaneously co-operating with the JAK/STAT element of the Notch pathway that
promotes glial differentiation (Figure 1.1). Collectively, these findings strongly support the idea that
NFIs promote cortical stem cell differentiation through direct activation of cell-type-specific genes,
while repressing the expression of loci that maintain stem cell fate. It will be critical for further
studies to delineate the specific functions of each individual NFI factor regulating the differentiation
of cortical stem cell populations. Such studies will provide insight into whether it is the overall level
of NFI factors that is crucial, or whether each individual factor regulates a unique set of genes.
Next-generation genomic techniques such as chromatin immunoprecipitation followed by
sequencing (ChIP-seq) using antibodies specific to individual NFI factors, combined with RNA
sequencing (RNA-seq) of the different Nfi null mouse lines, have the capacity to provide these

answers.

1.4.2 NFls promote cerebellar granule neuron development

NFI proteins also play key roles as transcriptional regulators of the development of the most
abundant neuron of the brain, the cerebellar granule neuron [reviewed in (Kilpatrick et al., 2012)].
Towards the end of embryonic mouse development (~E18), granule neuron progenitors (GNPs)

surround the primordial cerebellum, comprising a cell layer known as the external granular layer
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(EGL). This represents the main secondary germinal site for neurogenesis in the postnatal
cerebellum. Granule neuron development from the EGL provides an elegant system in which to
explore the molecules that mediate the switch from a proliferating neuronal progenitor cell to a
terminally differentiated granule neuron [reviewed in (Martinez et al., 2013)]. Specifically, GNPs
proliferate in the outer EGL before exiting the cell cycle and commencing their migration inwards
towards the internal granule layer (IGL). Within the EGL, GNPs begin to differentiate, extending
bipolar axons that form fascicles of parallel fibres, and subsequently migrate tangentially before
reaching the pre-migratory zone of the EGL. Here, GNPs extend long radial processes and migrate
down through the molecular layer, to form the IGL. Within the IGL, GNPs complete the final
stages of maturation and terminally differentiate, extending dendrites that form synapses with
mossy fibres and additional neurons. Although a number of studies have contributed to our current
understanding of the signaling pathways responsible for driving the proliferation of GNPs in the
EGL (Dahmane and Ruiz i Altaba, 1999; Wallace, 1999; Lewis et al., 2004), what drives these cells

to exit the cell cycle and ultimately differentiate to granule neurons remains poorly understood.

The NFI transcription factors have now been shown to play key roles in the progressive stages of
post-mitotic GNP migration and differentiation. The identification of NFI proteins as directly
regulating the transcription of Gabra6, a gene expressed in differentiated granule neurons residing
in the IGL of the cerebellum (Kato, 1990), provided the first evidence of a role for the NFI family
as transcriptional regulators in GNPs (Wang et al., 2004). Following this, expression analyses of
cerebellar tissue isolated from post-natal day 7 (P7) mice suggested a role for these factors in the
migration of GNPs to the IGL, with NFIA, NFIB and NFIX being expressed by GNPs residing in
the deeper pre-migratory zone of the EGL, as well as by cells migrating through the molecular layer
to the IGL (Wang et al., 2007). Using a variety of tools to manipulate NFI function in GNP culture
in vitro, Wang et al. (2007) demonstrated that NFI proteins are critical for axon outgrowth and
migration of post-mitotic GNPs. These findings were confirmed in P6 cerebellar slice cultures, in
which the inhibition of NFI function induced the defasciculation of previously formed parallel
fibres within the pre-migratory zone of the EGL, and subsequently impeded the radial migration of
GNPs from the pre-migratory zone of the EGL to the IGL. In addition to these GNP differentiation
events within the pre-migratory zone of the EGL, studies in ex vivo cerebellar slice cultures also
revealed that the length and number of dendrites formed from GNPs once they had migrated to the
IGL was disrupted by blocking NFI function. The cerebellar phenotype of Nfia null mice is
consistent with in vitro and ex vivo findings, with P17 Nfia-deficient mice exhibiting shortened and
disorientated parallel fibres and retarded migration of GNP cells within the cerebellum (Wang et al.,

2007). Similarly, delayed GNP maturation was also observed in Nfix-deficient mice; however this
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was not thought to be a consequence of a migratory defect of GNPs per se, but rather an overall
delay in the development and differentiation of GNPs (Piper et al., 2011). Together these data
strongly implicate NFI transcription factors in regulating various aspects of GNP maturation,
including the switch from an immature, proliferating GNP to a post-mitotic GNP that has

commenced its migration.

More recent studies have begun to elucidate the transcriptional targets of the NFIs that mediate both
the early and late stages of GNP maturation. The cell adhesion molecules, N-cadherin and ephrin-
B1, have been identified as NFI gene targets responsible for mediating a range of differentiation
defects, consistent with previous studies demonstrating their role in the migration of GNPs (Karam
et al., 2000; Taniguchi et al., 2006). Functional inhibition of ephrin B1 or N-cadherin in GNPs in
vitro and in ex vivo cerebellar slice cultures disrupts axon extension, migration and dendrite
formation, with both proteins also reduced in migrating GNPs in the molecular layer and IGL of
Nfia null mice (Wang et al., 2007). One subsequent study has identified an additional cell adhesion
molecule, transient axonal glycoprotein 1 (Tagl), as an NFI downstream target implicated in post-
mitotic GNP differentiation (Wang et al., 2010). More recently, the NFI family has been
demonstrated to play a central role in regulating a developmental switch program in GNPs during
late stages of maturation, whereby genes required for mature granule neuron function, including
dendrite and synapse formation, are upregulated at the expense of genes expressed in more
immature GNPs (Ding et al., 2013). NFIs were shown to mediate this late developmental switch in
gene expression in response to temporally regulated changes in membrane potential. Typically in
GNPs depolarization maintains immature GNPs via the activation of the calcineurin/nuclear factor
of activated T-cells, cytoplasmic (NFATc) pathway. NFATc was found to occupy and block the
promoters of the late-expressed NFI genes. However, as GNPs begin to mature and undergo a
hyperpolarizing shift in membrane potential, NFATc binding subsides, allowing the NFI family of

proteins to bind to promoters of late-expressing genes in GNPs and induce dendrite formation.

Together, these data indicate the importance of NFI family members as critical regulators of a gene
network that orchestrates several stages of GNP maturation, including axonogenesis, radial
migration, dendritogenesis and synaptogenesis. Further advances are required to identify target
genes of NFI family members in GNP development and to delineate the overlapping and non-

overlapping roles of each NFI family member.
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1.4.3 NFls are potential drivers of medulloblastoma tumorigenesis

Given the central role of NFI family members in GNP differentiation, it is perhaps not surprising
that NFI family members have recently been implicated in medulloblastoma, a disorder of GNP
proliferation and differentiation. Medulloblastoma is a common malignant brain tumour of
childhood, and certain subtypes of this disease have long been known to arise from GNPs of the
EGL (Marino et al., 2000; Oliver et al., 2005; Schuller et al., 2008). Recently, a number of studies
identified NFI factors as potential drivers of medulloblastoma tumorigenesis, with transposon-
mediated inactivation of Nfia, Nfib and/or Nfix shown to accelerate medulloblastoma initiation
and/or progression in a mouse model of medulloblastoma derived from GNPs (Wu et al., 2012;
Genovesi et al., 2013; Lastowska et al., 2013). Nfia was subsequently confirmed as a specific driver
of medulloblastoma in vivo, with combined haploinsufficiency for both Nfia and Ptchl exacerbating
tumour development compared to the Ptchl haploinsufficiency alone (Genovesi et al., 2013). Given
the role of NFIA in the regulation of GNP differentiation, these findings further emphasize the link
between the differentiation status of GNPs and the development of medulloblastoma. A similar role
was previously observed for proneural transcription factor Math1, whereby the overexpression of
Mathl blocked the trajectory of GNP differentiation, thereby significantly increasing tumour
incidence and reducing tumour latency (Ayrault et al., 2010). Collectively, these studies
demonstrate that medulloblastoma development is strongly linked to the differentiation status of
GNPs. As such, further studies are required to assess the relevance of other NFI family members in
medulloblastoma and to define the repertoire of target genes regulated by this family of

transcription factors relevant to tumour development.
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Figure 1.1: NFIs promote neural stem cell differentiation

NFIs repress the expression of genes associated with self-renewal of neural stem cells, and activate
the expression of genes associated with neuronal and astrocyte differentiation. In this instance, NFI
target genes were defined as misregulated genes identified via loss- or gain-of-function experiments
which were further validated as downstream NFI targets via techniques such as ChIP-PCR,
luciferase assays and gel-shift assays. No direct NFI targets associated with the oligodendrocyte
lineage have yet been identified. References: '(Piper et al., 2014), *(Heng et al., 2014), *(Piper et al.,
2010), *(Cebolla and Vallejo, 2006), >(Namihira et al., 2009), °(Singh et al., 2011), '(Gopalan et al.,
2006), S(Bisgrove et al., 2000), *(Wilczynska et al., 2009), '°(Kang et al., 2012), ''(Ding et al.,
2013), "2(Wang et al., 2004), *(Wang et al., 2007), *(Wang et al., 2010).
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1.4.4 NFIX promotes the embryonic to fetal myoblast transition

during musculoskeletal development

Another developmental context in which NFIs have been shown to drive the differentiation of stem
and progenitor cells by activating cell-type-specific programs, while repressing the undifferentiated
states of parental cells, is in the formation of the musculoskeletal system. With respect to muscle
development, NFIX has been shown to activate an important transcriptional transition within
muscle progenitors (myoblasts). Muscle development occurs in two stages, with each stage
requiring distinct myoblast populations (Tajbakhsh, 2005; Biressi et al., 2007a). The first stage of
muscle development or ‘primary myogenesis’ occurs from E10-E12.5 in mice. During this initial
phase a small fraction of the myoblast pool, referred to as ‘embryonic myoblasts’, terminally
differentiate, fuse and give rise to the multinucleated muscle fibers. The remaining myoblast
population remains committed to the muscle lineage but exists in an undifferentiated state until
secondary myogenesis takes place between E14.5 and E17.5 (Relaix et al., 2005). Myoblasts that
participate in secondary myogenesis are called fetal myoblasts. Embryonic myoblasts and fetal
myoblasts represent two distinct progenitor cell populations that produce muscle fibers that differ in
morphology and in the myosin heavy chain (MyHC) isoforms and enzymes that they express
(Barbieri et al., 1990; Zappelli et al., 1996; Ferrari et al., 1997; Biressi et al., 2007b).

To determine the molecular players that regulate this embryonic to fetal myoblast transcriptional
switch, Biressi et al. (2007b) performed a genome wide-expression analysis on purified embryonic
and fetal myoblasts and identified Nfi genes as potential candidates for this process. The expression
of all four Nfi genes was robustly induced in fetal myoblasts, particularly NFIX, which was highly
expressed in fetal myoblasts but virtually absent from the embryonic myoblast population.
Functional analyses revealed that, similar to the role of NFIs in the development of the CNS, NFIX
acted as a binary switch during the embryonic-fetal myoblast transition, inducing fetal-specific gene
transcription while repressing the expression of genes associated with embryonic myoblasts. More
specifically, conditional deletion of Nfix using a muscle-specific MyoD promoter prevented the
initiation of fetal-specific transcription at E16; whereas in a gain-of-function mouse line
overexpressing NFIX, fetal-specific genes were precociously expressed and embryonic myoblast
gene expression was downregulated (Messina et al., 2010). Molecular analysis demonstrated that
these changes in gene expression were due to direct regulation by NFIX, with NFIX activating the
expression of the fetal-specific gene Mck by forming a transcriptional complex with MEF2 and the
kinase PKC-theta, and blocking the expression of the embryonic myoblast protein, slow MyHC, by
suppressing its transcriptional activator NFATc4 (Calabria et al., 2009).
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The musculature of Nfix loss- or gain-of-function embryos demonstrated the importance of
correctly coordinating the embryonic-to-fetal transcriptional switch. Loss-of-function embryos were
much smaller and the muscle fibers in hind-limb sections were disorganized, whereas in gain-of-
function embryos the reciprocal phenotype was observed. Collectively, the molecular and
anatomical experiments showed that NFIX plays a vital role during muscle development by
activating the expression of fetal genes and repressing embryonic gene expression, a function that
has recently been shown to be mostly conserved across evolutionary phyla (Pistocchi et al., 2013).
Future experiments examining the role of NFIX in muscle development should examine whether
NFIX regulates the differentiation of a third type of myogenic progenitor, the satellite cell. These
cells act as adult stem cells that regenerate muscular tissue in response to injury or exercise (Collins
et al., 2005; Biressi et al., 2007a). Due to the emerging role of Nfi genes in other adult stem cell

niches (see Nfis in adult stem cell niches), this avenue of research is of particular interest.

NFIX also appears to have a role in the development of the skeleton. Loss-of-function or dominant-
negative mutations in Nfix are causative factors of Sotos Syndrome and Marshall-Smith Syndrome
respectively (Malan et al., 2010; Yoneda et al., 2012). These disorders, which have a combined
incidence of approximately 1:10,000 live births, are characterized by overgrowth and cognitive
deficits, as well as skeletal defects such as kyphosis (curvature of the spine), advanced bone age and
reduced bone density with increased propensity to fracturing. Although there is not currently a
mechanistic understanding of how NFIX confers the skeletal phenotype of these disorders, similar
skeletal defects including kyphosis and reduced bone density are observed in Nfix null mice; this

mouse line may therefore provide a suitable model to probe this aspect of NFIX function (Driller et

al., 2007; Harris et al., 2013).

Similarly, in addition to Nfix, Nfic has recently been shown to play an important role in postnatal
bone formation. Nfix null mice were shown initially to have severe defects in postnatal tooth
development (Steele-Perkins et al., 2003). These postnatal tooth defects appear to be mediated at
least in part by antagonistic interactions between NFIC and the TGF-f signaling pathway during
tooth development (Lee et al., 2011). In addition, NFIC interacts with TGF- signaling during
postnatal wound healing (Plasari et al., 2010) suggesting that NFIC-TGF-f interactions may
represent a recurrent theme in postnatal NFIC function. More recently, NFIC has been shown to
play a major role in postnatal osteoblast maturation through the regulation of the key osteoblast

transcription factor Osterix (Lee et al., 2014). Of interest, no such effect on osteoblast formation
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was seen during fetal bone formation. Thus NFIC appears to have important roles in development

primarily during the postnatal period.

1.4.5 Mesenchymal NFIB regulates lung development

NFIs have also been implicated in the development of a range of epithelial appendages, including
the formation of teeth, and the development of the mammary glands (Kannius-Janson et al., 2002;
Murtagh et al., 2003; Johansson et al., 2005), hair follicles (Plasari et al., 2010) and digestive tract
(Driller et al., 2007). However, the best understood function of NFIs during epithelial appendage
formation is the role of NFIB during lung development, where it has recently been shown to drive

lung epithelial cell differentiation at the expense of stem and progenitor cell proliferation.

NFIB was linked to lung development by the observation that Nfib null mice die within 15 minutes
postpartum due to respiratory stress, a phenotype not seen in other Nfi null mice (Grunder et al.,
2002). Prenatal mouse lung development has four distinct stages. In the embryonic state (~E9.5-
E10.5) the lung bud extends from the primitive gut endoderm and bifurcates. In the
pseudoglandular stage (~E11-E16.5), the paired lung buds invade the mesenchyme to form an
undifferentiated primordial bronchiole tree, and in the canalicular stage (E16.5-E17.5), the terminal
sacs lined with epithelial cells develop, a process that is accelerated during the saccular stage
(~E17.5-P5), during which further differentiation and diversification of epithelial cell sub-types
occurs (Costa et al., 2001). Initial analyses of Nfib null mice demonstrated that lung development
was apparently normal until E15.5, at which point development was arrested, with mutant lungs
failing to form lung saccules (Steele-Perkins et al., 2005). Underpinning this gross histological
phenotype was an increased proportion of proliferating cells in mutant lungs (Hsu et al., 2011;
Holmfeldt et al., 2013) and a dramatic failure of differentiation of lung epithelial cell sub-types,
including alveolar epithelial cells and bronchiolar exocrine cells in the distal lung, and ciliated cells
in the proximal lung (Hsu et al., 2011). Collectively, these lines of evidence pointed to NFIB having
a role in promoting lung epithelial differentiation at the expense of stem and progenitor

proliferation during development.

Although the precise mechanism by which NFIB exerts this function is not clear, two recent studies
have provided significant insights into this. Firstly, evidence from Hsu et al. (2011) suggests that
NFIB may regulate lung epithelial cell differentiation though a non-cell-autonomous means. In this

study the authors demonstrated that NFIB was predominantly expressed in the lung mesenchyme
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during development, and that conditional deletion of Nfib from the mesenchyme almost entirely
recapitulated the defects in lung epithelial cell differentiation observed in Nfib null mice. Secondly,
Lajoie et al. (2014) hypothesized that mesenchymal NFIB might regulate lung development in
conjunction with the glucocorticoid receptor (GR). Similar to the phenotype in Nfib mutants,
disruption of the gene encoding GR, Nr3cl, results in an immature lung phenotype in mice, with
excess cellular proliferation and reduced expression of markers of epithelial cell differentiation
(Cole et al., 1995). Using microarray data from lung tissue derived from both Nfib and Nr3cl null
mice at E18.5 the authors demonstrated that of the mis-regulated genes, 52 were under-expressed in
both null lines, an overlap that was approximately 13 times larger than that expected by chance,
suggesting that a subset of these genes may be directly activated by the coordinated activity of
NFIB and GR proteins. These results are particularly significant as prenatal administration of
glucocorticoids can stimulate lung maturation in premature infants (Seckl, 2004), suggesting that
further characterization of the regulatory relationship between NFIB and GR may be of clinical

value in treating lung immaturity.

1.4.6 Genetic redundancy of Nfis during development

Genetic redundancy is where two or more genes perform similar functions so that inactivation of
one of these genes has no or little phenotypic effect. There is very limited evidence so far that NFIs
have redundant functions. For example, in the developing CNS inactivation of Nfia, Nfib or Nfix
alone, is sufficient to render severe forebrain defects (Shu et al., 2003; Steele-Perkins et al., 2005;
Campbell et al., 2008). Likewise in the developing cerebellum, NFIA, NFIB and NFIX are alone
functionally required for normal development (Steele-Perkins et al., 2005; Wang et al., 2010; Piper
et al., 2011). Interestingly however, these null lines still exhibit broadly similar phenotypes. This
suggests that it is the overall level of NFI expression that is more important than the function of
individual Nfi genes during CNS development. In support of this, haploinsufficiency for Nfia or
Nfix has been implicated as causative factors in neurodevelopmental disorders and mice lacking one
functional copy of Nfix display cognitive and neuroanatomical defects (Lu et al., 2007; Malan et al.,

2010; Harris et al., 2013).

One potential scenario where NFIs may function redundantly is during lung development. Nfib null
mice die from severe respiratory distress (Grunder et al., 2002), and although Nfia, Nfic and Nfix are
all expressed during lung development none of these mouse lines have obvious lung defects. This
indicates that loss of these factors alone is insufficient to adversely affect lung development, which

could be due to genetic redundancy. One way to test this hypothesis would be to closely examine
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the lung phenotype of Nfia and Nfic (or Nfix) null mice. If neither of these null lines display clear
lung phenotypes, the generation of a double Nfia/Nfic knockout mouse line with a subsequent lung

phenotype would indicate redundancy.

1.5 NFIs in adult stem cell niches: a putative function in cell-

cycle regulation and survival

In addition to being important regulators of stem cell biology during development, NFIs are highly
expressed by adult tissue stem cells (see Table 1.2). Most mammalian adult tissues contain a
resident stem cell population, which function to repair and regenerate tissue in response to stress or
injury throughout the life of the organism (Cheung and Rando, 2013). A cardinal feature of adult
tissue stem cells, even in high-turnover tissue such as the skin and the intestines, is that a proportion
of the stem cell population resides outside the cell-cycle (is quiescent) for long periods of time,
preventing metabolic and proliferative stress and thereby preserving genomic integrity and stem cell

function (Valcourt et al., 2012).

The perinatal lethality of Nfia and Nfib null mice, and the severe developmental defects of viable
Nfix null pups had until recently prevented analysis of NFI function in adult stem cell
compartments. However, studies employing conditional knockout strategies and/or in vitro models
have begun to uncover NFI function in these cellular populations. Intriguingly, these studies suggest
that, in adult tissue, NFI factors play a contrasting role to that during development, serving to
promote quiescence and/or survival of stem cells, rather than their differentiation (Chang et al.,

2013; Holmfeldt et al., 2013; Martynoga et al., 2013).
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Table 1.1: Summary of major phenotypes identified in Nfi null mice.

Phenotype  Nfia KO Nfib KO Nfic KO Nfix KO

Survival Majority die at All die at birth Survive to Postnatal lethal (3-
birth (das Neves et (Grunder et al., adulthood (Steele- 4 week) (Plachez et
al., 1999). 2002). Perkins et al., al., 2008)

2003).

CNS Delayed glial and Delayed glial and Phenotype not Delayed glial and
neuronal neuronal examined. neuronal
differentiation differentiation Weak  expression differentiation
(Piper et al., 2010). (Barry et al., 2008;  {etected in (Hengetal,2014).
Corpus  callosum Betancourt et al., developing CNS Corpus  callosum
agenesis. 2014; Piper et al., (Chaudhry et al, dysgenesis
Communicating 2014). 1997). (Plachez et al.,
hydrocephalus (das  Corpus  callosum 2008).

Neves et al., 1999). dysgenesis (Steele-
Perkins et al,
2005).

Lung No obvious Severe lung Phenotype not Phenotype not
phenotype. hyperplasia. ~ Die examined. examined.
Expressed in from  respiratory Eypressed in Expressed in

Muscle and
skeletal
tissue

Other

developing lung
(Steele-Perkins et
al., 2005).

No gross skeletal
defects

(das Neves et al.,
1999). Musculature
not examined,
expressed by
muscle progenitors
(Biressi et al,
2007b).

Abnormal
ureteropelvic  and
ureterovesical
junctions, bifid and
megaureter (Lu et
al., 2007).

defects (Steele-
Perkins et al,
2005).

Skeletal and
muscular
phenotype not
examined.
Expressed by

muscle progenitors
(Biressi et al,
2007b).

developing lung
(Steele-Perkins et
al., 2005).

Skeletal and
muscular
phenotype not
examined.
Expressed by

muscle progenitors
(Biressi et al.,
2007b).

Multiple tooth
pathologies (Steele-
Perkins et al.,
2003).

Wound healing
defects (Plasari et
al., 2009).

developing lung
(Steele-Perkins et
al., 2005).

Reduced and
disorganized
musculature
(Messina et al.,
2010).

Kyphosis and
reduced bone
density (Driller et
al., 2007).
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1.5.1 NFIB coordinates quiescence in melanocyte stem cells

The first of these studies (Chang et al., 2013) examined the role of NFIB in stem cells of the hair
follicle niche. Previously, NFIB expression had been shown to be elevated in hair follicle stem cells
(HFSCs) relative to their differentiated progeny (hair cell), which led the authors to hypothesize that
NFIB might be a key regulator of this niche (Tumbar et al., 2004). Normal hair production occurs in
three phases: anagen (growth), catagen (cessation) and telogen (quiescence). Upon initiation of a
new hair cycle (anagen phase), HFSCs and melanocyte stem cells enter the cell cycle in synchrony,
enabling hair growth and pigmentation. Conditional deletion of Nfib from HFSCs failed to lead to
HFSC stem cell lineage defects; instead, surprisingly, it led to melanocyte lineage abnormalities at
the niche base. Specifically, differentiated melanocytes were ectopically found in the stem niche
during the quiescent telogen phase. The authors demonstrated that these ectopic cells were caused
by the precocious proliferation and differentiation of melanocyte stem cells, demonstrating that
NFIB expression in HFSCs inductively coordinates quiescence in the melanocyte stem cell
population during hair cycling, significantly increasing our understanding of how synchronous stem
cell proliferation and differentiation within this adult hair follicle niche is regulated. Interestingly
the authors found that upregulation of a single NFIB target, endothelin 2 (Edn2), identified through
RNA-seq and ChIP-seq analyses was sufficient to phenocopy the effect of conditional Nfib deletion.
As some endothelins such as Edn3 are crucial molecules for melanocyte specification during
embryogenesis (Baynash et al., 1994), it will be important to examine whether NFIs also function in
melanocyte development. Moreover, defining the role of NFIs within cancers of the skin remains an
open question, with an initial study having found Nfib to be amplified and/or present at oncogenic

chromosomal breakpoints in the epithelial based small cell lung cancer (Dooley et al., 2011).

1.5.2 NFIX is a mediator of quiescence in neural stem cells

As with NFIB within the hair follicle niche, in vitro studies have recently implicated NFIX in
mediating quiescence in neural stem cells (Martynoga et al., 2013). Due to the relative low turnover
of stem cells in the adult brain, the majority of stem cells in the adult brain are quiescent (Suh et al.,
2007). In an attempt to identify the transcription factors that regulate quiescence in adult neural
stem cells, Martynoga and colleagues (2013), employed an in vitro model of neural stem cell
quiescence. Specifically, they artificially induced a state of cellular quiescence by exposing highly
proliferative neural stem cells derived from pluripotent embryonic stem cells to BMP4, a known
cell-extrinsic mediator of adult neural stem cell quiescence (Mira et al., 2010; Sun et al., 2011).

Epigenomic profiling was then used to identify active enhancer regions in both proliferating and
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quiescent neural stem cells. Subsequent motif analysis demonstrated that the binding domain of NFI
transcription factors was highly enriched in active enhancer regions of the quiescent neural stem
cell population. Next, using ChIP-seq with a pan-NFI antibody, the authors demonstrated that NFI
proteins bound to 73% of the quiescent specific-enhancers, and that one member of the NFI family,
NFIX, was robustly induced in quiescent neural stem cells, whereas NFIA and NFIB were
downregulated. These findings provided tantalizing evidence that NFIX actively regulates cellular
quiescence within this paradigm, a hypothesis that was further supported by both gain-of-function

experiments and by knockdown of Nfix expression through the use of RNAi molecules.

While this study strongly implicates NFIX as a central regulator of quiescence in neural stem cells,
there are caveats to these findings. Firstly, modeling neural stem cell quiescence in vitro removes
the influence of the cellular environment, which can dramatically alter stem cell behavior. Indeed,
signals within the stem cell niches of the adult brain have been shown to greatly influence
proliferation and differentiation of neural progenitor cells (Ming and Song, 2011). Moreover, as
neural stem cell quiescence was modeled using a neural stem cell line originally derived from
pluripotent embryonic stem cells, it is difficult to reconcile how closely the findings of this study
resemble the epigenomic landscape of adult neural stem cells in vivo. The authors did attempt to
address this limitation by examining the phenotype of the Nfix null mutants, and found a
significantly reduced proportion of quiescent stem cells within the hippocampal dentate gyrus at
P15. However, due to the significant developmental defects of this mutant line (see Table 1), it is
difficult to definitively determine if the phenotype observed was due to a reduction in stem cell
quiescence in the mutant, or was a reflection of the delayed maturation of the mutant dentate gyrus
(Heng et al., 2014). Using conditional knockout models to specifically delete Nfix from quiescent
adult neural stem cell populations in vivo (Chapter 5) will provide the data needed to determine if

the findings in this in vitro model are recapitulated in the adult brain.

1.5.3 NFIX promotes survival of hematopoietic stem and progenitor

cells

NFIX has also been shown to have a critical role in the survival of hematopoietic stem cells (HSCs)
in adult bone (Holmfeldt et al., 2013). HSCs maintain hematopoiesis throughout life, self-renewing
and also differentiating to give rise to all major lineages of the peripheral blood. Furthermore, after
chemotherapy or irradiation, infused HSCs have the remarkable capacity to target the bone marrow
stem cell niche and to repopulate the entire hematopoetic cellular cohort. Holmfeldt and colleagues

(2013) found that NFIX was highly expressed in HSCs and that silencing of NFIX expression in
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HSCs greatly reduced repopulation capacity in lethally irradiated mice. Molecular analyses
demonstrated that this phenotype was not due to the inability of NFIX-depleted HSCs to target the
niche, but rather was a result of increased levels of apoptotic cell death after establishment within
the niche. Consistent with this, Nfix knockdown led to significant downregulation of genes
associated with HSPC survival demonstrating that NFIX maintains the adult HSPC population post-
transplantation by preventing apoptotic death through a cell-autonomous means. While these data
clearly indicate a role for NFIX in survival of HSCs post-transplantation it is unclear whether Nfix
is functionally important in steady-state (homeostatic) blood production. Indeed, because Nfix null
mice survive up to 3 weeks after birth (see Table 1) this suggests that Nfix may be dispensable for
homeostatic blood production. Conditional deletion of Nfix from HSCs in vivo, which will
circumvent the premature lethality and skeletal defects of the Nfix null line would provide a suitable

model to address this question.
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Table 1.2: Summary of known expression and/or function of NFIs in adult stem cell
populations.

Adult

haematopoie

tic
cells

Adult

stem

muscle
progenitors
(satellite

cells)

Nfia

Moderate-high
expression in adult
whole bone
marrow. Loss of
repopulating
potential
knockdown
(Holmfeldt et al.,
2013).

after

Expression
unknown.

Nfib

Low  expression.
(Holmfeldt et al.,
2013).

Expression
unknown.

Nfic

Moderate-high
expression in adult
whole bone
marrow.
(Holmfeldt et al.,
2013).

Expression
unknown.

Nfix

Highly expressed in
adult bone marrow.
Promotes survival
of HSCs and
thereby
repopulating
potential.

(Holmfeldt et al.,
2013).

Expression
unknown.
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1.6 Conclusions

1.6.1 NFI function during development versus NFI function in adult

stem cells

While further testing of the different NFI factors across a broader range of adult stem cell niches is
required, initial loss- or gain-of-function experiments suggest that NFIs serve to mediate quiescence
and/or survival of adult stem cell populations (Chang et al., 2013; Holmfeldt et al., 2013;
Martynoga et al., 2013). These findings appear inconsistent with one of the major functions of NFI
factors during development, which is to promote stem and progenitor cell differentiation. What
could account for the unexpected findings from these studies? The simplest explanation is that NFI
factors or a subset of NFI factors regulate different sets of genes in adult stem cells compared with
stem and progenitor populations during development. For example, instead of regulating sets of
genes that promote differentiation during development, NFI factors may repress gene expression
associated with cell cycle progression and activate genes associated with cellular survival in adult
stem cell populations. A powerful way to test this hypothesis could use next-generation sequencing
techniques such as ChIP-seq on embryonically derived stem and progenitor cell populations, and
comparing these datasets with those ChIP-seq experiments performed on stem and progenitor
populations isolated from adult tissue. A second potential way to test the hypothesis that NFI
factors function differently in developmental versus adult contexts would be to examine pathologies
in cancers of differential origin. For example, if NFIs drive differentiation during development, then
it is a strong possibility that inactivating mutations in Nfi genes will be identified in developmental
based cancers. Indeed, as discussed in this review, there are a number of recent studies that have
shown a potential role for inactivating mutations in NFIs in driving tumorigenesis in
medulloblastoma, the most common childhood brain cancer (Wu et al., 2012; Genovesi et al., 2013;
Lastowska et al., 2013). It might therefore be interesting to determine whether NFIs act as
oncogenes in adult-derived cancers, particularly as these cancers are thought to be caused by
deregulated or chronic repair mechanisms, whereby stem cells are recruited to repopulate tissues.
Currently, however, there are only a limited number of examples in which NFIs have been
identified as putative oncogenes such as small cell lung cancer (Dooley et al., 2011) and
glioblastoma (Glasgow et al., 2013). Furthermore, this approach is limited in that the mutant state of
most cancers may obfuscate the function of NFIs in healthy tissue, thus a more fruitful approach to

understand the differences in NFI function across developmental and adult contexts might be to
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introduce targeted mutations in a temporally controlled manner using conditional and inducible

technologies.

Are there any phenotypic similarities in the NFI loss-of-function experiments performed during
development versus those in adult stem cell niches? A common phenotype observed in Nfi null
mice during development and in loss-of-function experiments performed in adult tissue is an initial
increase in the number of proliferating cells. Considering the stem cell differentiation defects of Nfi
null mice, this increase in proliferating cells during development is at least in part due to increased
self-renewal, and delayed differentiation; however, no experiments have directly tested whether the
cell cycle is also deregulated amongst these stem cell populations, which could also contribute to
the overall developmental phenotype of the null mice. Future research aimed at establishing to what
extent (if any) NFIs directly regulate aspects of cell-cycle dynamics during development, akin to
what is observed in the adult, may therefore provide further insight into the various differences and
similarities in NFI function across developmental and adult contexts, thereby informing our
understanding of the role of NFIs in stem cell biology more broadly, and the involvement of these

transcription factors in developmental disorders and cancer.
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Chapter 2 Production of transgenic mouse strains

2.1 Aims of Chapter 2

The aim of this chapter is to describe the various mouse strains bred and used in this thesis.
Included within, is a description of how I removed a contaminating neomycin cassette from the
Nfix”™ mouse strain that was interfering with normal Nfix expression. A description of other
experimental methods, for example antibody staining, imaging and analysis are found in each data

chapter so that chapter-specific protocols can be described.
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2.2 Transgenic animals

There were several genetically modified mouse lines used in this thesis, these were all maintained
on a C57BL/6J background. Genotyping primers are found in Table 2.1 of this chapter. All
experimental protocols were performed with the approval of The University of Queensland Animal
Ethics Committee in accordance with the Australian Code of Practice for the Care and Use of

Animals for Scientific Purposes.

2.2.1 Nfix knockout line

Mice from this strain contain a null Nfix allele (Campbell et al., 2008). Homozygous null (Nfix )
and wild-type animals were generated from crossing heterozygous studs and dams. Nfix " mice are
not viable past P20. This strain of mice was a kind gift from our collaborator Richard M.
Gronostajski at the University of New York, Buffalo, USA. PCR genotyping resulted in a 309 base-
pair band for the knockout allele, and a 213 base-pair band for wild-type allele.

2.2.2  Nfix"line

Animals from this strain contain /oxp sites flanking exon 2 of the Nfix gene (floxed allele), enabling
conditional deletion of this exon through cre-recombinase activity to render a null allele (Messina et
al., 2010). These animals also contain a neomycin cassette 5’ to the 3’ loxp site, a by-product of the
cloning procedure. Unfortunately, I found the presence of the neomycin cassette resulted in a global
reduction in NFIX expression independent of cre activity (Figure 2.1). Removal of this neomycin
cassette returned NFIX expression to wild-type levels and is described in Section 2.3 ‘Removal of
the neomycin cassette from Nfix"’ mice’. These mice were a kind gift from our collaborator Richard
M. Gronostajski at the University of New York, Buffalo, USA. PCR genotyping resulted in a 421
band for the floxed allele (neomycin removed), and a 203 band for wild-type allele.

The FlpeR mouse line expresses the FLPe variant of the Fipl/-recombinase gene driven by the
ubiquitous human Rosa26 promoter, enabling efficient, germline transmitted deletion of FRT-
flanked DNA sequences (Raymond and Soriano, 2007). These mice were purchased from The
Jackson Laboratory. PCR genotyping resulted in a 725 base-pair band for the Fip allele, and a 500
base-pair band for wild-type allele.
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The construct used to generate the Nﬁxf/ " mouse strain contained a neomycin cassette. This
neomycin cassette was not removed at the embryonic stem cell stage, and as a result the transgenic
Nfix" mouse line retained this cassette. Despite being in reverse transcriptional orientation to the
Nfix gene, immunostaining with a NFIX antibody revealed that these mice had a dramatic reduction
in NFIX expression compared to controls (Figure 2.1). This reduction in NFIX expression was
concerning, as we had previously described that low NFIX expression during development (in a
mouse line heterozygous for a null Nfix allele) results in morphological brain defects and
behavioural abnormalities in adult mice (Harris et al., 2013). We hypothesised that the reduced
NFIX expression was likely due to the presence of the neomycin cassette causing transcriptional
interference, based on similar reports in the literature where the neomycin cassette was also shown
to affect the expression of other transgenes (Bader et al., 2011). To remove the neomycin cassette,
which is flanked by fi sequences, I crossed Nfix” mice to the Fip-fi driver mouse line (2.2.3). In
this mouse line, flp-recombinase is ubiquitously expressed, allowing for the germline deletion of fr¢
flanked genomic sequences. After crossing the Nfix"" line to the Flp-fit strain, and then in-crossing

") but

the F1 generation, I selected mice that were homozygous for the Nfix conditional allele (Nfix
negative for Flp. These F2 mice had normal levels of NFIX expression (Figure 2.2), and were
subsequently used throughout this thesis to cross to different cre-recombinase drivers, and reporter

mouse lines.

45



Control Nfix7”

Bl

fl
\)

Figure 2.1: Nfix"" mice retaining a neomycin cassette have reduced expression of NFIX
compared to control animals

(A, B) NFIX DAB immunohistochemistry performed on the brains of 10-week old C57Bl/6 control

(A) and Nfix"" mice retaining a neomycin cassette (B). Boxed regions in A and B are shown in A’

and B’ respectively, and show the levels of NFIX expression within the hippocampal dentate gyrus.

Scale bar (in A): A, B 5Smm; A’, B’ 300um,
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Figure 2.2: Removal of the neomycin cassette from Nfix" mice restores NFIX expression to

control levels.

(A-C) The dentate gyrus of 10-week old (A) control, (B) Nfix" neo, (C) Nfix"* Aneo stained for
NFIX (red). Nfix"" neo mice contain the conditional Nfix allele with the neomycin cassete, and
Nﬁxf/ " Aneo mice have this cassette removed (D) Quantification of NFIX fluorescence intensity in
the dentate gyrus (DG) of control, Nfix" neo and Nfix"" Aneo animals. (E) Schematic of Nfix" allele
before and after FLP-mediated deletion of neomycin. Scale bar (in A): A-C 300um.
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2.2.3  Nestin-creER™

The nestin-creER'> mouse strain expresses a cre-recombinase protein fused to an estrogen receptor
domain, under the control the rat nestin gene promoter. The modified cre-recombinase gene is
expressed in nestin-positive cells but is restricted to the cytoplasm. Upon administration of the
estrogen receptor agonist tamoxifen, the cre-recombinase relocates to the nucleus where it acts as a
site-specific nuclease. There are several independently generated nestin-creER" mouse strains that
exist (Sun et al., 2014). This strain was generated by Imayoshi and colleagues (2006) and uses 5.8
kb of the rat nestin promoter and 1.8 kb spanning the second intron. Compared with the two other
most commonly used nestin-creER'? mouse strains (Lagace et al., 2007; Dranovsky et al., 2011;
Sahay et al., 2011), this strains shows intermediate specificity and intermediate efficiency (Sun et
al., 2014). PCR genotyping resulted in a 340 bp band if the nestin-creER'* allele was present, and

no band appears in wild-type mice negative for the transgene.

2.24 Dcx-creER™

The dex-creER™ mouse strain expresses a cre-recombinase protein fused to an estrogen receptor
domain, under the control the mouse dcx gene promoter. The modified cre-recombinase gene is
expressed in dcx-positive cells but is restricted to the cytoplasm. Upon administration of the
estrogen receptor agonist tamoxifen, the cre-recombinase relocates to the nucleus where it acts a
site-specific nuclease. The line was generated using a bacterial artificial chromosome clone (RP23-
462G16, Rosewall Park Cancer Institute) that contained the dcx gene (90 kb), comprised of 30 kb
upstream and 60 kb downstream of the dcx gene locus (Cheng et al., 2011). PCR genotyping
amplified a 500 bp band if the dex-creER' allele was present. No band was amplified from the
DNA of wild-type mice.

2.2.5 tdtomato cre-lox reporter

The tdtomato cre-lox reporter strain (GH(ROSA)26Sor™CAGdTomaotzey hahors a loxP-flanked
STOP codon that prevents the transcription of a CAG-promotor driven fluorescent protein called
tdtomato (Madisen et al., 2010) Upon cre-recombinase mediated deletion of the stop codon, the
tdtomato protein is expressed. This mouse strain was used in this study to enable the permanent
marking of cells and their progeny after activation of cre-recombinase. PCR genotyping resulted in

a 196 base-pair band for the tdtomato allele, and a 297 base-pair band for the wild-type allele.
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2.3 Breeding of transgenic animals for experimental analyses

Of the transgenic lines described above in 1.2, many were bred together to generate double or triple
transgenic lines. A brief description of how these lines were bred and the precautions taken are

described below.

2.3.1 Nfix'Nestin

The Nfix™*'" double transgenic strain was generated by crossing Nﬁxf/f mice with the nestin-

creER™ line. To generate experimental animals the following cross was used:

f/f /f : ™
Nfix"™ x Nfix""; nestin-creER

By ensuring that only one parent was positive for the nestin-creER"” transgene all progeny could be
used for experimental analyses, with 50% of animals being cre-positive (treatment animals) and the
other 50% of animals being cre-negative (control animals). This also meant that mice had at
maximum one copy (heterozygous) of the nestin-creER' transgene. Maintaining heterozygosity for
this transgene was an important way of minimising any potential impact that the nestin-creER™

transgene has on the transcription of endogenous genetic elements.

2.3.2  NfixNestn-TD

f/f . .
T mouse line, with the

The Nfix™"" TP triple transgenic strain was generated by crossing the Nfix
nestin-creER" and tdtomato cre-lox reporter strain. The final cross that was used to generate

experimental animals is as follows:
IWT f FWT fWT . T2
Nfix W - tdtom”" x Nfix WT. tdtom W ; nestin-creER

Treatment animals were homozygous for the floxed Nfix allele, cre-positive, and heterozygous or
homozygous for the tdtomato reporter. Because of the brightness of the tdtomato protein, the ability
to detect reporter-positive cells was not affected by whether a mouse was heterozygous or
homozygous for the tdfomato allele. Approximately 1 in 8 live births were this genotype. The
control animals were wild-type for the Nfix allele, cre-positive, and heterozygous or homozygous

for the tdtomato reporter. Again, approximately 1 in 8 live births were this genotype.
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2.3.3  Nfix"*

The Nfix'®* double transgenic strain was generated by crossing Nﬁxf/f mice with the dex-creER™

line. To generate experimental animals the following cross was used:

Nﬁxf/f x Nﬁxf/f; dex-creER™

By ensuring that only one parent was positive for the dex-creER'™ transgene all progeny could be
used for experimental analyses, with 50% of animals being cre-positive (treatment) and the other
50% cre-negative (control animals). This also meant that mice had at maximum one copy
(heterozygous) of the dex-creER'™ transgene. Maintaining heterozygosity for this transgene was an
important way of minimising any potential impact that the dex-creER™ transgene has on the

transcription of endogenous genetic elements.

2.3.4  NfixPx™

fif

The Nfix®*™ triple transgenic strain was generated by crossing the Nfix" mouse line, with the

dex-creER™ and tdtomato cre-lox reporter strain. The final cross that was used to generate

experimental animals is as follows:
Nﬁxf/ WT. tdtom”" x Nﬁxf/ WT. tdtom” WT. dex-creER™

Treatment animals were homozygous for the floxed Nfix allele, cre-positive, and heterozygous or
homozygous for the tdtomato reporter. Because of the brightness of the tdtomato protein, the ability
to detect reporter-positive cells was not affected by whether a mouse was heterozygous or
homozygous for the tdfomato allele. Approximately 1 in 8 live births were this genotype. The
control animals were wild-type for the Nfix allele, cre-positive, and heterozygous or homozygous

for the tdtomato reporter. Again, approximately 1 in 8 live births were this genotype.

2.4 Transgenic strains donated by collaborators

Collaborating scientists donated fixed brain tissue for two transgenic strains used in this thesis.
Professor Richard Gronostajski donated the Nfib"'; Nfix""; Rosa26creER™ brains used in Chapter 3
(Messina et al., 2010; Hsu et al., 2011), and Dr Dhanisha Jhaveri the Hes5::GFP (Basak and Taylor,
2007) brains used in Chapter 4.
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Table 2.1: Genotyping primers used in thesis.

PCR protocol parameters were determined according to standard procedures of determining

annealing temperature and predicted amplicon size (see section 2.2).

Primer set Sequence

Nfix KO strain

Nfix 1IF5 ATGGACATGTCATGGGTGCGA

Nfix IR1 AACCAGAGGCACGAGAGCTT

Nfix I2R2 KO AAGCCCCTCAGCTCTAGCACAGAG

Nfix" strain (neomycin removed)

Nfix 12F1

TAGTTGGGATCTGGCATATGAGG

Nfix 12R2 KO

AAGCCCCTCAGCTCTAGCACAGAG

Nestin-creER™ strain

Nestin-creER™ forward

TAATCGCGAACATCTTCAGGTTCTGC

. T2
Nestin-creER"~ reverse

TTCCGCTGGGTCACTGTCGCCGCTAC

Dcx-creER™ strain

Dcx-creER™ forward

GGGTATTCCCTGGAGGCTG

T2
Dcx-creER'” reverse

TTCTTGCGAACCTCATCACT

tdtomato cre-lox reporter strain

Wild-type forward

AAG GGA GCT GCA GTG GAGTA

Wild-type reverse

CCG AAA ATC TGT GGG AAG TC

Mutant forward

GGC ATT AAA GCA GCG TAT CC

Mutant reverse

CTG TTC CTG TAC GGC ATG G

Flp-Frt strain

Wild-type forward

TGT TTT GGA GGC AGG AAG CACTTG

Wild-type reverse

AAA TAC TCC GAG GCG GAT CAC AAG

Mutant forward

CACTGA TAT TGT AAGTAGTTT GC

Mutant reverse

CTA GTG CGA AGT AGT GAT CAG G
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Chapter 3 Transcriptional regulation of intermediate
neuronal progenitor production by NFIX during

hippocampal development

3.1 Aims of Chapter 3

The aim of this chapter is to refine our understanding of how NFI transcription factors function in
regulating neurogenesis in the developing dorsal telencephalon of mice. Previous studies had
demonstrated that Nfia”~, Nfib”~ and Nfix’~ mice all have delayed neuronal differentiation in this
brain region. However, it was unclear at what point from the transition of radial glial stem cell to a
mature neuron is affected in these mice. Based on published data, in this chapter I pursue the
hypothesis that NFIs may function to promote the production of intermediate neuronal progenitor
cells (IPCs) from radial glia during development. This hypothesis aligns with published histological
data of Nfi"” mice where elevated numbers of radial glia but fewer IPCs were seen during early
development. This hypothesis also predicts that long-term, the increased stem cell numbers would
results in more neurons; thus, I was attracted to this hypothesis as it had the potential to explain the
postnatal macrocephaly exhibited by Nfix”~ mice and humans with NFLX mutations. Finally, this
chapter also seeks to find a transcriptional target common to NFIA, NFIB and NFIX that could
account (at least partially) for the role of NFIs in promoting IPC production.

The text in the following chapter was published in the journal Development, on December 16, 2016.

Harris L, Zalucki O, Gobius I, McDonald H, Osinki J, Harvey TJ, Essebier A, Vidovic D,
Gladwyn-Ng I, Burne TH, Heng JI, Richards LJ, Gronostajski RM, Piper M. 2016a. Transcriptional
regulation of intermediate progenitor cell generation during hippocampal development.

Development 143:4620-4630.
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3.2 Abstract

During forebrain development radial glia generate neurons through the production of intermediate
progenitor cells (IPCs). The production of IPCs is a central tenet underlying the generation of the
appropriate number of cortical neurons, but the transcriptional logic underpinning this process
remains poorly defined. Here, we examined IPC production using mice lacking the transcription
factor nuclear factor one x (Nfix). We show that Nfix deficiency delays IPC production and
prolongs the neurogenic window, resulting in an increased number of neurons in the postnatal
forebrain. Loss of additional Nfi alleles (Nfib) resulted in a severe delay in IPC generation, and
conversely overexpression of NFIX led to precocious IPC generation. Mechanistically, analyses of
microarray and ChIP-seq datasets, coupled with the investigation of spindle orientation during
radial glial cell division, revealed that NFIX promotes the generation of IPCs via the transcriptional
upregulation of inscuteable (Insc). These data thereby provide novel insights into the mechanisms

controlling the timely transition of radial glia into IPCs during forebrain development.
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3.3 Introduction

The coordinated proliferation and lineage-specific differentiation of neural progenitor cells plays an
integral role in the formation of the mammalian cerebral cortex. The primary neural progenitor cells
that generate the neurons of this structure are the radial glia, which develop from neuroepithelial
cells around embryonic day (E) 10.5 in rodents (Anthony et al., 2004; Mori et al., 2005). Since the
large number of neurons generated during development comes from a relatively small initial
population of progenitor cells, the radial glial cell pool is first amplified by undergoing symmetric
proliferative divisions, also known as self-expanding divisions. Subsequently, radial glial cells
undergo asymmetric divisions to give rise to either a neuron that migrates directly to the cortical
plate (direct neurogenesis), or, more frequently, an IPC (indirect neurogenesis) (Gotz and Huttner,
2005; Huttner and Kosodo, 2005). IPCs are morphologically different from radial glia in that they
are delaminated from the adherens junctional belt at the ventricular surface of the brain (Noctor et
al., 2004). The majority of cortical neurons arise through the production, expansion and

differentiation of IPCs (Haubensak et al., 2004; Sessa et al., 2008).

The timely generation of IPCs is required for normal neuron number in the postnatal brain. Despite
the importance of IPCs, our understanding of the mechanism by which asymmetric division of
radial glia is coordinated to ensure timely IPC production is limited. In the classical model of neural
stem cell division, inferred largely from work in Drosophila melanogaster (D. melanogaster), large
changes in spindle orientation result in the asymmetric inheritance of the apical membrane into one
daughter cell and an asymmetric cell fate (Knoblich, 2008). However, the vast majority of radial
glial cell cleavage planes in the mammalian telencephalon are perpendicular to the ventricular
surface, and deviate only slightly from this angle. As a result, the apical membrane typically
segregates into both daughter cells (Konno et al., 2008; Asami et al., 2011; Shitamukai et al., 2011).
Therefore, it is unlikely that unequal segregation of the apical membrane accounts for IPC and
neuron generating divisions in the mammalian cortex. Rather, one proposed model is that small
fluctuations in cleavage plane orientation [reviewed in (Matsuzaki and Shitamukai, 2015)] leads to
changes in cell volume and intracellular organelle inheritance to promote IPC production (Wang et

al., 2009).

The argument that small fluctuations in spindle orientation promote IPC production largely comes
from loss and gain-of-function studies of the mammalian homolog of the D. melanogaster adaptor

protein, Inscuteable (INSC) (Konno et al., 2008; Postiglione et al., 2011; Petros et al., 2015). INSC
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regulates the spindle orientation of radial glia and IPC production in a gene dose-dependent manner,
whereby loss of /nsc reduces oblique divisions and IPC number, and a high level of Insc increases
oblique divisions and IPC number (Postiglione et al., 2011; Petros et al., 2015). Currently, it
remains unclear whether INSC-dependent spindle orientation directly regulates IPC production or
whether another INSC-dependent mechanism might regulate the development of IPCs. However, a
pivotal question that arises from these data, is how is /nsc expression itself regulated during cortical

development to facilitate IPC development?

Transcription factors of the Nuclear factor one (Nfi) family (Nfia, Nfib, Nfix) play a crucial role in
astrogliogenesis. Mice lacking Nfix exhibit markedly reduced numbers of astrocytes throughout the
embryonic cerebral cortex and cerebellum (Piper et al., 2011; Heng et al., 2014). In addition to
promoting astrocyte lineage progression, individual Nfi knockout mice also exhibit elevated
numbers of progenitor cells and delayed expression of neuronal markers within the ammonic
neuroepithelium of the presumptive hippocampus during embryonic development (Piper et al.,
2010; Heng et al., 2014; Piper et al., 2014). From these findings we posited that NFIs could play a
previously unrecognised role in the production of IPCs. Here, we use the ammonic neuroepithelium
of mice lacking Nfix and Nfib as a model to investigate this hypothesis. We demonstrate that NFIs
are autonomously required by radial glia for timely IPC production, and that NFIs directly activate
the expression of Insc, providing a novel insight into the cellular processes governing the transition

of radial glial cells to IPCs during hippocampal development.
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3.4 Methods

3.4.1 Animal ethics

The work performed in this study conformed to The University of Queensland’s Animal Welfare
Unit guidelines for animal use in research (AEC approval numbers: QBI/353/13/NHMRC and
QBI/355/13/NHMRC/BREED) and those of the Institutional Animal Care and Use Committee
(IACUC) at the University of Buffalo, New York, USA. All experiments were performed in
accordance with the Australian Code of Practice for the Care and Use of Animals for Scientific
Purposes, and were carried out with approval from The University of Queensland Institutional

Biosafety committee.

3.4.2 Animals

Nfix” and Nfix™"" littermates used in this study have been described previously (Campbell et al.,
2008). Conditional Nfix and Nfib alleles, each of which contain loxp sites flanking the respective
exon 2 of the gene were generated as described previously (Messina et al., 2010; Hsu et al., 2011).
The conditional lines were then bred together to produce the double conditional strain (Nfix™";
Nfib™), which was subsequently crossed to Rosa26-creER™ mice (#008463, The Jackson

Laboratory). Animals of either sex were used.

3.4.3 Immunofluorescence and immunohistochemistry

Embryos were immersion-fixed at E14.5 or younger in 4% PFA or perfused transcardially (E15.5
and older) with phosphate-buffered saline (PBS), followed by 4% PFA, then post-fixed for 48-72 h
before long term storage in PBS at 4°C. Brains were embedded in noble agar and sectioned in a
coronal plane at 50 um using a vibratome (Leica, Deerfield, IL). Sections were mounted on slides
before heat-mediated antigen retrieval was performed in 10 mM sodium-citrate solution at 60°C for
20 min (for GFP and TBR2 immunostaining) or 95°C for 15 min (for all other co-immunostaining).
A standard fluorescence immunohistochemistry protocol was then performed. Briefly, sections
were covered in a blocking solution for 2 h containing 2% normal serum and 0.2% Triton-X-100
made in PBS. The primary antibodies were diluted in this blocking solution and incubated with the
sections overnight at 4°C. The following day the primary antibodies were detected with
fluorescently conjugated secondary antibodies diluted in block for 2 h. When dual or triple labelling

was being performed the secondary antibodies used were derived from the same species to prevent
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cross-species reactivity. Sections were then counterstained with DAPI (Invitrogen, Carlsbad, CA)
and coverslipped using DAKO fluorescent mounting media. Chromogenic immunohistochemistry
using 3,3’-diaminobenzidine was performed as above but with a goat anti-rabbit biotin-conjugated
secondary antibody. The reaction was visualised by incubating the sections in avidin-biotin
complex (ABC elite kit; Vector Laboratories, Burlingame, CA) for 1 h, followed by a nickel-DAB
solution, and was terminated by washing multiple times in PBS when a purple precipitate had

formed.

The primary rabbit species antibodies used were anti-PAX6 (AB2237 1/400, Millipore, Billerica,
MA), anti-NFIX (AB101341 1/500, Abcam Cambridge, UK), anti-NFIB (HPA003956 1/200
Sigma-Aldrich, St Louis, MO) anti-PHH3 (#06-570 1/200, Millipore), anti-NeuN (EPR12763
1/800, Abcam), anti-TBR2 (ab23345, 1/800, Abcam) and anti-INSC (gift from Juergen Knoblich)
(Zigman et al., 2005). The primary mouse species antibodies used were anti-BrdU (G3G4 1/100,
DHSB, Iowa city, [A), anti-NFIX clone 3D2 (SAB1401263 1/400, Sigma-Aldrich), anti-NeuN
(MAB377 1/150, Millipore) and anti-alpha-tubulin (ab7291 1/400 Sigma-Aldrich). The primary rat
species antibodies used were anti-Ki67 FITC clone SolA15 (11-5698-80 1/400, San Diego, CA),
anti-EOMES (TBR2) Alexa Fluor® 488 (53-4875-82 1/400, Ebioscience). The primary chicken
species antibody used was anti-GFP (A10262, 1/500, Thermo Fisher Scientific).

3.44 Nfix"~ mouse hippocampal cell counts

For counts of PAX6"™; TBR2 " nuclei and TBR2™ nuclei the number of immunopositive cells
from two 100 pm sampling fields, spanning the width of the hippocampal primordium, positioned
along the medial to lateral extent of the hippocampal ammonic neuroepithelium (E13.5-E18.5) or
neocortex (E18.5) were counted. This analysis was completed at two different levels along the
rostrocaudal axis for each brain examined. Fluorescent images were captured using a 20X objective
on a Zeiss inverted Axio-Observer fitted with a W1 Yokogawa spinning disk module and

Hamamatsu Flash4.0 sCMOS camera using 3i Slidebook software (Denver, CO).

3.4.5  Nfix’ mouse birth-dating experiments

Two birth-dating experiments were performed with 5-bromo-2’deoxyuridine (BrdU, Sigma-
Aldrich) in this study. In the first experiment, pregnant dams were injected with low-dose (50
mg/kg) or high-dose (200 mg/kg) BrdU at E13.5 and embryos were perfused 24 h or 48 h later,

respectively. The 200 mg/kg dose, while high, has been used in previous studies (Kempermann et
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al., 1997; Cameron and McKay, 2001; Seib et al., 2013) and was demonstrated to be within the
upper range of acceptable doses for such experiments (Wojtowicz and Kee, 2006). This dose of
BrdU ensured the continued labelling of radial glia despite multiple rounds of cellular division
during this period. The number of BrdU™ cells that labeled as PAX6™; TBR2 ™ or Ki67 *° at

v cells. Cell counts were

E15.5 was calculated as a proportion of the total number of BrdU
performed from two 100 pm sampling fields spanning the width of the hippocampal primordium at
two different levels along the rostrocaudal axis of the ammonic neuroepithelium. Fluorescent
sections for this experiment were imaged using a 40X objective on a spinning disk confocal
microscope. In the second birth-dating experiment, pregnant dams were injected with a standard
dose (50 mg/kg) of BrdU at E18.5 and the resulting litter was collected at P20. This dose of BrdU
was sufficient to label neurons generated at E18.5. The total number of BrdU™°; NeuN"" cells in
CA neuronal layers, and layer II/III of the neocortex was then calculated from a 100 um sampling
field. For the CA counts this was performed on three different levels along the rostrocaudal axis of
the brain, in both the CAl and CA3 neuronal layer and averaged. The neocortical counts were
performed on single section at the level of the corpus callosum. Fluorescent sections for this
experiment were imaged using a 20X objective on a spinning disk confocal microscope. For both
birth-dating experiments the pattern of BrdU staining depended on the chromatin structure at time
of fixation, and was pan-nuclear during S-phase or in post-mitotic cells, and punctate during G2/M
phase, thus BrdU"™*° cells were scored as any nuclei showing nuclear immunoreactivity regardless of

the staining pattern.

3.4.6 Measurement of cell cycle kinetics in Nfix™" radial glia

The mean total cell cycle (7¢) and synthesis (S) phase duration (7s) of radial glia in the ammonic
neuroepithelium at E14.5 was determined using a dual-pulse labeling protocol modified from the
methodology presented by Martynoga and colleagues (2005). Briefly, pregnant dams were injected
with 50 mg/kg of 5-ethynyl-2’-deoxyuridine (EdU), followed 1 h later with 50 mg/kg BrdU. At 1.5
h post-EdU injection the dam was sacrificed and embryos immersion-fixed in 4% PFA. Sections
were stained for BrdU, EdU, TBR2 and DAPI. Fluorescent sections were imaged using a 40X
objective on a spinning disk confocal microscope, and cell counts were performed from two 100
um sampling fields at each of two different levels along the rostrocaudal axis per brain (Supp Fig.
3.6). Radial glia were then identified as TBR2 nuclei located in the ventricular zone. The pattern of
BrdU and EdU staining depends on the chromatin structure at time of fixation, and is pan-nuclear
during S-phase, and punctate during G2/M phase. BrdU™° and EdU"° radial glia were therefore

scored as any nuclei showing immunoreactivity for these markers regardless of the staining pattern.
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The T of radial glia is equal to the injection interval of 1 h multiplied by the ratio of radial glia that
remain in S-phase to the number of radial glia that leave S-phase prior to BrdU injection, given by
the equation T = 1*(EdU™; BrdU “/EdU"™; BrdU *°). The T¢ of radial glia is equal to Tsdivided
by the proportion of radial glia that are in S-phase, given by the equation 7, = Tg/(BrdU"*/BrdU*°).

3.4.7 Measurement of cleavage plane orientation in Nfix™" radial glia

To analyse cleavage plane orientation within radial glia, we stained sections with phospho-histone
H3 (PHH3), alpha-tubulin and with DAPI. Sections were imaged using a 63X objective on a
spinning disk confocal microscope through a depth of 10 pum (consecutive 1 um z-steps).

Ve cells located at the

Hippocampal radial glia undergoing mitosis were identified as PHH3
ventricular surface of the ammonic neuroepithelium. For each cell 3 angle measurements were
taken from adjacent z stacks and averaged. Because the metaphase plate of radial glia rocks
extensively until anaphase (Haydar et al., 2003; Sanada and Tsai, 2005), only cells that were in
anaphase or telophase were analysed, as revealed by chromosomal (DAPI and PHH3 staining) and
mitotic spindle arrangement (alpha-tubulin staining). We measured cleavage plane orientation by
the angle created by the vector that runs parallel to the ventricular surface and the vector that runs

through the cleavage plane of the dividing cell.

3.4.8 In utero electroporation

In utero electroporation was performed as previously described (Suarez et al., 2014), with minor
modifications whereby 0.5-1 pl of plasmid DNA was injected into one lateral ventricle and
electroporated caudomedially into the presumptive hippocampus using 35 V. Plasmid expression
constructs were pCAG IRES GFP (pCAGIG) or NFIX pCAG IRES GFP (NFIX pCAGIG). For the
rescue experiment, gNfix-CAS9, glacZ-CAS9, INSC pCAGIG and pCAGIG constructs were used.

For details of plasmid construction, see plasmid construction in methods.

3.49  Nfix""; Nfib""; Rosa26-creER™ tamoxifen treatment and cell
analysis

Nfix™™; Nfib"™ dams time-mated to Nfix™™; Nfib™"; cre sires were injected with 2 mg of tamoxifen

dissolved in corn oil (10 mg/ml) at E10.5 and E11.5, and the embryos were collected at E15.5 and

immersion-fixed in 4% PFA. Quantification and imaging of total hippocampal PAX6""°; TBR2™*°

nuclei and TBR2™° nuclei was performed from two 100 um sampling fields spanning the width of

59



the hippocampus from two different levels along the rostrocaudal axis of the ammonic
neuroepithelium. Fluorescent sections were imaged for this experiment using a 20X objective on a
spinning disk confocal microscope. For analysis of NFIX *°; NFIB™* clones in the hippocampus of
Nfi™; Nfib™"; cre mice, sections were imaged using a 40X objective, on a spinning disk confocal
microscope, through a depth of 10 um (consecutive 1 pm z-steps). The z-stack was then flattened
and the analysis was performed so that the proportion of NFIB™® nuclei expressing TBR2 in the
VZ/SVZ was compared to an adjacent region where VZ/SVZ nuclei were NFIX™ NFIB™. A

minimum of two NFIX ¥® NFIB™" clones were analyzed per animal.

3.4.10 Quantitative real-time PCR (qPCR)

The E13.5 medial cortex (hippocampal primordium and medial neocortex) or entire E16.5
hippocampal primordium of Nfix” and Nfix"" littermates were microdissected and snap frozen.
RNA was extracted (RNeasy Micro Kit, Qiagen, Valencia, CA) and reverse transcription was
performed using Superscript III (Invitrogen) with 1 pg of total RNA using random hexamers
according to manufactures protocol. gPCR was performed using SYBR green (Qiagen) and 500 nM
of the Insc forward primer (5° CACTTTGCTCCTAGCTTCTGGA 3’) and reverse primers
(5°CCCAATCTGCAGCAATGCCT 3°). Expression of Insc in Nfix” and Nfix”" littermates is
expressed relative to the housekeeping gene Glyceraldehyde-3-phosphate dehydrogenase (Gapdh),
which is presented as proportion of Gapdh transcript levels. Each sample at E13.5 (n = 5) and E16.5

(n = 3) was also performed in technical triplicate.

3.4.11 Reporter gene assays

The constructs used in the luciferase assays were NFIX pCAGIG, NFIB pCAGIG and NFIA
pCAGIG expression constructs, an empty vector control pCAGIG and a luciferase construct (1358
base pairs) spanning —1078 base pairs to +279 base pairs from the transcriptional start site (TSS) of
the mouse Insc promoter (UCSC genome browser track uc009ii.2, GRCM38/mm10). DNA was
transfected into Neuro2A cells (1*¥10* cells) in a 96 well plate using Lipofectamine 2000
(Invitrogen), and Cypridina luciferase was added to each transfection as an internal control. After
24 h luciferase activity was measured using a dual luciferase system (Switchgear Genomics, Menlo
Park, CA). Each condition, for each experiment, was performed in technical triplicate, and the

experiment itself was replicated 5 times.
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3.4.12 ChIP-gPCR

Whole E14.5 mouse forebrains were dissociated and fixed in 1% formaldehyde for 8 minutes.
Nuclei were lysed and chromatin sonicated using 8 cycles (30s ON/30s OFF) of the Bioruptor Pico
(Diagenode, Belgium) so that the majority of chromatin was between 100-500 base pairs in length.
Immunoprecipitation was performed with 8 ug of goat anti-NFI (sc-30918, Santa Cruz) or 8 pg of
goat IgG (AB-108-C, R&D Systems) control antibody coupled to 40 ul of Protein G Dynabeads
(10003D, Thermo Fisher Scientific). DNA purification was performed using Qiagen PCR
purification kit. ChiP-DNA was quantified using SYBR Green qPCR. A primer set for the /nsc
promoter was used (Forward: 5’TTAGCATCAAGAGCTCAGGACATT, Reverse: 5’
TGCCAAGAAAAGACAGTTCACCA) as well as a negative control primer set in a gene desert
region devoid of histone modification marks and transcription factor binding (Active Motif,
#71011). Enrichment of NFI in the INSC promoter was calculated relative to IgG control using the
delta CT method, and was further normalised to the negative control primer set to negate non-
specific enrichment caused by residual, undersonicated chromatin. All primers for ChIP-PCR were

used at a final concentration of 300 nM.

The peaks from the ChIP-seq experiment using a pan-NFI antibody that was performed on
embryonic stem cell-derived neural stem cells (Mateo et al., 2015; Supplementary Table 3, NFI tab)
were annotated to the nearest gene using ChIPSeeker (Yu et al., 2015). Specifically, the following
command was used: annotatePeak(chipPeaks, tssRegion = ¢(-3000, 1000), TxDb = txdb) where
'chipPeaks' is the bed file containing the locations of all peaks and 'txdb'
is TxDb.Mmusculus.UCSC.mm9.knownGene (Carlson and Maintainer, R package version 3.2.2).
The 'distance to TSS' value in the resulting annotation file was used to refine the search to identify
NFTI proteins bound 5000 base pairs downstream (a minimum distance of -5000 base pairs) or 1000
base pairs upstream (a maximum distance of 1000 base pairs) of a TSS. The resulting genes
associated with the NFI bound TSSs were then cross-referenced with the genes identified as

misregulated in all three microarray datasets to identify key NFI target genes.

3.4.13 Plasmid construction

Two CRISPR constructs encoding a single gRNA against the bacterial LacZ gene or mouse Nfix
gene were used in this study. For the LacZ construct a previously published gRNA sequence
targeting LacZ (5’TGCGAATACGCCCACGCGATCGG; underlined nucleotides, PAM motif) was used
(Platt et al., 2014; Kalebic et al., 2016). To design a gRNA against the mouse Nfix gene, we used
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software from DNA 2.0 to generate a gRNA sequence that recognises within exon 2 of Nfix
(5’TGAGTTCCACCCGTTTATCGAGG). DNA oligonucleotides encoding the LacZ and Nfix gRNA
sequences (as above but excluding the PAM motif) were then ligated into the pD1321-AP plasmid
(DNA2.0). In this plasmid the hU6 promoter controls expression of the gRNA, and a CAG
promoter controls the expression of the CAS9-2A-PaprikaRFP cassette. For the rescue experiment a
construct expressing full-length mouse INSC was generated by PCR amplifying the INSC open
reading frame from IMAGE clone 4211657 into pCAGIG as described elsewhere (Petros et al.,
2015). Other constructs used in this study were full-length NFIX pCAGIG, NFIB pCAGIG and
NFIA pCAGIG constructs (Piper et al., 2010; Piper et al., 2011; Piper et al., 2014).

3.4.14 Statistical analyses

Two-tailed unpaired Students 7 tests were performed when comparing two groups. For experiments
with comparisons between more than two groups ANOVAs were first performed, followed by
multiple comparisons analysis, where a pooled estimate of variance was used if appropriate, and
statistical significance was corrected for using the Holm-Sidak method in Prism 6.0 (Graphpad). All
data that was analysed using Students ¢ tests was performed with a minimum sample size of 4 and
assumed to be normally distributed. For analysis of the /nsc qPCR data at E16.5, and ChIP-qPCR
data, a sample size of 3 was analysed. In this case we did not assume a normal distribution of the
data and, as such, we performed a one-sided Mann-Whitney U test in Prism 6.0. Because the test
was based on a directional hypothesis (validating existing microarray or sequencing data), the one-
sided test was justified. When the sample size is 3, the minimum p-value achievable from this

nonparametric test is 0.05. All data analysis was performed blind to the genotype.
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3.5 Results

3.5.1 NFIX is expressed by radial glia and IPCs during hippocampal

development

To investigate whether NFIX promotes indirect neurogenesis and IPC production during the
development of the cerebral cortex, we focused predominantly on the ammonic neuroepithelium of
the hippocampus. This region was chosen for two reasons; firstly, NFIX expression within the
ventricular zone (VZ) and subventricular zone (SVZ) of the cerebral cortex exhibits a gradient such
that expression is highest in the caudo-medial cortex, particularly within the presumptive
hippocampal primordium (Figure 3.1A, B). Secondly, newly generated neurons from the ammonic
neuroepithelium (predominantly pyramidal neurons) migrate only a short distance radially before
settling in the cornu ammonis (CA) region (Altman and Bayer, 1990) rendering it a simpler model
of development than the six-layered neocortex. Previous studies have demonstrated that neural
progenitor cells in the hippocampal neuroepithelium express NFIX during development from at
least E13.5 onwards (Heng et al., 2014); however, the cell-type specific identity of these cells has
not been established. The transition of radial glia to IPCs during development is demarcated by the
sequential expression of PAX6, then TBR2 (EOMES) (Englund et al., 2005). We classified radial
glia as PAX6™"°; TBR2 " rather than using PAX6 expression alone as a marker for these cells,
thereby excluding newborn radial glia-derived IPCs that also express low to moderate levels of
PAX6 (Arai et al., 2011). Co-immunofluorescence at E14.5 (Figure 3.1C) revealed that radial glia
express NFIX (209/209 cells), as did the vast majority of IPCs (TBR2™° nuclei; 208/209 cells).
Moreover, the expression of NFIX was maintained in radial glia and IPCs throughout the stages of

the cell cycle including mitosis (Supp. Figure 3.1). This same expression pattern was also observed

at E13.5 and E15.5 (Supp. Figure 3.1).
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Figure 3.1: NFIX is expressed in hippocampal radial glia and IPCs.

(A, B) NFIX immunohistochemistry at E13.5 in the mouse telencephalon. Panel (A’, B”) and (A”’,
B”) are higher magnification images taken from boxed regions in (A) and (B) respectively, with
dashed lines demarcating the ventricular zone (VZ)/subventricular zone (SVZ) and marginal zone
(MZ). (C) NFIX immunofluorescence within the presumptive hippocampus at E14.5. Dashed lines
indicate the boundary between the VZ and SVZ. NFIX (magenta) colocalizes with both PAX6 (red)
and TBR2 (green). NFIX " radial glia and IPCs were identified as per the legend to the right of the
panel. Scale bar (in A): A, B 800 um; A’-A”’, B’>-B” 80 um; C, 50 pm.
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3.5.2 Delayed IPC development in Nfix” mice

+ve

We have previously reported elevated numbers of PAX6 ™ cells (indicative of increased numbers
of radial glial cells) and delayed neuronal differentiation in the hippocampus of Nfix’~ mice at
E16.5 (Heng et al., 2014). It remained unclear however, when these developmental defects first
became apparent and at which stage of the lineage transition from a stem cell to a mature neuron
was affected in these mice. Using PAX6 and TBR2 co-labeling, we investigated how the numbers
of radial glial cells in the ammonic neuroepithelium of Nfix’~ mice changed from the onset of
hippocampal neurogenesis at E13.5 to the peak of neurogenesis at E15.5. Relative to controls, we
found significantly more radial glia (PAX6™¢; TBR2™°) in Nfix” mice at E13.5, E14.5 and E15.5
(Figures 3.2A-E). Moreover, the magnitude of the change was smallest at E13.5 (P = 0.022) and
became progressively larger at E14.5 (P = 0.0096) and E15.5 (P = 0.014), from which we infer that
the lack of Nfix culminates in an ongoing (rather than a temporally restricted) delay in the transition
of radial glia into IPCs. In support of this, we found fewer IPC cells at E13.5 in Nfix’~ mice
compared to controls (P = 0.00013) (Figure 3.2F) demonstrating that radial glia generate IPCs less
efficiently in these mice. By E14.5 and E15.5, the total number of IPCs in Nfix’~ mice was
comparable to that in wild-types (Figure 3.2F), likely because the increased size of the radial glial
pool resulted in an increase in the absolute number of IPC-generating divisions. However, measured
as a proportion of all cell types in the VZ-SVZ, the number of IPCs remained reduced at E15.5 in

Nfix”™ mice (data not shown).

Collectively, these data suggest that Nfix-deficient radial glial cells undergo increased self-
expanding divisions and reduced IPC-generating divisions during early hippocampal development.
To examine this further, we performed birth-dating experiments by injecting time-mated dams with
the DNA analog BrdU at E13.5 before sacrificing embryos 24 h later, thereby labeling all
proliferating cells (predominantly radial glia) that were in S-phase at the time of injection, as well
as their progeny. We found that 24 h later (at E14.5) there were substantially fewer IPCs generated
by BrdU-labelled radial glia in Nfix’~ mice than in controls (P = 0.0001) (Figure 3.2G). The
impaired IPC development observed in Nfix'~ mice could potentially occur as a result of increased
direct neurogenesis from radial glia, similar to that observed in Elp3 conditional knockout mice
(Laguesse et al., 2015). To determine whether this was the case we performed a 48 h BrdU chase
experiment (labelling with BrdU from E13.5). We found that there were significantly fewer BrdU"**
cells that had exited the cell cycle (BrdU™*; Ki67 *°) in mutant mice relative to controls at E15.5 (P
= 0.00016) (Figure 3.2H-J). This argues that the impaired IPC development in Nfix’~ mice is not

+ve

offset by an increase in direct neurogenesis. Indeed, a significantly greater number of BrdU ™ cells
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remained as PAX6™¢; TBR2™® radial glia at E15.5 (P = 2.2*10™). These data, coupled with the
expansion of the radial glial population from E13.5-E15.5, support the hypothesis that Nfix-
deficient radial glia undergo more self-expanding divisions at the expense of IPC development

during this stage of hippocampal development.
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Figure 3.2: Increased numbers of radial glia and delayed IPC generation in the hippocampus
of Nfix” mice from E13.5-E15.5

(A) to (D) DAPI staining (white) in wild-type and Nfix” mice at E13.5 and E15.5. Boxed regions in
(A) to (D) are shown in higher magnification in (A”) to (D”) respectively and show DAPI (white),
PAX6 (red) and TBR2 (green) staining, with dashed lines demarcating the ventricular zone
(VZ)/subventricular zone (SVZ). (E) Cell counts of radial glia and (F) IPCs from E13.5-E15.5 in
wild-type and Nfix” mice. Graphs depict mean + SEM of 7, 8 and 5 embryos at E13.5, E14.5 and
E15.5 respectively *p < 0.05, **p < 0.01, ***p < 0.001 (G) Cell counts of the proportion of total
BrdU ™ cells expressing TBR2 in wild-type and Nfix” mice at E14.5 following a BrdU chase at
E13.5. Graphs depict mean = SEM of 5 embryos ***p < 0.001 (H) and (I) show DAPI (white),
BrdU (red) and Ki67 (green) staining in wild-type and Nfix”" mice at E15.5 following a BrdU chase
at E13.5. (J) Cell counts reveal the proportion of BrdU™ cells that were PAX6™°; TBR2™"° or
Ki67™ in wild-type and Nfix”" mice. Graphs depict mean + SEM of 5 embryos **p < 0.05, ***p <
0.001. Scale bar (in A): A-D 220 pum; A’-D’ 50 um, G, H 40 um.
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3.5.3 Nfix-deficient radial glia have a longer S-phase duration

We next posited that Nfix-deficient radial glial cells should also display cellular characteristics
associated with fewer IPC-generating divisions. Interestingly, a recent study revealed that radial
glia committed to neurogenic divisions have a shorter S-phase duration (1.8 h) than radial glia
during self-expanding divisions (8 h) (Arai et al., 2011). To further assess if NFIX promotes IPC
production, we measured S-phase duration as a proxy for the frequency of neurogenic divisions. We
hypothesized that the population of Nfix-deficient radial glial cells would exhibit a longer average
S-phase duration due to the reduction in neurogenic divisions. To test this, we performed
consecutive injections of the S-phase markers EQU and BrdU at E14.5 to determine the relative rate
of progression through S-phase, as well as cell cycle duration (see materials and methods, Figure
3.3A-C) (Martynoga et al., 2005). We identified radial glia as TBR2™ nuclei in the VZ, defined as
the region apical to the thick band of TBR2"™ cells (Figure 3.3C). Consistent with our hypothesis
we found that Nfix” radial glia had a significantly longer S-phase duration than wild-type radial glia
(P = 0.025) (Figure 3.3D). Total cell cycle duration in Nfix” radial glia was not significantly
different (P = 0.051) (Figure 3.3E), nor was G1/G2/M phase length (P = 0.11) (Figure 3.3F). Thus
the increased S-phase duration in mutant mice further indicates that Nfix” radial glia undergo

proportionally fewer IPC generating divisions during the period of peak neurogenesis.
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Figure 3.3: Nfix” radial glia undergo proportionally fewer neurogenic divisions.

(A) Wild-type hippocampus showing DAPI (white), TBR2 (green), EdU (magenta), BrdU (red)
staining at E14.5, with dashed lines demarcating the ventricular zone (VZ)/subventricular zone
(SVZ). (B) Pregnant dams were injected with EdU, followed by BrdU 60 min later, and sacrificed
at 90 min. (C) Radial glia were identified as cells with TBR2™ nuclei in the VZ. (D) Quantification
of cell cycle kinetics for mean S-phase duration (Ts), (E) mean total cell cycle duration (Tc) and (F)
mean G1/G2/M phase length in radial glia of wild-type and Nfix”" mice. Graphs depict mean + SEM
of 8 embryos *p < 0.05. Scale bar (in A): A 22.5 pm.
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3.5.4 Overexpression of NFIX in vivo promotes IPC and neuron

generation

If loss of NFIX impairs IPC generation, then NFIX overexpression should result in an increased
rate of IPC and neuronal differentiation. To investigate this, we used in utero electroporation to
overexpress a HA-tagged mouse NFIX construct containing a bicistronic GFP reporter (NFIX
pCAGIG) (Heng et al., 2014) or vector only control (pCAGIG) in the presumptive hippocampus of
wild-type CD1 mice at E12.5 (Figure 3.4A, B). At E14.5 we found that NFIX overexpression led to
a significantly higher percentage of electroporated cells becoming IPCs (P = 0.037) and neurons (p
= 0.016), while fewer cells remained as radial glia (P = 1.8%107) compared to electroporated cells
in the control condition (Figure 3.4C-E). Importantly, co-staining for the neuronal marker TBR1
revealed that all neurons were located basal to the band of TBR2"™ cells, demonstrating that NFIX
overexpression did not induce gross neuronal migration errors (data not shown). Together, these

data are supportive of a role for NFIX in promoting the commitment of radial glia into IPCs.
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Figure 3.4: Overexpression of NFIX promotes IPC and neuron generation in vivo

(A, B) Images showings cortical neurons from E14.5 hippocampi expressing (A) the empty vector
control pCAGIG or (B) NFIX pCAGIG with HA in red, and GFP in green. pCAGIG (C) and NFIX
pCAGIG (D) were targeted to the hippocampal primordium of wild-type CD1 mice at E12.5 using
in utero electroporation. Electroporated brains were collected and analysed at E14.5. Image shows
GFP in green, and TBR2 in magenta, with dashed lines demarcating the ventricular zone
(VZ)/subventricular zone (SVZ). (E) Quantification of the percent of electroporated (GFP™°) cells
that are radial glia, [PCs or neurons in pCAGIG and NFIX pCAGIG hippocampi. Radial glia were
identified in this experiment as TBR2™ nuclei in the VZ (arrows), IPCs were identified as any cell
expressing TBR2 (arrowheads) and neurons were identified as TBR2™ nuclei basal to the SVZ
(asterisks). Graph depicts mean = SEM of 5 embryos (pCAGIG) and 7 embryos (NFIX pCAGIG),
*p <0.05, **p <0.01. Scale bar (in D): A, B 24 uym; C, D 40 pm.
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3.5.5 Loss of four Nfialleles results in a more severe IPC phenotype

We have thus far demonstrated that Nfix-deficient radial glia generate IPCs with reduced efficiency.
Despite this, Nfix"~ mice lack the gross morphological abnormalities often associated with mouse
models in which radial glial populations are expanded and there is decreased neurogenesis (Chenn
and Walsh, 2002; Farkas et al., 2008). For example, these phenotypes are usually associated with
increased tangential length of the cortex and reduced radial thickness. We therefore questioned
whether the loss of additional Nfi alleles would result in a more severe phenotype. To investigate
this, we removed four Nfi alleles by intercrossing conditional floxed Nfix and Nfib mice, which
were then crossed to a mouse line expressing a tamoxifen-activated form of cre-recombinase under
the control of the ubiquitous Rosa26 promoter. Time-mated dams were then injected with
tamoxifen (two sequential injections at E10.5 and the other at E11.5) to delete Nfix and Nfib, and
embryos were analysed at E15.5. We found that cre-expressing Nfix™": Nfib™" (hereafter referred to
as Nfix"; Nfit""; cre) embryos were almost entirely devoid of NFIX and NFIB immunoreactivity
(Figure 3.5H, I), whereas cre-negative animals retained NFIX and NFIB expression (Figure 3.5E,
F). In Nfix™"; Nfib™"; cre animals, the tangential length to radial width (length/width) ratio of the
presumptive hippocampus was markedly (251%) increased compared to control animals (p <
0.0001), as was that of the neocortex (P = 0.025) (Figure 3.5A-C). The length/width ratio of the
Nfi™; Nfib™"; cre hippocampus was also significantly larger than in Nfix”~ mice (P = 0.0008),
suggestive of a more severe phenotype than in Nfix '~ animals (Figure 3.5C). Furthermore, cellular
analysis revealed that, compared to controls, Nfix™"; Nfib™"; cre animals had a greater increase in
radial glial cell number (PAX6™¢; TBR2™) (P = 0.0006) (Figure 3.5D) than in Nfix’~ mice at
E15.5 (Figure 3.2E). Moreover, Nfix"; Nfib™"; cre animals had a two-fold reduction in IPC number
at E15.5 (P = 0.0002) (Figure 3.5D), whereas in Nfix '~ mice, the IPC number was not significantly
different from that of wild-types at this age (Figure 3.2F). Together, these data demonstrate that the
loss of additional Nfi alleles results in morphological and cellular phenotypes associated with

reduced IPC production.

During development, the cell-cell interactions between different progenitor populations is important
for regulating the balance between the self-expansion of radial glia or the commitment of radial glia
to IPC and neuronal differentiation (Namihira et al., 2009). Due to the ubiquitous expression of
NFIs by radial glia during cortical development, it is possible that NFIs promote the generation of
IPCs by regulating the expression of extrinsic signaling molecules that affect the fate of
neighboring radial glial cells (non-cell autonomous effect), rather than the host cell itself (cell-

autonomous effect). Distinguishing between these different scenarios could provide an important
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insight into the mechanisms through which NFIs drive the generation of IPCs from radial glia. To
analyse these possibilities, we took advantage of the different DNA recombination efficiencies of
the floxed Nfix and Nfib alleles (Supp. Figure 3.2). Due to the reduced recombination efficiency of
the Nfib floxed allele, this resulted in a stochastic effect whereby in random areas of the cortex both
Nfix alleles had recombined after administration of tamoxifen, but both Nfib alleles had not. The
result was that at E15.5, Nfix™"; Nfit""; cre cortices were sparsely patterned with NFIX; NFIB "
clones (Figure 3.5E-K). We took advantage of this serendipitous occurrence to determine whether
NFIs were cell-autonomously required by radial glia for IPC development. Were this the case,
NFIX %, NFIB " clones should show increased numbers of IPCs compared to the cells surrounding
the clone. Conversely, a non-cell autonomous requirement for NFI would predict that the number of
IPCs within NFIX *; NFIB™"° clones would be similar to that in the surrounding cells. To
distinguish between these possibilities, we stained Nfix™”"; Nfib™"; cre hippocampi for NFIB, NFIX
and TBR2, and analysed the proportion of cells within NFIX *; NFIB"*® clones that were IPCs
(TBR2™). We found that within these NFIX *; NFIB ™" clones there was a greater proportion of
cells that were IPCs compared to immediately adjacent NFIX NFIB™ regions (P = 0.0029) (Figure
3.5J-L). These data, together with our results from overexpressing NFIX through in utero
electroporation (Figure 3.4), support a model in which NFIs are autonomously required by radial

glia for normal IPC development.
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Figure 3.5: Loss of four Nfi alleles results in a more severe IPC phenotype.

(A) and (B) show DAPI (white), PAX6 (red) and TBR2 (green) expression in Nfix™"; Nfit™" and
Nfi™; Nfib™"; cre mice at E15.5. (C) Quantification of tangential length/radial width of the
hippocampus and neocortex in control, Nfix”~ and Nfix™"; Nfib™"; cre mice. Graphs depict mean +
SEM from 10 control, 5 Nfix” and 5 Nfix; Nfit""; cre embryos, *p < 0.05, **p < 0.01, ***p <
0.001. (D) Cell counts of radial glia and IPCs in E15.5 Nfix™; Nfib"™" and Nfix™"; Nfib™"; cre mice.
Graphs depict mean £ SEM from 5 embryos ***p < 0.001. (E) and (H) show NFIX (magenta) and
(F) and (I) NFIB (red) expression in Nfix™"; Nfit™" and Nfix™"; Nfit""; cre mice at E15.5. Boxed
regions in (E and F) and (H and I) are shown at higher magnification in (G) and (J) respectively.
Dashed lines in (J) demarcate the border of the NFIB™ clone. (K) Schematic representing
stochastic deletion of the Nfib™" allele in Nfix™"; Nfib™"; cre mice. Radial glia express NFIX and
NFIB (open ovals). (K”) Upon administration of tamoxifen, Nfib and Nfix are deleted in most radial
glia (black ovals) but some cells do not delete Nfib fully (grey ovals). (K’’) Incomplete
recombination at the Nfib locus results in Nfix™"; Nfib™"; cre hippocampi being sparsely patterned
with NFIX™; NFIB " clones. (L) Quantification of total ventricular zone (VZ)/subventricular zone
(SVZ) nuclei that were TBR2™ in Nfix™"; Nfib™" mice (white bar) and Nfix™"; Nfit™" cre mice
(black bar), including NFIX*%; NFIB " cells in Nfix”; Nfib™"; cre mice (grey bar). Graphs depict
mean £ SEM from 5 embryos **p < 0.01, ***p < 0.001. Scale bar (in A): A, B, E, H, F, I 100 um,
G, J 25 pm.
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3.5.6 Insc is a target for transcriptional activation by NFls during

hippocampal development

What are the transcriptional mechanisms through which NFIs promote IPC production? To address
this question, we analysed existing microarray datasets that examined alterations in gene expression
within the entire hippocampal primordium of E16.5 Nﬁx’/* (Heng et al., 2014), Nﬁb*/’ (Piper et al.,
2014) and Nfia”~ mice (Piper et al., 2010). In these datasets there were 668, 1893 and 1099
misregulated genes relative to wild-type controls, respectively (x1.5 fold change, p<0.05). To focus
our search, we further filtered these data using a number of stringent parameters. Firstly, we refined
our analysis so that we only included genes that were misregulated in all three of the microarray
datasets. We took this approach because it is likely that NFIs promote IPC production through a
common transcriptional mechanism; this is supported by previous data highlighting the functional
similarity of NFIs in the development of other cortical phenotypes (Vidovic et al., 2015), the
additive effects of deleting NFIX and NFIB on IPC development (Figure 3.5), and our analysis of
the microarray datasets, which revealed that a highly significant proportion of genes are commonly
misregulated across each of the three datasets (Supp. Table 3.1). Next, we only included genes with
a greater than +2.5 fold change (Figure 3.6A and Supp. Table 3.2). Finally, we used a recently
derived ChIP-seq dataset (performed using a pan-NFI antibody on embryonic stem cell-derived
neural stem cell cultures) to identify which of these remaining genes had a promoter region bound
by an NFI protein (Figure 3.6B) (Mateo et al., 2015). After this final filter only 6 candidate genes
remained in the analysis pipeline (Figure 3.6C). Crucially, one of these 6 genes was Gfap, an
established target of NFI transcriptional activation in vitro (Namihira et al., 2009) and in vivo (Heng
et al., 2014), highlighting the effectiveness of our filters. Ncaml, which regulates neural cell
adhesion and migration, was also misregulated, as were three genes with unknown functions in
central nervous system development (Rasd2, Entpd2, 1116). Significantly, the final gene in the
analysis pipeline was the mammalian homolog of Drosophila insc. Because Insc promotes IPC
production during mouse cortical development (Postiglione et al., 2011) we inferred that NFIs
might activate Insc expression, and that the downregulation of /nsc in Nfi null mice (Figure 3.6C)

contributes to the IPC phenotype observed within these lines.

3.5.7 NFls activate Insc-promoter driven transcriptional activity

To investigate whether NFIs activate transcription of Insc, we first validated the microarray results
from Nfix”~ E16.5 hippocampi (Heng et al., 2014). Using qPCR we determined that there was a
~50% reduction of hippocampal /nsc mRNA compared to that in wild-type littermates at E16.5 (P =
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0.05) (Figure 3.6D). Importantly, /nsc was also downregulated in the medial cortex (hippocampal
primordium and medial neocortex) of Nfix”~ mice at E13.5 when the IPC phenotype of these mice
first becomes apparent (P = 0.044). Next, we verified the capacity of NFI proteins to physically
bind to the Insc promoter by performing an in vivo ChIP assay on tissue isolated from E14.5
forebrains using a pan-NFI antibody. The ChIP-assay revealed enrichment of NFI protein binding at
a region in the Insc promoter that corresponds to both the NFI dyad consensus site (P = 0.05)
(Figure 3.6E) and the NFI ChIP-peak detected by Mateo and colleagues (2015) in vitro. Finally, we
asked whether NFIs could active /nsc-promoter driven transcriptional activity. A region of the /nsc
promoter, which included the dyad consensus site, was cloned upstream of the luciferase gene
(Figure 3.6F, G). Co-transfection of the Insc luciferase construct with an NFIX expression plasmid
in Neuro2a cells revealed that NFIX strongly activated Insc promoter-driven transcriptional activity
(P = 1.8*%10°) (Figure 3.6H). Likewise, NFIA (P = 0.0001) and NFIB (P = 0.0026) also enhanced

Insc promoter-driven transcriptional activity (Figure 3.6H).

3.5.8 NFI-deficient radial glia phenocopy the cleavage plane defects

of Insc knockout mice

If the downregulation of Insc contributes to the impaired generation of IPCs in Nfix” mice, then we
would anticipate that the spindle orientation and cleavage plane deficits seen within /nsc conditional
knockout-mice (Postiglione et al., 2011) would be recapitulated within the radial glia of Nfix”'~
mice. We assessed cleavage plane orientation of the dividing progenitor cell relative to the
ventricular surface (Figure 3.61-L). At E14.5 in wild-type mice, 71% of radial glia divided with a
vertical cleavage plane (the angle between the cleavage plane and the ventricular surface was
between 90° and 60°), whereas 23.5% of radial glia divided with an oblique division plane
(between 60° and 30°; Figure 3.6M). Consistent with previous reports (Postiglione et al., 2011;
Insolera et al., 2014), mitotic radial glia with a horizontal cleavage plane (between 30° and 0°) were
rare, occurring in only 4.7% of cells (Figure 3.6M). In Nﬁx’/ ~mice, however, the vast majority of
radial glia divided with a vertical cleavage plane (89.9%), and the proportion of oblique divisions
was greatly reduced (10.1%) (Figure 3.6N). Moreover, no radial glial cell was observed to divide
with a horizontal cleavage plane in Nfix”’ mice. Similarly, in Nfix™"; Nfit™"; cre radial glia at
E15.5, 98.4% of radial glia divided with vertical cleavage plane, 1.6% with an oblique cleavage
plane and no cells were observed dividing horizontally (Figure 3.60). This phenotype is
reminiscent of the cleavage plane phenotype of /nsc conditional knockout mice, where there are

substantially fewer oblique divisions and horizontal cleavage planes are not seen (Insolera et al.,
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2014). Thus, the data support a model whereby downregulation of Insc in Nfi-deficient mice results

in fewer oblique divisions in radial glia.
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Figure 3.6: Insc is a target for transcriptional activation by NFIs during cortical development.
(A) Venn diagram of >2.5 fold misregulated genes in Nﬁx’/ " (red), Nﬁb'/ " (yellow), Nﬁa’/ " (green)
E16 hippocampal microarrays. (B) Venn diagram of common misregulated genes (green) from (A)
overlapped with NFI ChIP peaks from within -5kb to +1kb of the gene transcriptional start site
(TSS) (blue). (C) 6 genes were identified in (B). (D) gPCR of /nsc expression in the E13.5 medial
cortex (hippocampal primoridum and medial neocortex) and E16.5 hippocampus from wild-type
and Nfix” mice. Graphs depict mean + SEM from 5 (E13.5) and 3 (E16.5) embryos respectively *p
< 0.05. (E) ChIP-PCR showing enrichment of pan-NFI antibody (relative to IgG) within the Insc
promoter, and no enrichment (relative to IgG) in a negative control primer located within a gene
dessert. (F) NFT half-site and dyad consensus site sequence. (G) Schematic of cloned region of the
Insc promoter showing NFI half-sites and the dyad consensus site. (H) Relative luciferase activity
(Rluc/Cluc) after cotransfection of NFIX, NFIB, or NFIA with the /nsc luciferase construct. Graphs
depict mean £ SEM from 5 experiments **p < 0.01, ***p < 0.001. (I-L) Representative images of
wild-type radial glia stained with DAPI (white), alpha-tubulin (green) and PHH3 (red) revealing
vertical (90°-60°; I and J) or oblique (60°-30°; K and L) cleavage planes. (M-O) Graphical
representation of the number of radial glia undergoing vertical (90°-60°), oblique (60°-30°), or
horizontal (30°-0°) cleavage in wild-type (M), Nfix”" (N) and Nfix™"; Nfit™"; cre (O) radial glia.
Mean + SEM from 5 embryos **p < 0.01, ***p <0.001. Scale bar (in I): I-L 5.5 pm
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3.5.9 In vivo rescue of IPC number in Nfix”"radial glia through INSC

overexpression

If NFIX promotes IPC development, in part or wholly through activating Insc expression, then
overexpressing INSC in Nfix " radial glia should help restore IPC generation to wild-type levels. To
test this hypothesis, we used the CRISPR/Cas system to delete Nfix from radial glia within the
ammonic neuroepithelium of embryonic CD1 wild-type mice. After electroporation at E12.5 with
plasmids encoding Nfix-CAS9 and pCAGIG (knockout condition) or lacZ-CAS9 and pCAGIG
(control condition), embryos were assessed for NFIX expression. In the knockout condition, only
8% of electroporated (GFP™) cells retained NFIX immunoreactivity compared to 96% in the
control (Supp. Figure 3.3). We then assessed TBR2 expression, and found proportionally fewer
TBR2™¢; GFP™° cells in the knockout compared to the control condition (P = 0.03), reminiscent of
our findings using Nfix’~ mice (Figure 3.7A-D). Finally, for the rescue condition we co-
electroporated the Nfix-CAS9 plasmid with INSC pCAGIG (Supp. Figure 3.3). In this rescue
condition there was an increased proportion of TBR2™®; GFP™° cells compared to the knockout
condition (P = 0.023). Moreover, the number of TBR2™*; GFP™" cells in the rescue condition was
not significantly different from the control condition (P = 0.62) (Figure 3.7A-D). Thus Insc
overexpression in Nfix'~ radial glia was sufficient to restore IPC number to wild-type levels,
confirming that NFIX regulation of INSC contributes to IPC production during hippocampal

development.
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Figure 3.7: Rescue of IPC number in Nfix"~ radial glia through INSC overexpression

(A-C) show GFP (green) and TBR2 (magenta) in hippocampal sections of E15.5 CD1 mice
electroporated at E12.5. The dashed line depicts the VZ. (A) Depicts the control condition (gLacZ-
CAS9 + pCAGIG), (B) the knockout condition (gNfix-CAS9 + pCAGIG) and (C) the rescue
condition (gNfix-CAS9 + INSC pCAGIG). Arrowheads indicate TBR2"**; GFP™*° cells. IPCs were

Ve cells

identified as any cell expressing TBR2 (D) Quantification of the proportion of total GFP
that express TBR2. Graph depicts mean = SEM of 3 (control), 7 (knockout) and 9 (rescue) embryos

*p < 0.05. Scale bar (in C): A-C 30um.
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3.5.10 A prolonged neurogenic window results in increased neuron
number in the hippocampus and neocortex of P20 Nfix”~ mice
What effects do the increased self-expanding divisions of radial glia and delayed IPC generation
have on the late embryonic phenotype of Nfix'~ mice? We had previously observed that the
reduction in TBR2™ cells in the Nfix" hippocampus was not permanent, so that at E18.5 there
were greater numbers of these cells than in wild-type mice (Heng et al., 2014). This suggested that
the expansion of the radial glial population in the presumptive hippocampus of Nfix’~ mice during
early development would sustain the pool of radial glia and prolong the period of neurogenesis. In
turn, resulting in an overall greater production of neurons. We investigated this by immunostaining
wild-type mouse hippocampal sections for PAX6 and TBR2 at E18.5. This revealed very few radial
glia or IPCs in the ammonic neuroepithelium, signaling the end of hippocampal neurogenesis. By
contrast, in Nfix"~ mice at E18.5 the radial glial (P = 2.9%107) and IPC (P = 1*10”°) populations
were approximately 2.5 and 3.5 fold larger than in the control, respectively (Figure 3.8A-C). We
then asked whether this increase in radial glia and IPC number culminated in the increased
production of CA pyramidal neurons in the postnatal hippocampus. Counts of the mature neuronal
marker NeuN (RbFox3) at P20 revealed significantly more neurons within both the CA1 and CA3
regions of the mutant in comparison to those in controls (P = 0.0011) (Figure 3.8D-F). Moreover,
we tracked the fate of E18.5 progenitor cells by injecting pregnant dams with BrdU and
immunostaining for BrdU and NeuN in Nfix "~ and wild-type mice at P20. In wild-type mice there
were very few neurons in the P20 CA regions that were born at E18.5 (BrdU™; NeuN ).
Remarkably, however, the number of late-born neurons in Nfix'~ mice was approximately 10-fold
higher (P = 0.0002) (Figure 3.8D-F), which likely contributed to the overall greater number of CA

neurons. Additionally, we found a significantly greater number of S1008™°

astrocytes in the
stratum oriens of postnatal Nfix”~ mice (P = 0.0107) (Supp. Figure 3.4). Despite the increases in
neuron and glial number in these regions, the overall size of the hippocampus was not significantly
different in Nfix’~ mice compared to controls, probably because the dentate gyrus, as previously

described (Heng et al., 2014) is much smaller in these mutant mice.

Given that postnatal Nfix'~ mice have a dorso-ventral expansion of the cingulate cortex and
neocortex (Campbell et al., 2008), we asked whether the increased neuronal generation observed in
the postnatal hippocampus was evident within the broader dorsal telencephalon, and so may
contribute towards this phenotype. At E18.5 we saw similar phenotypes within the neocortex as in
the hippocampal ammonic neuroepithelium, with increased radial glial (P = 0.031) and IPC

numbers (P = 0.0002) compared to controls, although the phenotype was substantially less severe
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than that we observed in the hippocampus (Supp. Figure 3.5A-C). BrdU labeling at E18.5 also
revealed significantly more late-born neurons (BrdU'™*‘; NeuN ") in the upper layers of the
neocortex (P = 0.0167) (Supp. Figure 3.5D-F). Thus, the prolonged neurogenic period of Nfix '~
mice likely contributes to the increased dorsal-ventral size of these regions. Collectively, these
findings highlight the crucial role that NFIX plays in promoting indirect neurogenesis within the
developing dorsal telencephalon, thereby significantly enhancing our understanding of the

transcriptional mechanism underpinning the development of this brain region.
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Figure 3.8: Prolonged neurogenic window increases neuron number in hippocampus of Nfix”
mice.

(A) and (B) show DAPI staining in wild-type and Nfix” hippocampi at E18.5. Boxed regions in (A)
and (B) are shown at higher magnification in (A’) and (B’) respectively, revealing DAPI (white)
PAX6 (red) TBR2 (green) staining. Dashed lines in (A’ and B’) demarcate ventricular zone
(VZ)/subventricular zone (SVZ). (C) Cell counts of radial glia and IPCs in the E18.5 wild-type and
Nfix” hippocampi. Graphs depict mean + SEM of 5 embryos ***p < 0.001. (D) and (E) show DAPI
(white) staining in wild-type and Nfix”” hippocampi at P20, with arrows spanning the width of the
CA neuronal layer. Boxed regions in (D) and (E) are shown at higher magnification in (D’) and
(E’) respectively, revealing BrdU (green) cells labeled from a BrdU injection at E18.5 and NeuN
(magenta). (F) Cell counts within the cornu ammonis (CA) neuronal layer of wild-type and Nfix”"
mice of the number of NeuN"" cells and BrdU"™"*; NeuN " cells following a BrdU chase at E18.5.
Graphs depict mean + SEM of 5 pups **p < 0.01, ***p < 0.001. Scale bar (in A): A, B, D, E 350
um; A’, B’ 50 um; D’, E’ 40 pm.
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3.6 Discussion

Studies have begun to reveal the factors that drive the progression of radial glia into IPCs during
development (Farkas et al., 2008; Sessa et al., 2008; Saffary and Xie, 2011). For example, loss of
the transcription factor PAX6 from radial glia downregulates the expression of the microtubule-
associated protein SPAGS, and, in turn, radial glia undergo more divisions with oblique cleavage
planes and generate more basal mitoses (Gotz et al., 1998; Asami et al., 2011). However, these
basal mitoses retain the hallmarks of radial glial cells, indicating that PAX6 regulates the
delamination of radial glia progenitors from adherens junction complexes, but does not regulate
other key features of IPC differentiation. Likewise, HES transcription factors inhibit the neurogenic
divisions of radial glia by repressing proneural genes (Mizutani et al., 2007; Pierfelice et al., 2011),
but it is unclear how this repression directly affects the maintenance of apical-basal polarity, cell
cycle progression or other aspects of radial glial cell biology. In this study, we have uncovered a
novel role for members of the NFI transcription factor family in orchestrating the transition of radial
glia to IPCs. Although NFIs have previously been shown to be important for astrogliogenesis and
stem cell maintenance in the neocortex and hippocampus, here we reveal that NFIX-mediated

activation of /nsc expression promotes the timely generation of IPCs.

The function of INSC has been extensively studied during D. melanogaster neurogenesis. INSC
acts in D. melanogaster neuroblasts as an adaptor protein, linking two protein complexes that
assemble at the apical cell cortex to control spindle orientation (Wodarz et al., 1999; Schaefer et al.,
2000). The control of mitotic spindle orientation by INSC during neuroblast division leads to
unequal inheritance of the cell fate determinants Prospero, Numb and Brat to the basal daughter cell
and results in neuronal differentiation (Knoblich, 2008). There is a single insc homolog in mice
(Katoh and Katoh, 2003). INSC is expressed at very low levels within the developing cerebral
cortex, which is perhaps why changes in INSC expression results in only modest fluctuations in
spindle orientation in mice compared to flies. These modest fluctuations in spindle orientation are
however correlated to large increases in IPC number with increased INSC expression, and vice
versa (Postiglione et al., 2011). Despite the clear relationship between the level of Insc expression
and the rate of IPC production in the mouse cortex, the mechanism through which Insc expression

is regulated within the cortex has, until now, remained unclear.

Although we found that the impaired IPC development and spindle defects of Nfix-deficient radial

glia closely mirror those of Insc conditional knockout mice during early development (Postiglione
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et al., 2011), there are some important differences between these mutants. One of these differences
is that the number of radial glial cells in Nfix-deficient mice is substantially increased during early
development compared to controls. In contrast, although the radial glia in /nsc conditional knockout
mice were quantified using only PAX6 as a marker (thereby including newborn IPCs that retain
PAX6 expression), there were no gross changes in the number of radial glia in these mice. As a
corollary to this, we found that the expansion of radial glia in Nfix’~ mice sustained the pool of
radial glia progenitors into late development, thereby ensuring an overall increase in the number of
neurons in the hippocampal CA1/CA3 neuronal layers and neocortex, whereas, the neocortical
neuron number in /nsc conditional knockout mice was reduced (Postiglione et al., 2011). These
differences are likely to be explained by the diverse cohort of genes that are likely to be under NFI
transcriptional control, in addition to /nsc. For example, we have previously shown that NFIs can
repress genes involved in stem cell maintenance during cortical development such as Sox9, Ezh2
and Hesl (Piper et al., 2010; Heng et al., 2014; Piper et al., 2014). Therefore, although the
downregulation of Insc contributes to the impaired IPC generation in Nfix null mice, the
misregulation of these additional factors likely explains the expansion of the radial glial pool
beyond that observed following loss of /nsc alone. NFIX may have functions in cell types other
than radial glia that could also account for differences between these mouse lines. For example,
NFIX is expressed by IPCs. Does NFIX regulate the differentiation of IPCs to mature neurons, and
if so, does this contribute to the accumulation of IPCs at E18.5? Future studies using a 7hr2 or Dcx

driven cre-recombinase would address this question.

Our data further highlight the pleiotropic roles of NFIs during forebrain development. How NFI
proteins promote the generation of IPCs by activating /nsc-promoter driven transcription, while
repressing genes involved in stem cell maintenance, and also being crucial factors in astrocytic
lineage progression is a fascinating and open question. Future studies aimed at identifying the
genome-wide chromatin binding profile of NFIs in purified populations of neural stem cells,
neurons and glia, across developmental time, will lead to a broader understanding of how these

transcription factors fulfil these functions during development.
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3.7 Supplementary data

Microarray Number of unique | Number of shared | p value
pairwise misregulated genes | misregulated genes

comparison (>1.5 Fold change) | (>1.5 Fold Change)

Nfix™ and Nfib" | Nfix (430), Nfib

E16 hippocampus | (1645) 248 p<1¥107%
Nfix™ and Nfia™ | Nfix (466), Nfia

E16 hippocampus | (887) 212 p<1¥107%
Nfib"" and Nfia" | Nfib (1162), Nfia

E16 hippocampus | (431) 731 p<1¥107%

Supplementary Table 3.1: Pairwise comparisons of Nfi”~ hippocampal microarrays using
hypergeometric tests
List of unique genes and shared genes (>1.5 fold change) upon comparing Nfix' and Nfib™"

microarrays, Nfix'~and Nfia’~ microarrays, Nfib”’ and Nfia”~ microarrays. The P value for each

comparison was determined using a hypergeometric test.
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Gene name Fold change EI6|Fold change E16 | Fold change EI6
Nfix” Hipp Nfib”" Hipp Nfia”~ Hipp

Adra2a -4.054 -3.464 -3.770
Ca3 -3.028 -6.553 -4.450
Calnl -3.833 -2.530 -2.518
Cpne9 -8.373 -8.293 -7.267
Entpd?2 -4.641 -6.316 -5.740
Fnl 2.618 3.401 2.833

Gal -4.976 -4.996 -5.430
Gfap -6.838 -7.294 -17.330
Grp -9.031 -8.705 -11.420
Hey?2 2.647 2.933 2.571

1116 -2.919 -2.986 -3.087
li31ra 2.769 2.646 2.710

Insc -2.739 -5.659 -6.452
Kenkl -4.154 -3.053 -3.723
Ncaml -2.799 -3.817 -5.102
Rasd2 -2.940 -6.018 -4.421
Sphkl -2.875 -2.552 -2.700

Supplemental Table 3.2: Common misregulated genes in Nfi”~ hippocampal microarrays,
related to Figure 3.6.
List of genes misregulated >2.5 fold change (p <0.05) in all three E16 hippocampal datasets: Nfix '~

(Heng et al., 2014), Nfib"~ (Piper et al., 2014) and Nfia~ (Piper et al., 2010).
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Supplementary Figure 3.1: NFIX is expressed during mitosis, related to Figure 3.1.

(A) NFIX immunofluorescence at the level of the hippocampus at E14.5. Dashed lines demarcate
the ventricular zone (VZ)/subventricular zone (SVZ). NFIX (magenta) colocalizes with the mitotic
marker PHH3 (green). Red arrowheads indicate radial glia undergoing mitosis and green arrows
indicate IPCs undergoing mitosis. Scale bar (in A): A, 50 um. Quantification of the percentage of
NFIX ¢ (B) apical and basal mitoses, (C) radial glia and (D) IPCs at E14.5. (E) The percentage of
radial glia and (F) the percentage of IPCs that are proliferating in wild-type and Nfix” mice from
E13.5-E15.5. Graphs depict mean + SEM of at least 4 embryos
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Supplementary Figure 3.2: Incomplete recombination of Nfib™" allele in Nfix""; Nfib"™";
Rosa26creER™ mice upon tamoxifen administration, related to Figure 3.5.

(A) qPCR DNA analysis of Nfib™" recombination efficiency in Nfix™"; Nfib™; cre mice and

Nfix™; Nfib" controls from lung tissue. Black bars depict percent of allele that is not recombined,

and white bars depict percentage of allele that is recombined.

(B) qPCR DNA analysis of Nfix™" recombination efficiency as performed in (A).
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Supplementary Figure 3.3: Validation of CRISPR and overexpression constructs for in utero
electroporation, related to Figure 3.7.
(A-A”) DAPI (white), GFP (green) and NFIX (magenta) in E15.5 CDI wild-type mice
electroporated at E12.5 with gNfix-CAS9 and pCAGIG constructs. Arrows indicate electroporated
cells that are negative for NFIX. (B) Cell counts of the proportion of electroporated cells expressing
NFIX in the control condition (gLacZ-CAS9 and pCAGIG) and knockout condition (gNfix-CAS9
and pCAGIG). (C) DAPI (white), GFP (green) and INSC (red) in Neuro2A cells transfected with
INSC pCAGIG and analysed 48h later. Arrow indicates transfected cell expressing high levels of
INSC, arrowheads indicate low endogenous levels of INSC in non-transfected cells (arrowheads).

Scale bar (in C”): A 18.5um, B 22pm.
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Supplementary Figure 3.4: Increased astrocyte number in the stratum oriens of P15 Nfix '~

mice, related to Figure 3.8.

(A) and (B) show DAPI (white) and S1008 (red) in wild-type and Nfix” hippocampi at P15, with
the dashed lines demarcating the boundary of ammons horn (CA) neuronal layer and the stratum
oriens (SO) neuropil. (C) Cell counts of the number of S1008 " astrocytes in the SO layer. Graphs
depict mean + SEM from 4 embryos *p < 0.05. Scale bar (in B): A, B 40 um.
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Supplementary Figure 3.5: Prolonged neurogenic window increases neuron number in the
neocortex of Nfix” mice, related to Figure 3.8.

(A) and (B) show DAPI (white) staining in wild-type and Nfix”~ neocortices at E18.5. The boxed
regions in (A) and (B) are shown at a higher magnification in (A”) and (B”) respectively, showing
DAPI (white), PAX6 (red) and TBR2 (green) expression, with the dashed lines demarcating the
ventricular zone (VZ)/subventricular zone (SVZ) boundary. (C) Radial glia and IPC counts in the
E18.5 cortex of wild-type and Nfix”~ mice. Graphs depict mean + SEM of 5 embryos ** p < 0.01,
#%% 1 < (.001. (D) and (E) show DAPI (white) staining in wild-type and Nfix”" neocortices at P20,
with arrows spanning the neocortex from pial surface to the ventricular surface. The boxed regions
in (D) and (E) are shown at a higher magnification in (D) and (E’) respectively, showing BrdU"**
cells (green), which were birthdated at E18, and NeuN staining (magenta), in the upper layers of the
cortical plate. (F) Quantification of the number of BrdU™; NeuN " layer II/III cells in wild-type
and Nfix” mice. Graphs depict mean + SEM of 5 embryos * p < 0.05. Scale bar (in A) A, B 200
um; A’, B’ 50 um; C, D 375 um; C’, D’ 62.5 pm.
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Rostral

Supplementary Figure 3.6: Sampling areas for hippocampal cell counts, related to Figures
3.2-34.

(A-D) Representative rostral and caudal E14.5 coronal sections of Nfix " (A, C) and Nfix”™ (B, D)

mouse brains stained with DAPI (white). To perform the cell counts described in this manuscript,

we analysed a rostral and a caudal section for each animal at each age investigated. For each section

the number of immunopositive cells in two equally spaced 100 pm sampling columns spanning the

dorsal-ventral width of the ammonic neuroepithelium (boxed areas in A-D) were quantified.

Scale bar (in A): A, B 250 um, C, D 300 um.
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Chapter 4 A morphology independent approach for
identifying dividing neural stem cells in the adult mouse

hippocampus

4.1 Aims of Chapter 4

Thus far in this thesis I have examined the role of NFIX during the development of the dorsal
telencephalon (Chapter 3). The second aim of this thesis, detailed in Chapter 5, is to examine what
function NFIX plays in regulating adult neural stem cell biology, specifically within the adult

hippocampus.

Before addressing this second aim however, I set out to solve a major problem extant in the field of
adult neural stem cells: adult neural stem cells, unlike their embryonic counterparts, are difficult to
identify. For example, current methodologies of identifying adult neural stem cells do not account
for the morphological heterogeneity of these cells. The existing methods are also inaccurate and
time-consuming. The reason I sought solve this problem is two-fold. Firstly, if I were to develop an
improved method for identifying adult neural stem cells, it would increase the reproducibility of
results across the adult neurogenesis field. Secondly, and pertinently to this thesis, an improved
method would best allow me to study the function of NFIX within adult neural stem cells in

Chapter 5 of my thesis.

Chapter 4 of my thesis therefore describes the novel methodology I developed to identify adult
neural stem cells within the mouse hippocampus. Current methods of identifying adult hippocampal
neural stem cells (AH-NSCs) rely on identifying cells that have a radial morphology. Recent
evidence suggests however, that the majority of dividing AH-NSCs have a horizontal (non-radial)
morphology. These cells would be ignored by current identification approaches. In response to this,
I developed a morphology independent approach to identify dividing AH-NSCs. This inclusive

approach provides a far more holistic account of AH-NSC division.
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4.2 Abstract

AH-NSCs continue to generate neurons throughout life, albeit at a very low rate. The relative
quiescence of this population of cells has led to many studies investigating factors that may increase
their division. Current methods of identifying dividing AH-NSCs in vivo require the identification
and tracing of a radial process back to a nucleus within the subgranular zone. However, caveats to
this approach include the time-intensive nature of identifying AH-NSCs with such a process, as
well as the fact that this approach ignores the relatively more active population of horizontally
oriented AH-NSCs that also reside in the subgranular zone. Here, we describe, and then verify
using Hes5::GFP mice, that labelling for the cell-cycle marker Ki67, and selection against the
intermediate progenitor cell marker TBR2 (Ki67¢; TBR2™® nuclei) is sufficient to identify
dividing horizontally- and radially-orientated AH-NSCs in the adult mouse hippocampus. These
findings provide a simple and accurate way to quantify dividing AH-NSCs in vivo using a
morphology independent approach that will facilitate studies into neurogenesis within the

hippocampal stem cell niche of the adult brain.
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4.3 Introduction

The continued generation of dentate granule neurons from AH-NSCs is important for multiple
cognitive processes, including learning (Akers et al., 2014; Goncalves et al., 2016) and mood
regulation in mice (Yun et al., 2016). The level of adult hippocampal neurogenesis in humans is
comparable to that in mice, suggesting that ongoing neurogenesis is functionally important for both
species (Spalding et al., 2013; Bergmann et al., 2015; Ernst and Frisen, 2015). As a consequence of
this, therapies are being developed that aim to specifically increase the levels of hippocampal
neurogenesis to circumvent disorders such as depression, where neurogenesis is reduced (Harris et

al., 2016b; Yun et al., 2016).

There are three major cell types within the neurogenic lineage of the adult mouse hippocampus
[reviewed in (Goncalves et al., 2016)]. These are the AH-NSCs (Type 1 cells), most of which are
quiescent, the transient but highly proliferative intermediate progenitors (IPs or Type 2 cells), and
finally neuroblasts (Type 3 cells). These cell types are defined by their relative division capacity,
lineage potential, and expression of certain markers (von Bohlen und Halbach, 2011). Despite the
intense interest in neurogenesis in the adult brain, one of the major challenges in the field is to
clearly define these populations, and unequivocally identifying dividing AH-NSCs in vivo. The
ability to accurately identify dividing AH-NSCs is crucial to determine the relative rates of
quiescence or division among this population. A recent study using a novel cell sorting protocol
identified and purified to homogeneity almost the entire population of neurosphere-forming
precursors comprising both dividing and quiescent AH-NSCs (Jhaveri et al., 2015), however this
approach is not easily applied to the histological identification of these cells. In most studies, the
histological criteria used to identify dividing AH-NSCs in vivo involve linking a radial process,
stained for Glial Fibrillary Acidic Protein (GFAP), Nestin, Brain Lipid-binding Protein (BLBP) or
Epidermal Growth Factor Receptor (EGFR) expression, back to a nucleus within the subgranular
zone (SGZ) and determining whether the nucleus is positive for a cell-cycle marker, such as Ki67
(von Bohlen und Halbach, 2011; Hussaini et al., 2013). Despite the large number of studies to have
utilised this approach, there are a number of inherent difficulties evident with this paradigm for

identifying dividing AH-NSCs.

Foremost among the problems associated with tracing a radial process is that it ignores a population
of horizontally oriented NSCs (Lugert et al., 2010). These horizontal NSCs (not to be confused with

IPs, which are also horizontal dividing precursors) have different characteristics from their radial
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NSC counterparts. For example, horizontal AH-NSCs divide more frequently, and their numbers
change more acutely in response to age or exercise (Lugert et al., 2010). This shortcoming implies
that the many studies that have not analysed this cellular population may have underrepresented the
number of dividing AH-NSCs present. Therefore, an inclusive approach that accounts for the
potential morphological heterogeneity of AH-NSCs needs to be developed. The second problem
with the existing radial identification approach is that it is potentially inaccurate and extremely
time-consuming. Dividing AH-NSCs and intermediate progenitors (IPs) are frequently found
together in clusters (Hodge et al., 2008), and therefore it becomes difficult to determine to which
cell a radial AH-NSC process is linked. Finally, there is a lack of standardisation as to which radial
markers are appropriate to use when identifying active AH-NSCs, demonstrated by the variety
employed in the following studies (Gulbins et al., 2013; Li et al., 2013; Martynoga et al., 2013;
Andersen et al., 2014; Kandasamy et al., 2014; Andreu et al., 2015; Nicola et al., 2015; Yousef et
al., 2015). Together, these issues pose great challenges to the interpretation and comparison of the

many studies in this field.

To address these issues we developed a morphology independent approach for identifying dividing
AH-NSCs. Our method is based solely on the exclusion of the IP marker TBR2 (Hodge et al., 2008;
Hodge et al., 2012). We found that Ki67™¢; TBR2™ cells have large nuclei, express higher levels of
SOX2 and are Hes5-GFP ™. Most importantly, we verified in the notch reporter Hes5::GFP mouse
strain (Jhaveri et al., 2010; Lugert et al., 2010) that a subset of these cells also have a horizontal
GFP "™ morphology, consistent with the description of horizontal NSCs by Lugert and colleagues
(2010). The approach outlined here is accurate, fast and accounts for the heterogeneous morphology
of AH-NSCs, representing a significant advance on previous approaches used to identify and

quantify this population in vivo.
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4.4 Methods

4.41 Animal ethics

The work performed in this study conformed to The University of Queensland’s Animal Welfare
Unit Guidelines for Animal Use in Research (AEC approval numbers QBI/353/13/NHMRC and
QBI/355/13/NHMRC/BREED). All experiments were performed in accordance with the Australian
Code of Practice for the Care and Use of Animals for Scientific Purposes, and were carried out in

accordance with The University of Queensland Institutional Biosafety Committee.

4.4.2 Animals

Two mouse lines were used in this study, wild-type C57BL/6J mice, and Hes5::GFP mice (CD1
background) (Basak and Taylor, 2007; Lugert et al., 2010). These mice contain a 3 kilobase (kb)
portion of Hes5 gene regulatory elements (1.6 kb upstream of the transcriptional start site, 1.4 kb
downstream) controlling the expression of GFP. All mice in this study were analysed between 12-

16 weeks of age. Both male and female mice were used.

4.4.3 Primary antibodies

The rabbit primary antibodies used in this study were anti-GFAP (Z033429-2, 1/1000, Dako), anti-
TBR2 (ab23345, 1/800, Abcam) or monoclonal anti-TBR2 (EPR19012, 1/200, Abcam); the mouse
primary antibodies were anti-Ki67 (550609, 1/200, BD Pharmingen) and mouse GFAP (MAB 360,
1/500, Millipore, MA); the rat primary was anti-Ki67 FITC clone SolA15 (11-5698-80 1/400, San
Diego, CA); the goat primary was anti-DCX (sc-8066, 1/200, Santa Cruz), and chicken primary was
anti-GFP (ab13970, 1/500, Abcam).

4.4.4 Tissue processing and immunofluorescence

Animals were perfused transcardially with PBS followed by 4% PFA in PBS. The dorsal skull of
animals was removed and brains were post-fixed for 1-2 weeks. Coronal brain sections were cut

with a Vibratome (Leica, Deerfield, IL) at a thickness of 50 um.

Prior to immunostaining, sections were mounted on Superfrost slides. Heat-mediated antigen
retrieval was then performed in 10 mM sodium-citrate solution in PBS (pH 6.0) at 95°C for 15 min.
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so as to expose antigens that were hidden by the tissue-processing and fixation process. Exceptions
to this protocol were Hes5::GFP sections, in which heat-mediated antigen retrieval was performed
for only 2 min at 95°C. This shorter retrieval was required so as to not irreversibly damage the GFP
epitope (Nakamura et al., 2008). A standard immunofluorescence protocol was then performed as

described previously (Chapter 3).

4.4.5 Microscopy and image processing

Confocal images were acquired as 1 um optical sections spanning a 10 um thick z-stack on a Zeiss
inverted Axio-Observer fitted with a W1 Yokogawa spinning disk module and Hamamatsu Flash4.0
sCMOS camera and Slidebook software (3i). Image channels were pseudocolored to allow for
overlay, cropped, and minimum and maximum grey values were adjusted in ImageJ (freeware).
Individual images were resized in Photoshop (Adobe), and image tiles were constructed as display

items in Illustrator (Adobe).

4.4.6 Fluorescence intensity quantification

A single in focus plane was used to quantify SOX2 fluorescence. An outline was drawn around
each cell nuclei using the DAPI channel and the area, mean grey value and integrated density were
measured (ImagelJ). The total corrected cellular fluorescence (TCCF) = integrated density — (area of
selected cell * mean fluorescence of background readings) was then calculated (McCloy et al.,

2014).

4.4.7 Statistics

Student’s ¢-tests were performed in Graphpad Prism (7.0) to compare the relative SOX2
fluorescence intensity (TCCF) and nuclei area of Ki67*® TBR2™Y® and Ki67*° TBR2""° cells. Data
was obtained from at least 5 cells from each individual mouse (n = 3). Because we were interested
in variability between cells within the SGZ niche, each individual cell was considered a biological
replicate. This approach allows for a better measure of the biological variability per cell, rather than

when averaging the values from multiple cells per mouse.
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4.5 Results

4.5.1 Selecting a nuclear marker for dividing AH-NSCs

To develop a morphology independent approach for identifying dividing AH-NSCs we first needed
to identify a suitable nuclear protein to use as a marker. As no protein has been identified that alone
specifically labels this population, we sought to identify an approximate marker, which could then
used in conjunction with other proteins to identify AH-NSCs. Two criteria were assessed; the
percentage of dividing AH-NSCs that are labelled by the nuclear protein (penetrance), and,
secondly, the cell types that express the protein (specificity).

Two proteins satisfied these criteria and appeared to be reasonable candidates, namely Achaete-
scute like 1 (ASCLI1) and Ki67. The basic helix-loop-helix protein ASCL1 is a proneural factor
required for AH-NSCs to enter the cell-cycle (Andersen et al., 2014; Urban et al., 2016). Because
ASCLI1 protein is not expressed by quiescent AH-NSCs and labels only a fraction of IPs (Kim et
al., 2011), it displays good specificity. However, ASCL1 is not a completely penetrant marker, as it
expressed by only one-third of dividing AH-NSCs (Andersen et al., 2014). Moreover, ASCLI also
has functions in fate specification and differentiation in the embryonic nervous system (Castro et
al., 2011; Guillemot and Hassan, 2016), and when ectopically expressed in the adult hippocampus,
it leads to the aberrant formation of oligodendrocytes (Braun et al., 2015). Therefore, in mouse
models where fate specification is altered it may no longer serve as a reliable readout of AH-NSC

division.

In contrast, Ki67 appeared to be a more suitable choice for an approximate marker of AH-NSC
division. For example, Ki67 is expressed throughout the cell cycle (Lopez et al., 1991) and
therefore should label all dividing AH-NSCs (high penetrance). In the SGZ, it is expressed only by
dividing AH-NSCs, dividing IPs and dividing neuroblasts and thereby also displays reasonable
specificity (Scholzen and Gerdes, 2000). Moreover, because the function of Ki67 is restricted to
chromatin organisation during cell division (Cuylen et al., 2016) it serves as a direct readout of
division, which is unlikely to be altered in mouse models where fate specification is altered.
Consequently, we chose to investigate whether Ki67, in combination with other markers, could be

used to specifically identify dividing AH-NSCs in the hippocampus.
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4.5.2 Negative selection against TBR2 is sufficient to exclude

dividing IPCs and neuroblasts

To distinguish between dividing nuclei (Ki67*°) that are AH-NSCs, and those that are dividing IPs
or neuroblasts, we co-stained 12-16 week-old C57BL/6J mice with Ki67, the IP marker TBR2 and
the neuroblast marker DCX (Figure 4.1A, B). We hypothesised that the exclusion of TBR2™ and
DCX"™° cells would leave a population of Ki67"*; TBR2™; DCX™ cells that would comprise the
dividing AH-NSC pool. To assess the plausibility of this experimental design, we first examined the
percentage of IPs and neuroblasts that expressed Ki67. Consistent with previous reports we found
that the majority of TBR2™® cells were labelled with Ki67 (83.1%, Figure 4.1C, D) (Hodge et al.,
2008), while only 13.9% of DCX ™ cells were labelled with Ki67 (Figure 4.1E, F). At this stage we
also made an important observation. All dividing neuroblasts had an immature IP-like morphology
and expressed TBR2 (Figure 4.1F). Because all dividing neuroblasts also expressed TBR2, this led
us to posit that selection against TBR2 alone should be sufficient to identify dividing AH-NSCs.
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Figure 4.1: Negative selection against TBR2 is sufficient to exclude dividing IPs and dividing
neuroblasts

(A) Coronal section of an adult mouse brain at the level of the hippocampus stained for DAPI
(white). (B) A schematic showing the dividing (Ki67 ") cell types in the adult hippocampus. (C, E)
The same coronal section as in (A) showing channels for (in C) TBR2 (blue), Ki67 (magenta) or (in
E) TBR2, Ki67 and DCX (green). Boxed regions in C and E are presented in C’ and E’
respectively. (D) The majority of TBR2™° cells (arrows in C’) co-label with Ki67. Surprisingly, all
dividing DCX"™® neuroblasts also express TBR2 (arrowheads in E”), as quantified in (F). Scale bar
(in A): A, C,E 168 um; C’, E’ 22.5 um.
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4.5.3 Ki67""%; TBR2™" cells are dividing AH-NSCs

To assess whether the dividing TBR2™ cells were AH-NSCs we examined three parameters. First,
we measured the relative expression of SOX2. In AH-NSCs the SOX2 transcription factor and its
mRNA are downregulated as these cells differentiate, so that AH-NSCs express relatively higher
levels of SOX2 than IPs (Hodge et al., 2012; Shin et al.,, 2015). We stained adult mouse
hippocampal sections for Ki67, TBR2 and SOX2. Supporting their identity as AH-NSCs, dividing
TBR2™ cells had a much higher expression of SOX2 than dividing TBR2™® cells (Figure 4.2A, B)
(P < 0.001). Next, we measured nuclear size. Consistent with previous observations that NSCs are
comparatively large (Rietze et al., 2001), the average area of the nucleus of dividing TBR2™ cells
was approximately two-fold larger than dividing TBR2™ cells (Figure 4.2A, C) (P < 0.001).
Finally, if dividing TBR2™ cells are AH-NSCs then we would expect that some of these cells,
except for those that were horizontally orientated or out of focal plane (Lugert et al., 2010), to have
a radial GFAP" process. We investigated this by staining for Ki67, TBR2 and GFAP and observed
that indeed many of the dividing TBR2™ cells were clearly linked to a radial GFAP™ process
(Figure 4.2D, D). Together these data suggest that a significant proportion of dividing TBR2™
cells are AH-NSCs.
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Figure 4.2: Ki67"*; TBR2™ nuclei have AH-NSC characteristics

(A-A”) Coronal section of an adult mouse brain at the level of the hippocampus, showing DAPI
(white, A), SOX2 (green, A’) TBR2 (blue, A’’) and Ki67 (magenta, A’’) staining. The dashed lines
demarcate the SGZ of the dentate gyrus. Ki67"; TBR2™ cells (e.g. arrowhead in A) have higher
SOX2 fluorescence (A’, B) and relatively larger nuclei (A-A”, C) than Ki67™¢; TBR2™ cells
(arrows in A-A”). (D, D’) Coronal section of an adult mouse hippocampus showing TBR2 (blue,
D), GFAP (red, D and D’) and Ki67 (magenta, D’) staining. Many Ki67"°; TBR2™ cells
(arrowhead) were linked to a radial GFAP™° process (arrows). ***P < 0.001, t-test. Scale bar (in

A): A, D9 um.
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4.5.4 Ki67""®; TBR2"° cells include horizontal AH-NSCs

Are all dividing TBR2™ cells in the SGZ AH-NSCs? Or does some fraction of these cells have
another identity? For example, could some dividing, TBR2™ cells be IPs that do not express
TBR2? To address this, we stained Hes5::GFP mice with Ki67 and TBR2, predicting that if
dividing TBR2™ cells were AH-NSCs they should report high notch activity, which is indicated by
GFP fluorescence in this line (Basak and Taylor, 2007; Lugert et al., 2010). Significantly, we found
that all of the dividing, TBR2™ cells analysed expressed GFP (24/24 cells) (Figure 4.3A-C). The
co-localisation of GFP with all dividing, TBR2™ cells suggests this population consists entirely of

AH-NSCs.

The advantage of the nuclear-only stain described here is that it should enable the identification of
dividing AH-NSCs regardless of their orientation. The findings of Lugert and colleagues (2010),
revealed that up to two-thirds of dividing AH-NSCs, as defined by Hes5::GFP expression, are in a
horizontal orientation, while only the remaining third were the classic radially-orientated AH-NSCs.
To test whether the dividing TBR2™ population included both horizontal and radial cells we
stained for Ki67 and TBR2 in Hes5::GFP mice, and used the cytoplasmic GFP label to examine
cellular morphology. We found that approximately half the dividing TBR2™ cells exhibited a
classical radial process (54%, 13/24 cells) (Figure 4.3A, D), while the remaining GFP™*°; TBR2™*
cells exhibited only a short horizontal process, fitting the description of horizontal AH-NSCs by
Lugert and colleagues (2010) (46%, 11/24 cells) (Figure 4.3B, D). Together these data demonstrate
that dividing TBR2™° cells, represent a population of AH-NSCs that includes cells with both radial

and horizontal morphology.
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Figure 4.3: Ki67"‘; TBR2™ nuclei include horizontally orientated Hes5::GFP AH-NSCs

(A-A”’, B-B”’) Coronal section of a mouse hippocampus, showing the dentate gyrus, with
Hes5::GFP in (green), Ki67 (magenta) and TBR2 (red). (A-A”’) Some Ki67*; TBR2™ nuclei
(arrowhead) had a radial morphology (arrows), while others (B-B”’) had a horizontal morphology
(arrowheads). (C) All Ki67"™°; TBR2 " nuclei expressed GFP. (D) Radial and horizontal Ki67";

TBR2 ™ nuclei were present in approximately equal numbers. Scale bar (in A): A 17 um.
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4.6 Discussion

This study provides a morphology independent approach to identify dividing AH-NSCs. The
significance of this study, apart from it’s accuracy and simplicity, lies in the fact that the majority of
studies into AH-NSCs do not include horizontal AH-NSCs, as they do not possess a radially
orientated fibre. Given that at least half (this study) or two-thirds (Lugert et al., 2010) of the
dividing AH-NSC pool are horizontal cells, this potentially leads to an underestimation of stem cell
numbers, or the misrepresentation of these dividing cells as IPs. Indeed, scenarios potentially exist
where the enhancement or inhibition of certain signalling pathways may have no effect on the
relative activation of radial AH-NSCs but does have an affect on the activation of horizontal cells.
In this vein, there is evidence that subpopulations of AH-NSCs respond differently to signalling
cues. For example, reporter strains such as the Hes5::GFP and nestin::GFP lines have previously
been used in conjunction with the expression of EGFR to isolate homogeneous populations of
neurosphere forming precursors in vitro which contain distinct subpopulations that are responsive to
norepinephrine exposure or KCl-depolarisation (Jhaveri et al., 2015). Moreover, this study revealed

+ve

that approximately one third of GFP ™ cells in the dentate gyrus of adult nestin::GFP possessed a
radial morphology, whereas the remainder exhibited a non-radial morphology (Jhaveri et al., 2015).
Whether or not these morphologically different pools of nestin::GFP-expressing precursor cells
respond differently to depolarisation or norepinephrine exposure in vivo remains a tantalising

question.

While the main advantage of our morphology independent approach is that it allows for the
quantification of both radially and horizontally orientated AH-NSCs, there are also other
advantages. For example, because the stain only uses nuclear-localised antigens, it can be used to
quickly quantify dividing AH-NSCs either manually or in an automated manner using image
analysis software. This is in stark contrast to the current method that requires users to trace a radial
process back to the correct nucleus in the SGZ, which is both time-consuming and difficult to
automate. Our approach is also likely to be more accurate. Dividing neural progenitors are often
found in cellular clusters (Hodge et al., 2008), and it becomes difficult to trace a radial process back
to the correct nucleus. Moreover, because our method relies only on the co-localisation of two
nuclear antigens, a relatively low-resolution confocal image is sufficient for the correct
identification of these cells. Lastly, our method requires only a dual antibody stain (Ki67 and
TBR2). Combining this stain with other markers can provide additional information if required. For
example, a triple-stain with GFAP would provide an estimate of the proportion of dividing AH-
NSCs that are radial (GFAP ™ radial process) or horizontally orientated. Alternately, a triple stain
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with SOX2 could be used to also estimate the number of quiescent AH-NSCs (Ki67™"¢; SOX2™¢;
TBR2™).

This work also serves to provide further evidence for the existence of horizontal AH-NSCs. While
the original study describing this cellular population has been highly cited (Lugert et al., 2010),
there are very few works that have subsequently investigated these cells (Lugert et al., 2012). This
is perhaps surprising given that these cells are suggested to comprise a large proportion of dividing
AH-NSCs within the adult brain. As described above, Jhaveri and colleagues reported recently that
approximately one-third of nestin::GFP™°; EGFR ™ cells exhibited a radial morphology, while two-
thirds had a horizontal morphology (Jhaveri et al., 2015). Another study that supports the existence
of horizontal AH-NSCs was published prior to Lugert and colleague’s 2010 work. In this paper,
similar horizontal precursors were reported within the hippocampus of adult Sox2::GFP mice (Suh
et al., 2007); however, given that an IP-specific marker such as TBR2 was not used, these cells
could have potentially represented IPs, which are known to express detectable levels of SOX2
protein. By using the same HesJ5::GFP line used by Lugert and colleagues (2010) we have been able
to identify Hes5::GFP™°; Ki67™; TBR2™Y cells without a radial process, thereby providing
additional evidence for the existence of dividing AH-NSCs with a horizontal morphology.

This simple morphology independent approach to identify dividing AH-NSCs described in this
study is an improvement over existing methods because it is more inclusive (radial and horizontal
AH-NSCs), less time consuming and more accurate. The implementation of this approach will be
pivotal to the interpretation of results from studies investigating the molecular control of

neurogenesis.
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Chapter 5 NFIX is essential for neuronal fate in the

adult hippocampus

5.1 Aims of chapter 5

Thus far in this thesis I have examined the function of NFIX in promoting IPC production during
the development of the dorsal (Chapter 3). I then proceeded to describe a new method for
identifying dividing AH-NSCs (Chapter 4) to allow me to study NFIX function more accurately
within this population in Chapter 5.

The aim of Chapter 5 is to define the role of NFIX during adult hippocampal neurogenesis. No
previous work has examined the role of NFIX during adult hippocampal neurogenesis. There are a
number of reasons why NFIX may play an important role in adult hippocampal neurogenesis.
Firstly, as I have shown in this thesis thus far (Chapter 3), NFIX is a key regulator of embryonic
neurogenesis during development. This is significant because developmentally important proteins
tend to play important roles in adult hippocampal neural stem cells (AH-NSCs) too. Secondly,
previous work (Harris et al., 2013) examining the expression pattern of NFIX in the adult brain
detected a subset of cells expressing high levels of NFIX within the adult hippocampal stem cell
niche. Finally, an in vitro study modelling quiescence, a feature unique to adult stem cells,
implicated NFIX as a key regulator of this process (Martynoga et al., 2013). In addressing the role
of NFIX during adult hippocampal neurogenesis I used strains of mice that allow for inducible
deletion of NFIX from AH-NSCs, and secondly, from immature neurons. The fate of these cells
was then examined histologically, and transcriptionally using RNA-seq. Behavioural studies were
also used to examine the functional consequences of Nfix-deletion from hippocampal precursor

cells.
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5.2 Abstract

The transcriptional program underpinning adult hippocampal neurogenesis is incompletely
understood. In mice, under normal physiological conditions adult hippocampal neural stem cells
(AH-NSCs) generate neurons and astrocytes, but not oligodendrocytes. The factors limiting the tri-
potentiality of AH-NSCs remain unclear. Here, we reveal that the transcription factor NFIX plays a
key role within this process. NFIX is expressed by AH-NSCs, and its expression is sharply up
regulated within neuroblasts in the adult hippocampus. Conditional ablation of Nfix from AH-
NSCs, coupled with lineage tracing, transcriptomic sequencing and behavioural studies collectively
reveal that NFIX is autonomously required for neuroblast maturation, survival and subsequent
function. Moreover, a small number of AH-NSCs also develop into oligodendrocytes following
Nfix deletion. Remarkably, when Nfix is deleted specifically from intermediate progenitor (IP) cells
and neuroblasts using a dcx-creER™ driver, these cells also display signatures of elevated
oligodendrocyte mRNA expression. Together, these results demonstrate that NFIX promotes
neuronal differentiation while suppressing the capacity of AH-NSCs, and their progeny, to develop

into oligodendrocytes.
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5.3 Introduction

NFIX is a transcription factor expressed during mouse nervous system development that governs
neural stem/progenitor fate (Harris et al., 2015). In the developing dorsal telencephalon (Chapter 3)
(Campbell et al., 2008; Heng et al., 2014; Harris et al., 2016a) and cerebellum of mice (Piper et al.,
2011; Fraser et al., 2016), NFIX is essential for the timely differentiation of both neurons and
astrocytes. The importance of NFIX for mouse brain development appears conserved during human
brain development, as patients with NFLX mutations present with one of two developmental
disorders characterised by a substantial brain phenotype. These disorders are either a Sotos
Syndrome caused by loss-of-function NFLX mutations or the relatively more severe Marshall-Smith
Syndrome caused by dominant-negative NFIX mutations (Malan et al., 2010; Sotos, 2014;
Deciphering Developmental Disorders, 2017).

In the adult mouse (Goncalves et al., 2016) and human brain (Spalding et al., 2013), neural
progenitors persist within the dentate gyrus of the hippocampus, where they generate dentate
granule neurons that are thought to be important for learning/memory and mood regulation (Miller
and Hen, 2015). We have previously shown that mice that are heterozygous for Nfix exhibit
abnormal neurogenesis and deficiencies in hippocampal-dependent learning and memory tasks
(Harris et al., 2013). However, as NFIX has been shown to modulate the embryonic and postnatal
development of the hippocampus, in part via the regulation of intermediate progenitor cell
development, it is not possible to definitively determine the role of NFIX in adult neurogenesis
using heterozygous mice (Chapter 3) (Heng et al., 2014). As NFIX is highly expressed in adult
hippocampal progenitor cells (Harris et al., 2013; Shin et al., 2015; Gao et al., 2016; Chen et al.,
2017), and because the use of developmentally important proteins is often reiterated within adult
hippocampal progenitor cells to execute similar programs of differentiation as during development
(Urban and Guillemot, 2014), we therefore sought an alternative way to determine the role of NFIX

within the adult hippocampus.

Using inducible cre-recombinase drivers and lineage tracing we reveal that NFIX expression is cell-
autonomously required for the maturation and survival immature neurons (neuroblasts) within the
mouse hippocampus. The removal of Nfix from AH-NSCs (nestin-creER'™) culminated in
neuroblasts failing to extend a dendritic branch and to mature into dentate granule neurons.
Moreover, whereas wild-type AH-NSCs mostly generated neurons and occasionally astrocytes, we

found that an increased proportion of Nfix-deficient AH-NSCs also generated oligodendrocytes.
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Remarkably, these phenotypes were also recapitulated when Nfix was conditionally ablated from
neuroblasts (dex-creER'™), with Nfix-deficient neuroblasts, which are committed to neuronal
differentiation, displaying increased mRNA expression of oligodendrocyte precursor genes. These
results demonstrate that NFIX is required for neuronal differentiation in the adult hippocampus
through executing a program of neuronal maturation, and by suppressing the latent tri-potency of
hippocampal precursor cells to generate oligodendrocytes. These findings also reveal that NFIX
suppresses oligodendrocyte differentiation within neuroblasts themselves, highlighting a previously
unknown plasticity in the potential of these cells. Collectively, these data enhance our
understanding of the gene regulatory networks governing neural stem and progenitor cell fate

within the adult hippocampus.
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5.4 Methods

5.4.1 Animal ethics

The work performed in this study conformed to The University of Queensland Animal Welfare Unit
guidelines for animal use in research (AEC approval number QBI/353/13/NHMRC). Experiments
were performed in accordance with the Australian Code of Practice for the Care and Use of
Animals for Scientific Purposes, and were carried out in accordance with The University of

Queensland Institutional Biosafety committee.

5.4.2 Animals

The conditional Nfix (Nfix"") mouse strain that contains JoxP sites flanking exon 2 was generated
(Messina et al., 2010) and modified through deletion of the PGK promoter-neo cassette as described
in Chapter 2. We then crossed Nfix"" mice to the nestin-creER™ strain (Imayoshi et al., 2006) to

iNestin

generate Nfix mice, and separately to the dex-creER™ strain (Cheng et al., 2011) to generate
g g

Nfix®™ mice. Genotypes for the treatment condition were Nfix"*"™ or Nfix'"** mice that were given
tamoxifen dissolved in corn-oil. Genotypes for the control condition were cre-negative Nfix™""™
mice treated with tamoxifen or Nfix"*'" or Nfix** that were given corn-oil only. Finally, the
Nfix™"™ and Nfix'P* strains were also crossed to a tdtomato reporter line containing a loxP-flanked
STOP cassette (Madisen et al., 2010) (JAX, strain #007914). The genotypes for the treatment mice

. . iNestin-TD iDcx-TD : . :
in these experiments were Nfix" "~ and Nfix""™~ mice, while the respective controls were

WtiNestin—TD iDcx-TD

mice and Wt mice. All reporter mice received tamoxifen. Both male and female

mice were used throughout this study.

5.4.3 Tamoxifen treatment and BrdU injections

Tamoxifen solution (30mg/ml) was prepared for intraperitoneal injections by dissolving the
tamoxifen powder (T5648, Sigma, St Louis, MO) in a mix of 10% ethanol and cornflower oil
(C8267, Sigma). Eight to ten week old Nfix™*"™ mice were injected with tamoxifen (180 mg/kg)
daily for four days, and collected 5, 14, 45, 120 or 365 days (1-year) post the final injection (dpi).
Likewise, Nfix"™ mice, except where stated (Figure 5.10G) where injected daily for four days, for

two consecutive weeks and were collected 7 dpi.
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5.4.4 Preparation of fixed brain tissue

Adult mice were perfused transcardially first with PBS (10 ml), followed by 4% PFA (30 ml) then
post-fixed for 48-72 h before long term storage in PBS at 4°C. Brains were embedded in noble agar
and sectioned in a coronal plane at 50 um using a vibratome (Leica, Deerfield, IL). Sections were
mounted on slides before heat-mediated antigen retrieval was performed in 10 mM sodium-citrate

solution at 95°C for 15 min.

5.4.5 Antibodies and immunofluorescence

Immunofluorescence was performed as described in Chapter 3. Primary rabbit species antibodies
used were anti-NFIX (AB101341, 1/500, Abcam Cambridge, UK), anti-NeuN (EPR12763, 1/800,
Abcam), anti-DCX (AB18723, 1/1000, Abcam), anti-TBR2 (AB23345, 1/800, Abcam), anti-Olig2
(AB9610, 1/300, Millipore) and anti-GFAP (Z033429-2, 1/1000, Dako). The primary mouse
species antibodies used were anti-BrdU (G3G4, 1/100, DHSB, Iowa city, [A), anti-NFIX clone 3D2
(SAB1401263, 1/400, Sigma-Aldrich), anti-Ki67 (550609, 1/200, BD Pharmingen). The primary rat
species antibodies used were anti-SOX2 (53-9811-80, 1/400, Ebioscience). Goat primaries used
were anti-tdtomato (AB8181-200, 1/1000, Sicgen) and anti-DCX (sc-8066, 1/200, Santa Cruz).

5.4.6 Imaging and cell counts

Brains were sectioned in a coronal plane at 50um. Every 6" section, spaced 300um apart (6
sections per brain) was then immunostained using fluorescent secondary antibodies. Exceptions to
these were analyses using tdtomato ™' mice where 3 sections per brain were analysed. Imaging of
these stains were performed using a 40X water objective on a Zeiss Axio Observer Z1 spinning disk
confocal through a depth of 10um, with a Z-step size of lum (X and Y pixel dimension =
0.3125um). The area of the dentate gyrus, multiplied by the z-stack depth was used to generate a
volumetric measurement against which the number of cells per mm?® was calculated. All cell counts

were performed blind to the genotype and treatment condition.

5.4.7 FACS and extraction of RNA for sequencing

The dentate gyri of reporter mice were dissected in ice-cold PBS according to Hagihara and
colleagues (2009) protocol. Tissue was then minced using a scalpel blade for 2 min, before being

enzymatically disassociated in 1ml of trypsin (Sigma-Aldrich) for 15 min, with gentle trituration at
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the mid-way point using a 1 ml plastic pipette tip. The enzymatic reaction was stopped by addition
of 1 volume of trypsin inhibitor (Sigma-Aldrich). The cell suspension was then spun at 300 relative
centrifugal force for 5 min, before being resuspended in 4 ml of 1% bovine-serum-albumin
(BSA)/PBS solution and passed through a 45 pm filter. The filtered solution was then pelleted, and
resuspended in 250 pl of PBS. Zombie violet dye (1:500) (#423113, Biolegend) was incubated with
the cell suspension for Smin to label dead cells, and the dye reaction stopped by the addition of 2.5
ul of BSA. Cells were sorted on a BD Influx™ fluorescence activated cell sorter using Sortware
1.2.0141 software. Instrument settings were as follows: 100 pum nozzle, 26.50 KHz drop drive
frequency with a 1.0 drop pure sort mode. The tdtomato ' gate and zombie-violet™® gate were set
relative to the background fluorescence of C57BI/6 control mice. The number of tdtomato " cells
sorted per animal varied for each of the two fluorescent activated cell sorting (FACS) experiments.

There were approximately 500 sorted cells for each Nfix™"™P

mouse, and approximately 250
cells per Nfix®*™ mouse. Cells were sorted directly into 500 ul of buffer RLT, and stored on ice
until RNA was extracted using an RNeasy Micro Kit (Qiagen). RNA was amplified according to
iNestin-TD

the Smart-seq2 protocol (Picelli et al., 2013) using 12 cycles for Nfix

for Nfix"*™ animals.

animals and 13 cycles

5.4.8 Processing and analysis of RNA-seq data

Data was analysed on the public Galaxy server, Galaxy version 16.07 (Goecks et al., 2010). Raw
reads were aligned to the mouse genome (mm10) using Tophat (Trapnell et al., 2009). Transcript
levels were quantified in HTSeq-count (Anders et al., 2015) by mapping to known mouse (mm10)
RefSeq (NCBI) protein coding sequences, which were downloaded in a GTF format from the
UCSC table browser. In HTSeg-count the overlap mode used was “union”, and the strandedness set
to “no”. Differential gene expression analysis was then performed using the DeSeq2 package (Love
et al., 2014). Gene ontology (GO) was performed in DAVID (Huang da et al., 2009b; Huang da et
al., 2009a). For DAVID analysis the background gene set comprised of any gene with a non-zero
count in the DeSeq2 output (Timmons et al., 2015). To summarise redundant GO terms from
DAVID, the program REVIGO and the semantic similarity measure Simrel was employed (Supek
etal., 2011).

5.4.9 Behavioural analysis

The active place avoidance task assesses hippocampal-dependent spatial learning (Cimadevilla et

al., 2001; Stuchlik et al., 2013) and has been described previously (Vukovic et al., 2013; Leinenga
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and Gotz, 2015). The apparatus consists of a clockwise-rotating elevated arena (diameter 77cm,
Bio-Signal group) rotating at 1 rpm, which had a grid floor and a 32 cm high clear plastic circular
fence. Four contrasting visual cues were placed on the walls of the testing room. The position of the
mouse in the arena was monitored with an overhead camera linked to tracker software (Bio-Signal
group). To commence a trial, the mouse was placed in the arena facing the wall directly opposite
the shock zone. A 500 ms, 60 Hz, 0.5 mA mild shock was delivered through the grid floor when the
mouse entered the 60 degree shock zone, and every 1,500 ms until the mouse left the shock zone.
The shock zone position did not change throughout the experiment. Each session lasted 10 min for
5 consecutive days. Mice were habituated to the arena 24 hrs prior to testing, in which mice were
placed in the rotating arena to explore for 5 min but the shock zone was not active during this time.
All movies were analyzed offline using Track Analysis software (Bio-Signal Group). Mice were
handled for three days prior to habituation. Experiments were perfomed by a female experimenter.
All mice that underwent behavioural testing received tamoxifen to control for effect of the drug on

performance (Vogt et al., 2008).

5.4.10 Statistical analyses

The parameters of our statistical testing approach were specified prior to data collection. Two-tailed
unpaired Students ¢ tests were performed when comparing two groups. For experiments involving
two independent variables two-way ANOVA was performed, with repeated-measures if applicable;
P values from two-way ANOVA are reported in the text. Any significant main effect of genotype
detected by two-way ANOVA was followed by multiple t-tests using a pooled estimate of variance

where appropriate.
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5.5 Results

5.5.1 NFIX is selectively upregulated during neuronal differentiation

in the adult hippocampus

The expression pattern of NFIX in the adult hippocampus may provide clues as to the function of
this protein during neurogenesis. There are the four main cell types that comprise the neurogenic
lineage in the adult hippocampus. In order of lineage progression these are the mostly quiescent
AH-NSCs (type 1), the highly proliferative intermediate progenitors (IPs, type 2), neuroblasts
(immature neurons, type 3) and dentate granule neurons (Goncalves et al., 2016). We have
previously shown that NFIX is expressed by virtually all cells in the dentate gyrus and that its
expression was particularly high in DCX"™® neuroblasts (Harris et al., 2013; Chen et al., 2017).
However, a recent single-cell RNA-seq study found that there was a strong positive correlation
between Nfix expression levels and the transition from an AH-NSC identity to an IP cell identity
(Shin et al., 2015), suggesting that NFIX levels may increase prior to the neuroblast stage. To
accurately map the expression levels of NFIX during adult hippocampal neurogenesis we examined
its expression alongside cell type specific markers of lineage progression. We defined AH-NSCs as
SOX2™° cells positioned within the subgranular zone that were negative for TBR2 (see Chatper 4)
(Hodge et al., 2008), IPs as TBR2™ cells and neuroblasts as DCX ' cells. Consistent with the
single-cell sequencing data (Shin et al., 2015) we found that NFIX expression was relatively low in
AH-NSCs but was sharply upregulated in IPs (P = 0.0042) (Figure 5.1A-D). This high level of
NFIX expression was maintained in neuroblasts including those with a relatively mature
morphology, as indicated by the presence of substantial dendritic tree. Finally, we examined the
expression of NFIX by dentate granule neurons. Dentate granule neurons were defined as cells
positioned in the granule cell layer of the dentate gyrus and exhibited reduced expression of NFIX
levels compared to IPs and neuroblasts (P = 0.011) (Figure 5.1E-H). These data show that NFIX
expression levels peak as hippocampal neural progenitors undergo neuronal differentiation (Figure

5.11).
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Figure 5.1: NFIX is expressed throughout the hippocampal neurogenic lineage but selectively

upregulated during neuronal differentiation

(A-C) NFIX (magenta), SOX2 (green) and TBR2 (red) staining in the dentate gyrus of a 10-week
old mouse. Dashed lines demarcate the SGZ. The arrowhead indicates an AH-NSC (SOX2"™;
TBR2*°), whereas the arrows indicate IPs (TBR2™). (D) The relative NFIX fluorescence intensity
is higher in IPs than AH-NSCs. (E-G) NFIX (magenta), TBR2 (red) and DCX (green) staining in

%), the arrowheads

the dentate gyrus of a 10-week old mouse. The arrow indicates an IP (TBR2
indicate mature neuroblasts (DCX''; TBR2 ™" cells) and the asterisks indicate dentate granule
neurons in the GCL. (H) NFIX expression is highest in both IPs and neuroblasts and then decreases
in mature granule neurons. (I) A schematic of the NFIX expression levels during hippocampal
neurogenic lineage progression. *P < 0.05, **P < 0.01. Scale bar (in A): A-C, E-G 24um. Graphs

depict mean + s.e.m from 3 mice. Abbreviations: subgranular zone (SGZ), granule cell layer (GCL).
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5.5.2 Inducible deletion of Nfix from AH-NSCs

Nfix null mice are perinatal lethal and have severe developmental defects, which prevents their use
to address the role of NFIX during adult hippocampal neurogenesis (Campbell et al., 2008). To
circumvent this problem we generated an inducible, loss-of-function mouse line by crossing mice
containing a floxed Nfix allele to an inducible nestin-creER'? deletion strain (Imayoshi et al., 2006),

iNesti . .
eI mice activated

generating Nfix™*'" or Nfix**"™ mice. Tamoxifen administration to adult Nfix
cre-recombinase in nestin-expressing progenitor cells (AH-NSCs and IPs). Five days after
tamoxifen administration (5 dpi) to adult (8-10 week old) Nfix """ mice NFIX was detected in only
39.3% of AH-NSCs and 12.9% of IPCs, compared to 91.7% and 100% respectively in Nfix*"™!
animals (Figure 5.2A-E). Importantly, we found no evidence that NFIX was deleted from other cell
types within the dentate gyrus niche, including from dentate granule neurons and astrocytes (data
not shown). Therefore, the Nfix™"*'"" mouse is an efficient and specific deletion strain for

interrogating the function of NFIX in AH-NSCs.
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Figure 5.2: Nfix deletion in Nfix" "™ mice

(A-C) NFIX (magenta), SOX2 (green) and TBR2 (red) staining in the dentate gyrus of adult
Nfix™"™ mice at 5 dpi. Dashed lines demarcate the SGZ. Arrowheads indicate AH-NSCs
(SOX2™¢; TBR2™), while arrows indicate IPs (TBR2"™"®). Both AH-NSCs and IPs lack NFIX
expression. Quantification of the proportion of AH-NSCs (D) and IPs (E) that express NFIX in
Nfix™™ and Nfix*""™ animals at 5 dpi. Scale bar (in A): A-C 24pum. ***P < 0.001. Graph depicts

i ti . trol .
mean + s.e.m from 3 Nfix"" mice and 4 Nfix*"" mice.
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5.5.3 NFIX is not required for the long-term maintenance of AH-NSCs

AH-NSCs are mostly quiescent, an adaptive feature of adult stem cells that ensures their long-term
survival by protecting against metabolic stress caused by excessive cellular division (Valcourt et al.,
2012; Rando et al., 2014). In a recent study using an in vitro model of neural stem cell quiescence,
NFIX was strongly enriched in active enhancer regions specific to the neural stem cell quiescent
state (Martynoga et al., 2013). Furthermore, NFIX overexpression was shown to be sufficient to
induce quiescence in normally proliferating neural stem cells. These data led us to hypothesise that
Nfix deletion in Nfix™*" mice might lead to the premature depletion of AH-NSC pool due to a loss
of quiescence. Surprisingly, we found that Nfix deletion had no effect on total AH-NSC number
(SOX2™¢; TBR2 ) at 14 dpi, 120 dpi or even 1 year post-injection (Figure 5.3B-D). We verified
this observation using an alternative definition of AH-NSCs as SOX2" cells that extend a GFAP™®
process into the granule cell layer (Seri et al., 2001; Steiner et al., 2006). Using this definition, we
again saw no effect of Nfix deletion on the number of AH-NSCs in Nfix"*'" mice relative to
controls (Figure 5.4A-D). These data demonstrate that NFIX deletion has no effect on the

maintenance of AH-NSCs over the long-term.

As the total number of AH-NSCs was not altered following depletion of Nfix from AH-NSCs, these
data suggest that NFIX may not play as prominent a role in modulating quiescence compared to its
role in vitro (Martynoga et al, 2013). We addressed this by examining the relative
proliferation/quiescence of AH-NSCs in Nfix """ and control animals using the morphology
independent staining method outlined in Chapter 4. At 14 dpi there was an increase in the number
of AH-NSCs in Nfix ™" mice that were proliferating (Ki67"™; SOX2™°; TBR2™°) (Figure 5.3E),
supporting the in vitro observations that NFIX mediates quiescence (Martynoga et al., 2013).
However, the effect size was small, and it did not lead to a detectable increase in the number of IPs
at 14 dpi (Figure 5.3F). Critically, the effect was also transient, as there was no difference in the
relative proliferation of AH-NSCs between groups at 120 dpi or 1 year post-injection (Figure 5.3E).
Therefore, NFIX is not essential to maintain AH-NSC quiescence in vivo. Interestingly, at 120 dpi
there was a small increase in the number of IPs, this together with the increased expression of NFIX
in IPs and neuroblasts (Figure 5.1) implies that NFIX may be important for later aspects of lineage

progression.
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Figure 5.3: NFIX is not required for the long-term survival of AH-NSCs

(A) Schematic of tamoxifen regime used in nestin-creER™ mice. (B) Nfix*®™ and (C) Nfix et
mice at 14 dpi showing staining for DAPI (white) and SOX2 (green). Boxed regions in B and C are
shown in panels B’ and C’ respectively. B’ and C> show SOX2 (green), TBR2 (red) and Ki67
(magenta), with the dashed lines outlining the SGZ of the dentate gyrus. Marked cells in B’ and C’
indicate AH-NSCs (SOX2™°; TBR2™). Arrows indicate dividing AH-NSCs (Ki67"), arrowheads
indicate quiescent AH-NSCs (Ki67"). (D) There is no effect of NFIX deletion on AH-NSC
number at 14 dpi, 120 dpi or 1 year post-injection (pi). (E) At 14 dpi there are more dividing AH-
NSCs in Nfix ™" mice than in controls, but this effect was not observed at 120 dpi or 1-year pi. (F)

Nesti .
1Nesmmlce. *p <

[P number was unchanged at 14 dpi and was slightly increased at 120 dpi in Nfix
0.05, **P < 0.01. Scale bar (in A): A, B 159 um, A’, B’ 44 um. Graphs depict mean + s.e.m from 6
control and 4 Nfix™*"™ mice at 14 dpi, 4 mice per genotype at 120 dpi and 3 mice per genotype at 1

year post-injection.
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Figure 5.4: No effect of NFIX deletion on the survival of radial AH-NSCs.

Nfix®"™! (A) and Nfix™*"" mice (B) stained for DAPI (white), GFAP (red) and SOX2 (green).
Boxed regions in A and B are shown at higher magnification in A’ and B’ respectively and show
GFAP and SOX2 staining. Arrows indicate radially oriented AH-NSCs with a GFAP™ process
linked to a SOX2 ™ nucleus. (C) No differences in the number of radial AH-NSCs were detected at
14 dpi, 120 dpi or 1-year pi. Scale bar (in A): A, B 271 um; A’, B’ 18 um. Graph depicts mean +

iNestin

s.e.m from 6 control and 4 Nfix mice at 14 dpi, 4 mice per genotype at 120 dpi and 3 mice per

genotype at 1-year post-injection.
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5.5.4 Neuroblasts fail to mature in Nfix"°s'" mice.

During brain development NFIX promotes neuronal differentiation, with abnormal expression
associated with multiple neurodevelopmental disorders (Malan et al., 2010; Yoneda et al., 2012;
Heng et al., 2014; Harris et al., 2016a; Deciphering Developmental Disorders, 2017). The increased
expression of NFIX in IPs and neuroblasts (Figure 5.11) suggests that NFIX may play a central role
in regulating neuronal differentiation in the adult hippocampus. To investigate whether NFIX
regulates neuronal differentiation during adult hippocampal neurogenesis we examined the
expression of the neuroblast marker DCX. At 45 dpi (P = 0.0007) and 120 dpi (P = 0.0002) there
were 2-3 fold fewer DCX ™ cells in Nfix "™ mice compared with Nfix*"™ mice (Figure 5.5A-C).
A higher proportion of DCX™ cells in Nfix"*"™ mice co-labelled with cleaved-caspase-3 (P =
0.11) (Figure 5.5E) suggesting this decrease in neuroblast number was in part due to increased cell
death. Of the remaining neuroblasts in Nfix"" mice, many had an aberrant morphology.

iNestin

Specifically, only 16.6% of neuroblasts in Nfix mice extended a primary dendrite into the
granule cell layer of the dentate gyrus compared to 77.5% of control neuroblasts at 45 dpi (P <
0.0001) with a similar effect at 120 dpi (P = 0.029) (Figure 5.5D). Furthermore, a greater
proportion of Nfix-deficient neuroblasts retained expression of the IP marker TBR2 at both 45 dpi
(P = 0.008) and 120 dpi (P = 0.0011) (Figure 5.5F). These data demonstrate that in the absence of
Nfix, early-stage neuroblasts fail to mature and an increased proportion of them undergo

programmed cell death.
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Figure 5.5: Neuroblasts fail to mature in Nfix™ " mice.

Nfix®™™! (A) and Nfix™*" mice (B) at 45 dpi stained for DAPI (white) and DCX (green). Boxed
regions in A and B are shown at higher magnification in A’ and B’ respectively, and show DCX
(green) and TBR2 (red). Compared to controls (A’), Nfix"**"" mice (B’) have fewer neuroblasts
(DCX™ cells) at 45 and 120 dpi with tamoxifen (C). As a proportion, at both 45 and 120 dpi there
iNestin

are fewer neuroblasts in Nfix mice that have a vertical dendritic process (D), while more co-

express the apoptotic marker CC3 (E), and TBR2 (F). **P < 0.01, ***P < 0.001. Scale bar (in A):

A, B 243um; A’, B’ 50 um. Graphs depict mean + s.e.m from 4 mice per genotype at 45 and 120
dpi.
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5.5.5  NfixX"**"" mice generate fewer mature granule neurons and have
reduced performance in a hippocampal-dependent memory

task

Over a period of 3-4 weeks, neuroblasts integrate into the existing hippocampal circuitry where they
facilitate the formation of new memories (Goncalves et al., 2016). Since surviving Nfix-deficient
neuroblasts exhibit an aberrant and immature morphology (Figure 5.5), we asked whether these
cells were capable of differentiating into mature dentate granule neurons. We injected BrdU daily
(for 5 days) beginning 2 weeks after tamoxifen administration to label proliferating IPs, and
sacrificed these animals 4 weeks after the final BrdU injection (Figure 5.6A). In control animals
very few BrdU labelled cells identified as DCX *°; NeuN *® progenitors or DCX ™ neuroblasts.
Instead, the majority of BrdU labelled cells were negative for DCX and positive for the mature
neuron marker NeuN (DCX™*%; NeuN ") (Figure 5.6B, D). In Nfix™*"™ mice however, there were 3
fold fewer DCX*°; NeuN""® cells (P = 0.0009) (Figure 5.6D) indicating that NFIX deficient

neuroblasts fail to efficiently generate dentate granule neurons.

The generation of adult-borne dentate granule neurons is required for aspects of hippocampal-
dependent learning in mice. For example, suppressing neurogenesis is typically associated with
impaired encoding of new memories (Deng et al., 2010) and vice versa (Sahay et al., 2011; Stone et
al., 2011). We next asked whether the reduced production of dentate granule neurons in Nfix" ™"
mice results in impaired performance in the active place avoidance (APA) task (Cimadevilla et al.,
2001; Stuchlik et al., 2013). In this task, mice are placed in a rotating circular enclosure for 10 min,
using external cues to learn to avoid a 60° segment of the arena that confers an electric shock upon
entry. The ability of mice to learn to avoid the shock zone has previously been shown to rely on the
generation of adult-borne neurons (Vukovic et al., 2013), just as with other tasks such as the Morris
Water Maze. As expected, on the first day of testing when the mice are naive to the task, there was
no difference between the number of shocks received by Nfix™ "™ and Nfix*"™ animals (Figure
5.6G). However, by day 5 (P = 0.031), control mice had improved their performance, such that they
received significantly less shocks than on the first day of testing. In contrast, the number of shocks
received by Nfix™*"" mice did not improve during testing, and these animals performed
significantly worse than controls on day 4 (P = 0.0133) and day 5 (P = 0.0251) of testing (Figure
5.6E-G). On all other parameters tested such as distance travelled and speed of movement Nfix™ 1"
mice performed comparably to controls (Figure 5.7A, B). Furthermore, mutant animals performed

comparable to controls during a primary SHIRPA screen (Figure 5.7C, D). These findings
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demonstrate that the impaired differentiation of neuroblasts in Nfix mice leads to a specific

deficit in a hippocampal-dependent learning task.
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Figure 5.6: Nfix"“™ mice generate fewer mature granule neurons and have reduced
performance in an APA task

(A) The tamoxifen-BrdU injection regime used for Nfix™"*'" and Nfix**"™ mice. (B-B”) Nfix*"™!

and (C-C”) Nfix™*"™ mice at 45 dpi showing DCX (green), NeuN (red) or BrdU (magenta) staining,

with dashed lines outlining the granule cell layer of the dentate gyrus. BrdU™* dentate granule

neurons, defined as NeuN"™"; DCX ™ cells, are indicated by the arrows in B-B”. (D) There were far

Nestin - .
Nestin mice relative to controls, as

fewer BrdU™® dentate granule neurons generated in Nfix
quantified in D. Representative movement traces of (E) Nfix*"™ and (F) Nfix™*"" mice during a 10
min trial of the APA task on the final day of testing (day 5). (G) During APA testing, Nfix™ "™
mice received more shocks on day 4 and day 5 of the task than controls. *P < 0.05, ***P < 0.001.
Scale bar (in B): B-B”, C-C” 30 um. Graph in D depicts mean + s.e.m from 4 mice per genotype,

graph in G depicts mean £ s.e.m from 21 mice per genotype.
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Figure 5.7: Nfix" " mice perform comparably to Nfix mice in other tested behavioural
domains

No difference between Nfix""™ and Nfix**"" mice in (A) distance travelled per day, and (B) mean

speed (cm/s) in the APA task. (C) and (D) show comparable results for Nfix*"™ and Nfix ™" mice

iNestin

during a primary SHIRPA screen. The SHIRPA screen was performed on 4 control and 5 Nfix

mice.
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5.5.6  Reporter Nfix"**'"" mice generate fewer neurons in the adult

hippocampus

We next used a lineage tracing approach, followed by histological and transcriptomic analyses to

iNestin iNestin

further examine the failure of neuroblasts to mature in Nfix mice. We crossed Nfix mice to
a flox-stop-flox tdtomato reporter line, where nestin'*® progenitors and all the progeny from these
cells are permanently marked with red fluorescence (Madisen et al., 2010). In this experiment,

iNestin-TD

treatment mice were those in which Nfix was deleted (Nfix ) from tdtomato ' cells, whereas

Nestin-TDy “tqtomato ™ cells retained NFIX expression. We performed our

in the control mice (Wt
histological analyses by injecting tamoxifen and analysing animals at 60 dpi, staining for the mature
neuron marker NeuN and the neural progenitor marker SOX2. We made the following three
observations from this experiment. Firstly, there were fewer total tdtomato *® cells in the dentate

NestinTD mice than in controls (P = 0.0099) (Figure 5.8A-C). Secondly, the reduction in

gyrus of Nfix
total tdtomato ' cells was largely because there were far fewer tdtomato '® dentate granule neurons,
both in total numbers (P = 0.007) (Figure 5.8E), and as a proportion of the tdtomato ' pool (P =
0.0023) (Figure 5.8G). Finally, while there was no effect on the total number of tdtomato";
SOX2"*¢ progenitors in Nfix**"""™® mice (P = 0.47) (Figure 5.8D), as a proportion, these cells were

overrepresented because of the overall smaller tdtomato™® population in Nfix™ TP

mice (P =
0.018) (Figure 5.8F). Collectively, these findings support our previous data implicating NFIX as a

central factor promoting neuronal differentiation in the adult mouse hippocampus.

We next isolated tdtomato " cells from treatment and control animals using FACs, and performed
RNA-seq. Our data so far had revealed that NFIX is essential for the maturation of neuroblasts into
dentate granule neurons, but that earlier precursors were mostly unaffected. We posited that the
expression of mature neuronal markers would be reduced, and that conversely an overrepresentation
of stem cell and early neuronal differentiation genes would be observed. In total, we identified 153
differentially expressed genes (Figure 5.8H-J) Consistent with our hypothesis, many of the
upregulated genes in the Nfix-deficient tdtomato " cellular cohort were members of the Notch
pathway (Hes5, Hes6) or other progenitor cell markers and regulators (Neurdo2? and Sox9).
Likewise, there were many cell adhesion molecules that were upregulated (Dscam, Fezf2, Nrpl,
Ptprzl), genes typically associated with neuron recognition or neuron projection development.
Interestingly, many genes associated with the inflammatory response were also upregulated in
Nfix™"T2 animals, consistent with recent data suggesting that many of these molecules are highly
expressed in nestin' ' hippocampal progenitors (Walker et al., 2016b). Crucially, the mature neuron

marker Camkl and the highly specific marker of dentate granule neurons, Prox/ (Karalay et al.,
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2011), were downregulated in this dataset. These histological and transcriptomic data further
demonstrate that Nfix deletion from nestin ' progenitors inhibits neuroblast differentiation and

thereby neuron generation in the adult mouse hippocampus.
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Figure 5.8: Nfix" " mice generate fewer neurons

WENSITD (A) and Nfix™" TP mice (B) at 60 dpi stained for tdtomato (red), with the dashed lines
outlining the dentate gyrus. The square boxes in A and B are shown in A’ and B’ respectively,
where the dashed lines demarcate the SGZ. (C) There were fewer tdtomato™ cells in Nfix™ TP
mice relative to controls. (D-E) The number of tdtomato ™ cells that were SOX2™® or NeuN ™" was
quantified. There was no difference in the total number SOX2™ reporter cells (D) between

iNestin-TD

genotypes. However, there were fewer NeuN " reporter cells (E) in Nfix mice compared to

controls. (F-G) As a proportion of the tdtomato™ population, SOX2™¢ cells (F) were
+ve

overrepresented, while NeuN

plot of RNA-seq data of tdtomato™ cells from WtN*""TP and Nfix™"TP mice at 45 dpi. (I)

cells (G) were underrepresented relative to control mice. (H) MA

Genes and GO terms associated with early progenitor development were up regulated, while the late
neuronal genes Prox! and Camkl were downregulated. (J) GO terms ranked according to —logio p-
value. *P < 0.05, **P < 0.01. Scale bar (in A): A, B =208 um; A’, B’ = 14.1um. Graphs depict

mean £ s.e.m from 3 mice per genotype, RNA-seq data generated from 3 mice per genotype.
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5.5.7 Deletion of NFIX from hippocampal progenitors leads to the

aberrant production of a small number of oligodendrocytes

In the course of the nestin-creER" lineage tracing experiment, we occasionally detected tdtomato™*
cells located on the hilar side of the SGZ within Nfix™*""™ mice. NFIX, and other NFIs are well-
established regulators of astrocyte (Barry et al., 2008; Kang et al., 2012; Heng et al., 2014) and
oligodendrocyte differentiation (Wong et al., 2007; Zhou et al., 2015; Rolando et al., 2016). Under
physiological conditions, AH-NSCs generate astrocytes in addition to neurons (Bonaguidi et al.,
2011). However, AH-NSCs also have a latent tri-potency (Braun et al., 2015; Sun et al., 2015).
Upon the forced in vivo expression of transcription factors such as Olig? (Braun et al., 2015) or
after the deletion of neurofibromin 1 they robustly generate oligodendrocytes (Sun et al., 2015).
While we did not detect a gene expression signature within our RNA-seq experiment that would

iNestin-TD . :
eI mice, the scarcity of

indicate a shift towards astrocyte or oligodendrocyte production in Nfix
these cells as a proportion of the tdtomato™* population, would likely render this gene signature
undetectable. To investigate the production of astrocytes and oligodendrocytes we co-stained for
the astrocyte marker S100B or the pan-oligo marker OLIG2. We found no difference in the total
number of tdtomato™®; S1008™ cells between Nfix """ and W™= mice (P = 0.13) (Figure
5.9A-C). Surprisingly however, we found a substantial increase in the number of tdtomato ";
Olig2 ™ cells in Nfix™*"T compared to control WT*""TP mice, which were largely devoid of
these cells (P = 0.0099) (Figure 5.9D-F). Therefore, the deletion of Nfix from AH-NSCs leads to the

aberrant production of a small number of oligodendrocytes, in addition to the substantial defects

seen in neuroblast maturation and survival.
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Figure 5.9: Nfix"*" mjce generate oligodendrocytes

WENSITD (A A%) and Nfix™"TP mice (B, B’) 60 dpi stained for tdtomato (red), S1008 (green)
and DAPI (white) with the dashed lines outlining the dentate gyrus. The arrowhead in A’ and B’
points to a tdtomato *; S1008™° astrocyte. (C) There was no difference in the number of
tdtomato™® astrocytes generated in Wt " and Nfix™" TP mice. WiNe"T0 (D, D’) and

Nfix™T0 mice (E, E?) at 60 dpi stained for tdtomato (red), Olig2 (green) and with DAPI (white).

+ve,

The arrowheads in E’ point to tdtomato **; Olig2 ™ oligodendrocytes. (F) There were substantially

+ve iNestin-TD

more tdtomato " oligodendrocytes labelled in Nfix mice than in controls. ***P < (0.001.

Scale bar (in A) A, B 30 um, C, D 40 um. Graphs depict mean + s.e.m from 3 mice per genotype.
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5.5.8 NFIX expression is autonomously required for neuroblast

maturation and survival

Is NFIX expression autonomously required for neuroblast maturation and survival, or are the
neuroblast maturation defects observed in Nfix""" mice due to the altered developmental

" mice to a

trajectory of AH-NSCs upon Nfix-deletion? To address this question we crossed Nfix
line expressing a tamoxifen inducible cre-recombinase under the control of the Dcx promoter
(Nfix®™) (Cheng et al., 2011). Because tamoxifen injections administered to these mice delete
NFIX from DCX"™® neuroblasts but not from the AH-NSCs that generate these cells, weekly
tamoxifen injections were required to continually deplete NFIX (Figure 5.10A). Seven days after
the final tamoxifen injection we analysed the number of neuroblasts in Nfix"™ and Nfix*"™' mice.
We found a reduced numbers of neuroblasts in the mutant strain (P = 0.028) (Figure 5.10B-D).
Moreover, similar to Nfix™ "
branch (P = 0.002) (Figure 5.10F) and more co-expressed TBR2 (P = 0.047) (Figure 10E).

Furthermore, BrdU labelling, followed by a 4 week chase (Figure 5.10G) revealed that Nfix'>* mice

mice, fewer of the remaining neuroblasts had a vertical dendritic

generated fewer mature dentate granule neurons than in controls (P = 0.035) (Figure 5.10H), and
more neuroblasts co-expressed cleaved-caspase-3 (P = 0.015) (Figure 5.101). Therefore, the effects

. . i 1
seen on neuroblast maturation in Nfix™ ="

animals are phenocopied upon deletion of Nfix from
neuroblasts alone. These data demonstrate that Nfix expression is autonomously required by
neuroblasts for the extension of a primary dendritic process, and subsequently, the survival and

maturation of these cells into dentate granule neurons.
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Figure 5.10: Neuroblast specific deletion of NFIX phenocopies deletion from AH-NSCs
(A) Tamoxifen injection scheme for Nfix"™ and Nfix™™" mice. Nfix*"™ (B) and Nfix'"™* mice (C)
at 7 dpi showing DCX (green), with dashed lines outlining the dentate gyrus. Boxed regions in B

and C are shown in B’ and C’ respectively. (D) Compared to controls there were far fewer DCX ™

iDcx

cells in Nfix®™ mice. (E) As a proportion, more neuroblasts in Nfix'™™* mice co-expressed TBR2,

(F) while fewer had a vertical dendritic process. (G) BrdU-Tamoxifen injection scheme for Nfix'>™
and Nfix®"™' mice. (H) 4-weeks after BrdU administration there were fewer BrdU™® neuroblasts
(DCX™; NeuN ) and fewer BrdU™® mature neurons (DCX™% NeuN'™) in Nfix®™ mice
compared to controls. (I) More neuroblasts in Nfix'"™ mice co-expressed CC3. *P < 0.05, **P <
0.01. Scale bar (in B): B, C 235 um; B’, C’ 47 um. Graphs in D-F depict mean + s.e.m from 3 mice

per genotype, graphs in H, I depict mean + s.e.m from 4 mice per genotype.
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We next analysed the cellular and transcriptional changes that occur upon neuroblast-specific
deletion of Nfix to determine the causative factors underlying the loss of this population. We

iDcx-TD

crossed Nfix'* to the flox-stop-flox tdtomato reporter line to generate Nfix mice and control

WTP™ mice. Seven days after the final tamoxifen injection (7 dpi), we analysed these reporter

iDcx-TD

mice through immunohistochemistry and via FACS followed by RNA-seq. In Nfix mice, there

(S

were fewer tdtomato™ cells in Nfix"*™ compared to controls at 7 dpi, highlighting that the
deletion of Nfix from neuroblasts results in the rapid loss of this population (P = 0.0163) (Figure
5.11A-C). Given this finding, we hypothesised that the transcriptomic analysis of tdtomato *® wild-
type and mutant cells would reveal mis-regulation of key genes involved in neuronal maturation.
Indeed, the enriched GO terms included neuron projection development, glutamate secretion, long-
term synaptic potentiation and neuronal apoptosis (Figure 5.11D-F). The enrichment of these GO
terms correlates strongly with the histological evidence of impaired dendrite formation and
increased cell death of neuroblasts upon Nfix-deletion (Figure 5.10). Therefore, NFIX expression is

autonomously required by adult hippocampal neuroblasts to execute a program of gene expression

integral to dendrite formation and subsequently survival.

The majority of neuroblasts in wild-type mice do not colocalise with protein markers of the
oligodendrocyte lineage. However, at an mRNA level, a recent single-cell RNA-seq study of adult
hippocampal neuroblasts revealed that a substantial proportion of neuroblasts express putative
oligodendrocyte-specific mRNA alongside neuronal markers (Gao et al., 2016). With this in mind,

the most enriched GO term in our comparison of Nfix>*

and control mice, remarkably, were for
genes involved in oligodendrocyte differentiation (Figure 5.11E). Oligodendrocyte
precursor/differentiation markers such as Cspg4 (Ng2) and Ptprzl were approximately 3 fold

TP mice compared to controls, as were the pan-oligo markers Oligl and

upregulated in Nfix
Olig2. The expression of mature oligdodendrocyte markers Cnp, Mbp and Mog were unaffected
suggesting that NFIX deletion from neuroblasts leads to a specific upregulation of genes associated

with early oligodendrocyte development (Figure 5.11G).

To rule out the possibility that the increased oligodendrocyte precursor mRNA expression in
Nfix®*™ mice could be due to non-specificity of the cre-recombinase, where perhaps
oligodendrocyte precursor cells were being labelled and amplified upon NFIX deletion, we
examined the identity of tdtomato™ cells in W7°*™ at 7 dpi. The vast majority of tdtomato"™*
cells either expressed DCX or were DCX ™ with a neuronal morphology, indicating they were

dentate granule neurons that had recently lost DCX expression. In contrast, very few tdtomato "
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cells expressed Olig2 (48/3113 cells, 1.54%), demonstrating the specificity of the cre-recombinase.

iDcx-TD .
P mice was due

We next examined whether the upregulation of oligodendrocyte mRNA in Nfix
to the presence of greater numbers of tdtomato **; Olig2 ™ cells in these mice. There was no gross
difference in the total number of tdtomato™; Olig2 ™ cells in Nfix®*™ compared to controls (P =
0.297) (Figure 5.11H). Nor did tdtomato"*°; Olig2 "™ cells account for a more significant proportion
of the reporter ™ pool in Nfix®*™ mice than in controls (P = 0.257) (Figure 5.111). Therefore,
NFIX deletion from neuroblasts leads to a de-repression of oligodendrocyte gene expression but not
an increase in oligodendrocyte cell number, either because neuroblasts do not have the capacity to

convert towards an oligodendrocyte fate, or this fate change is not detectable because of the high

rates of neuroblast cell death upon Nfix-deletion (Figure 5.101).

Together, our results demonstrate that NFIX expression is absolutely required for the survival and
timely generation of adult borne neurons within the mouse hippocampus. NFIX serves this function
by driving the program of neuronal differentiation within neuroblasts. Remarkably, NFIX
suppresses oligodendrocyte differentiation in AH-NSCs and the expression of oligodendrocyte
mRNA within neuroblasts, demonstrating that NFIX also functions as part of the gene regulatory

network that suppresses the latent tripotentiality of precusors cells in the adult hippocampus.

142



NfixPCxTD [olREt
OE CX-TD
3100 cowT®
2 *
§ 50
k=l
[t
04
D E
o 4711 misregulated genes small GTPase mediated signal transduction — )
z ) neg. regulation of Wnt signaling pathway | (3)
'3_ S glu secretion= 1(2)
=8 ol x pos. regulation of cell proliferation | ——— ()
2% T reg. of sensory perception of painf——J (3)
> T, N
52 ! response to estradiol————_§4)
o] : reg. of neuron apoptotic process——] (3)
58 4 cell prolferation-j ) (5)
b pos. reg. of neuron projection development= ] (5)
-64 . . . multicellular organismal development= 1(13)
14 1+ 1+3. 1+ aging™ ](6)
mean expression long-term synaptic potentiation=] ] (4)
Tophat — Htseg-count —> Deseq2 oligodendrocyte di1‘fere=ntiation-%l(4)_I )
(mm10 genes) i 3 3 1 2 CJWTDCX-TD
-log,, p-value -\ fix O T
F oligodendrocyte differentiation. G 61 mm pan-oligo H 3 | 0.0257
Aolig1,4 Olig2, 4 Ptpr=1,4 Nirk2 o s B oligo diff. '
» . o o
long-term synaptic potentiation '8_ ) 1 mature oligo. E gj o 0.0204
ANtrk2, ASnca, APin, ADbi = g T2 .(is” g
“other synaptogenesis 25 Y 5|5 0015
VRab26, y Rab27a, ¥Grm2, ¥Syt2, & 2 o] £ % 001
Asnap91 ANtrk2, A Rab31 g l £y gls
reg. of neuron apoptotic process “2= = )] g . 0.005
YGrm2, ASnca, AKcnip3 E ’
*other apoptosis 04 0

it in?
A1, ANtrk2, & Alkbh1 Olig1 Olig2 Cspg4 Ptprz1Ntkr2 Cnp Mbp Mog

Figure 5.11: Neuroblast specific deletion of NFIX leads to expression changes in neuronal
maturation and in oligodendrocyte precursor genes
WEPETP (A) and Nfix®*™ mice (B) at 7 dpi stained for tdtomato (red), with the dashed lines
outlining the dentate gyrus. (C) There were fewer tdtomato ™ cells in Nfix>“*™ mice relative to
controls. (D) MA plot of RNA-seq data of tdtomato ™ cells from Wt“*™ and Nfix*“*™ mice at
7 dpi. (E) GO terms ranked according to —logjo p-value. GO terms associated with neuronal
maturation and oligodendrocyte differentiation were enriched. (F) Curated list of genes associated
with enriched GO terms. (G) Fold change of oligodendrocyte lineage genes, categorised according
to whether they are expressed throughout the entire lineage (pan-oligo), during differentiation
(oligo. diff.) or by mature oligodendrocytes (mature oligo.). FDR adjusted P-value *P< 0.1; *P <
0.05, **P < 0.01. (H) No difference was observed between genotypes in the total number of
Olig2™*; tdtomato"*® cells or (I) in the proportion Olig2™*® cells comprising the tdtomato™** pool.
Scale bar (in B): A, B 200pum. Graph in G depicts mean + s.e.m of RNA-seq data generated from 3

iDCX-TD iDCX-TD
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mice per genotype. Graphs in H and I depict mean + s.e.m of 3 Nfix mice.
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5.6 Discussion

Studies in rodents have begun to reveal the key transcription factor proteins required for the
different stages of adult hippocampal neurogenesis. Transcription factor proteins integral to
regulating cell-cycle entry such as FOXO and ASCL1 (Paik et al., 2009; Renault et al., 2009;
Andersen et al., 2014), stem cell maintenance such as PAX6 and REST (Maekawa et al., 2005; Gao
et al., 2011), and the production of IPs such as TBR2 (Hodge et al., 2012) have been identified. The
NFI family has been extensively described in the developing brain, and have been implicated in
multiple neurodevelopmental disorders (Malan et al., 2010), but how these factors function in the
adult hippocampus is unclear. A recent study revealed a role for NFIB in promoting
oligodendrogenesis within the adult SGZ (Rolando et al., 2016). Here, we present a contrasting role
for NFIX within the adult hippocampus, revealing that NFIX drives a program of neuroblast
differentiation and suppresses the latent potency of hippocampal precursor cells to generate

oligodendrocytes.

There are a number of differences between how NFIX regulates neuronal differentiation during
development compared to its function in the adult hippocampus. Two pivotal differences are the
relative stages of neuronal lineage progression controlled by NFIX and the effect that Nfix deletion
has on neuronal survival. In the developing dorsal forebrain, NFIX promotes the asymmetric
division of radial glial stem cells and the subsequent production of IPs (Harris et al., 2016a), which
is the earliest fate choice that occurs during neuronal differentiation. As a result, in Nfix '~ mice,
radial glial stem cells undergo more self-expanding divisions, thereby extending the neurogenic
period. This results in the production of more neurons and postnatal macrocephaly in this line
without any observed negative affects on neuronal survival (Chapter 3) (Campbell et al., 2008;
Heng et al., 2014; Harris et al., 2016a). In contrast, in AH-NSCs we found that the deletion of Nfix
does not affect the production of IPs (Figure 5.3, 5.5). Rather, NFIX expression increases within IPs
and neuroblasts (Figure 5.1) to regulate the formation of the primary dendritic process, and to
regulate other aspects of neuronal maturation, such as the downregulation of the IP marker TBR2
(Figure 5.5, 5.6). The failure of Nfix-deficient neuroblasts to mature culminates in the death of
newly generated neuroblasts, which is reflected in the hippocampal-dependent behavioural deficits
evident in the nestin-creER™ knockout line (Figure 5.6). Therefore, while NFIX functions to
promote neuronal differentiation both during development and in adult hippocampal precursor cells,
the consequences of NFIX deletion on neuronal survival and neuronal number vary between the

two contexts. Whether these differences in NFIX function reflect interactions with different co-
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factors or intrinsic differences in chromatin architecture of neural progenitors across these different

contexts remain to be seen.

NFIX has been hypothesised to be a central factor in maintaining AH-NSC quiescence. Using an in
vitro model of NSC quiescence, Martynoga and colleagues (2013) demonstrated that NFIX was a
major factor that bound to quiescence-specific enhancer regions, and that loss of NFIX from this
culture system led to increased NSC proliferation. Consistent with a role for NFIX in mediating
stem cell quiescence, the authors reported an increased number of proliferating AH-NSCs cells in
the hippocampus of postnatal day 15 Nfix'~ mice. However, an alternative explanation for this
phenotype may reside in the fact that these mice display developmental deficits within the dorsal
telencephalon (Chapter 3) (Martynoga et al., 2013; Heng et al., 2014). Given the role of NFIX in
vitro, we posited that the conditional, inducible deletion of Nfix from AH-NSCs would lead to a
major increase in AH-NSC proliferation and subsequent depletion of this population. Intriguingly,
the phenotype we observed was in contrast to our hypothesis. Nfix deletion from AH-NSCs led to a
small, transient increase in proliferation, but total AH-NSC number remained unchanged even as
long as 1 year following Nfix deletion. There are a number of factors that may explain the limited
effect that Nfix deletion had on AH-NSC quiescence/proliferation. Firstly, while NFIX bound to the
majority of quiescent specific enhancers in vitro, these experiments utilised neural stem cells
derived from ES cells that may have a substantially different epigenetic landscape than in a primary
culture of AH-NSCs (Martynoga et al., 2013). Secondly, the in vitro experimental set-up removes
stem cells from their niche, comprising of a dense network of blood vessels, immune cells,
neurotransmitters and chemical signals [reviewed in (Goncalves et al., 2016)]. The complexity of
the niche signals may have buffered against the effect that NFIX deletion had on the relative
quiescence of AH-NSCs. Finally, given the functional overlap between NFIX and other NFIs
proteins during brain development (Barry et al., 2008; Piper et al., 2010; Heng et al., 2014), another
interesting avenue of future research would be to determine whether the deletion of Nfib or Nfia

alleles in addition to Nfix, would result in a more substantial loss of AH-NSC quiescence.

In this study, we also found that NFIX suppresses the capacity of AH-NSCs to generate
oligodendrocytes. AH-NSCs do not extensively generate oligodendrocytes under basal
physiological conditions. For example, Bonaguidi and colleagues (2011) demonstrated that there
were no cells within 300 clones (generated by a low-dose tamoxifen injection regime in nestin-
creER™ animals crossed to a reporter line) that co-labelled with oligodendrocyte markers. Similar
findings have been made using a glast-creER™ line (Sun et al., 2015). Although there is some

evidence to argue that the failure of these studies to identify newly generated oligodendrocytes may
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reflect the inefficiencies of these cre drivers to label the full diversity of hippocampal precursors,
as, for example, retroviral label of dividing cells within the hippocampus indicates a low-level of

oligodendrocyte production (Braun et al., 2015), this is clearly a restricted process.

A number of recent studies have highlighted that under certain circumstances, AH-NSCs can
generate substantial numbers of oligodendrocytes, and have begun to elucidate the pathways that
normally act to suppress the production of oligodendrocytes from AH-NSCs in vivo. For example,
it was recently reported that AH-NSCs possess a substantial tri-lineage potential, as overexpression
of Olig2, Sox10 or Ascll using a retrovirus was sufficient to convert a significant proportion of AH-
NSCs to generate oligodendrocytes (Braun et al., 2015). A more dramatic effect was seen upon
deletion of neurofibromin I, whereupon large numbers of AH-NSCs generated oligodendrocytes
(Sun et al., 2015). Our results suggest that NFIX also functions to suppress the tri-potentiality of
AH-NSCs. However, unlike earlier studies, which solely used cre-recombinase lines and viruses
that predominantly labelled AH-NSCs, we also detected a de-repression oligodendrocyte mRNA
upon Nfix-deletion from IPs and neuroblasts using a dex-creER™ line. This de-repression could
possibly link to the widespread cell death of tdtomato+ve cells observed in this line. Furthermore,
our data suggest that targeting barriers of latent lineage potential, even within cells that ostensibly
considered to be committed to neuron production, may be an avenue to generate additional
plasticity. It would be of interest to examine the effect that deleting neurofibromin I using a_dcx-
creER™ line has on oligodendrocyte production. Neurofibromin I is a far more potent inhibitor of
oligodendrocyte formation than Nfix (Sun et al., 2015). Its deletion might be sufficient to convert a
substantial number of adult hippocampal neuroblasts to become oligodendrocytes without the
concurrent cell death that occurs upon Nfix deletion. There is precedent for similar cell-type
conversions between disparate cell types, for example it was recently shown that adult striatal
astrocytes exhibit a latent neurogenic program that is actively suppressed via Notch signalling

(Magnusson et al., 2014) and elicited by injury (Nato et al., 2015).

In summary, this study has uncovered the dual roles of NFIX during adult hippocampal
neurogenesis. Firstly, we found that NFIX drives a program of neuroblast differentiation, and
secondly, suppresses the latent potency of hippocampal precursor cells to generate
oligodendrocytes. These results thereby significantly enhance our understanding of the
transcriptional control of adult hippocampal neurogenesis and the latent lineage potential of

hippocampal precursor cells.
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Chapter 6 General Discussion

6.1 Aims of chapter 6

The aim of this chapter is to place the findings from chapters 3 and chapter 5 into a broader context.
I will discuss how the findings from chapters 3 of my thesis relate to human health and disease. For
example, I will address how my work provides insight into human neurodevelopmental disorders
caused by NFIX mutations, namely Sotos Syndrome and Marshall-Smith Syndrome. I will then use
the findings from chapters 3 and 5 to compare and contrast the functions of NFIX in developmental
neural stem cells to its role in AH-NSCs. I will use this comparison to argue that NFIX/NFIs
function as regulators of neural stem cell fate, possibly through regulating chromatin architecture.
Finally, I will discuss how through the study of NFIX function in adult hippocampal neural stem
cells and their progeny, I have revealed the surprising plasticity of these cells to generate
oligodendrocytes. I close by contending that this thesis has significantly enhanced our

understanding of the transcriptional control of neural stem cells in the developing and adult brain.
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6.2 Nfix’~ mouse may provide insight into brain structure of

humans with NFIX mutations

The findings described in Chapter 3 of this thesis may provide insights into human disorders caused
by NFIX mutations. Specifically, my finding that the macrocephaly of Nfix”~ mice is at least in part,
due to increased production of neurons may help to explain the macrocephaly seen in patients with
NFIX mutations. Currently, the cause of the macrocephaly in these patients is unclear, and our work
suggests the overproduction of neurons, due to the delayed differentiation of radial glial stem cells,
is one probable contributing factor. In the following text, I discuss this in more detail, as well as

future research directions.

6.2.1 NFIX mutations cause Sotos syndrome or Marshall-Smith

Syndrome

Human NFIX mutations can cause one of two neurodevelopmental disorders: Sotos Syndrome or
Marshall-Smith syndrome (Malan et al., 2010; Martinez et al., 2015). As to which of these two
disorders arises from an NFIX mutation, genotype-phenotype correlations have shown that this
depends upon the location of the mutation within the NFIX gene body and subsequently, whether
the mutation leads to a loss-of- or dominant-negative function. For example, heterozygous NFIX
deletions or nonsense/missense mutations in the DNA-binding/dimerisation domain (exon 2/3) of
NFIX result in a loss of protein activity and Sotos Syndrome (Malan et al., 2010; Yoneda et al.,
2012; Gurrieri et al., 2015; Klaassens et al., 2015) and thus is sometimes referred to as a NFIX
haploinsufficiency. In contrast, heterozygous frameshift or splice-site variants in exons 6-10 of
NFIX, positioned close to the C-terminus transactivation domain, escape nonsense-mediated decay
(Malan et al., 2010; Klaassens et al., 2015; Martinez et al., 2015) and engender a Marshall-Smith
Syndrome. It is thought that the mutated allele in Marshall-Smith Syndrome forms a dominant-

negative protein that competes with the wild-type version of the NFIX protein (Malan et al., 2010).

6.2.2 Clinical features of Sotos Syndrome and Marshall-Smith

Syndrome

Sotos Syndrome and Marshall-Smith Syndrome are relatively distinct disorders. Sotos Syndrome,
first described in 1964, is predominantly caused by mutations in a different transcription factor

protein, called the Nuclear Receptor Binding SET domain (NSD/) (Kurotaki et al., 2002). Only

148



recently were NFIX mutations found to account for a subset of NSD/-negative Sotos Syndrome
cases (Malan et al., 2010). While some features of Sotos Syndrome vary depending on whether it is
the NSD1 or NFIX gene that is mutated (hence, why NFIX haploinsufficiency is sometimes referred
to as “Sotos Syndrome 27, “Sotos-like Syndrome” or even “Malan Syndrome”) the disorders are
highly similar so that differential diagnosis requires patient genotyping. Clinically, Sotos Syndrome
is characterised by prenatal overgrowth through childhood, macrocephaly, developmental delay and
low IQ in adulthood. Other features include unusual but stereotypic facial features (which may
possibly be due to neural crest cell defects) such as a pointed chin, hypotonia (muscle weakness)
and kyphosis (curvature of the spine). Behaviourally, individuals score highly on measures of
autistic-like traits (Lane et al., 2017). The brain features of Sotos patients are less well
characterised, but include communicating hydrocephalus, prominence of trigon and occipital horns

and hypoplasia of the corpus callosum (Sotos, 2014).

The characteristics of Marshall-Smith Syndrome are relatively more severe than Sotos syndrome.
First described in 1971 (Marshall et al., 1971), the syndrome manifests with severe developmental
delay, absent or limited speech, unusual (but not autistic-like) behaviour, short stature and kyphosis
and respiratory impairment that sometimes leads to neonatal death, (Shaw et al., 2010). The brain

structure of patients with Marshall-Smith Syndrome has not been extensively catalogued.

From the gross description of these disorders it is clear that there is significant overlap between the
phenotype of Nfix’~ mice and the clinical features caused by NFIX mutations. For example, Nfix "'~
mice have severe kyphosis (Driller et al., 2007; Campbell et al., 2008), hypotonia/impaired muscle
development (Messina et al., 2010; Pistocchi et al., 2013; Rossi et al., 2016; Taglietti et al., 2016),
and struggle to thrive postnatally, typically dying 3 weeks after birth (Campbell et al., 2008). Both
Nfix”™ mice and human patients with NFIX mutations also have similarities in terms of brain
development. For example, both develop communicating hydrocephalus (Vidovic et al., 2015),
have a thinner corpus callosum (Campbell et al., 2008), and at least in mice heterozygous for Nfix
(which survive into adulthood, allowing for behavioural tests to be performed), they show cognitive
deficits (Harris et al., 2013). The cognitive tests performed thus far in mice were restricted to
memory, however it will be informative to examine whether these animals also display autistic like
traits such as those displayed in Sotos Syndrome. This could be achieved using tests that have been

developed to examine social interaction behaviours in mice (Kaidanovich-Beilin et al., 2011).
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6.2.3 Localised increases in neuron number may contribute to the

macrocephaly seen in Sotos Syndrome patients

Pertinent to this thesis, both Nfix '~ mice and persons with NFLX mutations exhibit macrocephaly
(enlarged head size). I described in Chapter 3 that at least one cause of the macrocephaly in Nfix '~
mice was because radial glial stem cells exhibited increased symmetric division. This led to an
expansion of the radial glial cell pool and delayed IPC production. The increased number of radial
glial stem cells culminated in a prolonged period of neurogenesis, ultimately generating more
cortical neurons than in comparison to controls. This in turn resulted in Nfix’~ mice having
increased brain size (megacephaly), which presumably then contributed to the overall increase in

head size (macrocephaly).

The cause of macrocephaly in human patients with NFLX mutations is unclear. Indeed, the MRI
evidence reported in the literature to date does not detail any gross, global increase in brain size
(megacephaly), although the reported data is scant. One possibility is that the macrocephaly of
human patients is due to changes in cranium structure, rather than brain size. Indeed unusual bone
structure underlies the distinctive facial features of this disorder. Equally likely however, is that
there are also localised brain regions that are enlarged in persons with NFLX mutations that are not
readily detected by standard MRI scans, or are not noticed by physicians. These local abnormalities
may then contribute to the increased head size of patients. This is supported by the brain structure
of Nfix"~ mice, which shows increases in brain size in only certain regions. For example, while
Nfix”™ mice display increased thickness of the dorsal forebrain, the phenotype is most severe in the
hippocampus. Other areas of Nfix '~ mouse brain are unaffected or indeed are reduced in size. For
example, the ventral forebrain is unaffected in Nfix "~ mice, probably because the developing ventral
telencephalon does not express high levels of NFIX (Plachez et al., 2008), while the postnatal
cerebellum of Nfix"~ mice is smaller due to defects in terminal cerebellar granule neuron maturation

(Piper et al., 2011; Fraser et al., 2016).

This information concerning the areas of brain most affected in Nfix~ mice could be used by
paediatricians to phenotype patients more accurately. For example, assessing MRIs with a focus on
hippocampal morphology may prove useful. If a standard patient MRI lacks the resolution to
examine smaller structures such as the hippocampus, future research studies should be performed at

higher scanning resolutions to detect what changes are present in persons with Sotos Syndrome.
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6.2.4 Modelling human NFIX mutations using cerebral organoids

My hypothesis that defects in radial glial maturation may underpin the human brain phenotype of
persons with NFIX mutations is dependent upon the assumption that the function of NFIX is
conserved between mouse and human. While the phenotypic overlay between Nfix’ mice and
human patients support this assumption, direct experimental evidence is lacking. Recent
technological advances however, have made testing this hypothesis possible. Specifically, the
recent combining of induced pluripotent stem cell technology with the 3-dimensional brain
(cerebral organoid) culture systems allow for patient-specific neural tissue to be grown in a manner
that mimics the early stages of human brain development. Using this technology, pioneering studies
have taken fibroblasts from patients with a neurodevelopmental disorder, reprogrammed these cells
to an iPSC state, and differentiated these cells into a 3d mini-brain culture (Lancaster et al., 2013;
Pasca et al., 2015). These early works have already provided insight into disorders such as primary
microcephaly caused by genetic mutations (Lancaster et al., 2013) or by Zika virus infection
(Cugola et al., 2016; Dang et al., 2016), as well as in idiopathic autism spectrum disorder (Mariani
et al., 2015). Recapitulating this culture process using fibroblasts from persons with NFIX
mutations will definitively determine whether NFIX also functions to promote radial glial cell
differentiation within the human brain. Moreover, reprogramming of cells from patients with
different NFIX mutations (for example, loss-of-function NFIX mutations versus dominant-negative
NFIX mutations) would permit interpretation of the effect that specific NFIX mutations have on
human brain development. This may help to parse apart any differences in early brain development

that occur between Sotos Syndrome and Marshall-Smith Syndrome patients.

6.2.5 Genetic interaction between NFIX and NSD1

Another avenue of future research that is fascinating to consider is the possible genetic interactions
between NFIX and genes that when mutated, cause the same or similar neurodevelopmental
disorders. The most interesting example of this may be the transcription factor NSDI.
Haploinsufficiency for NSD1 (Kurotaki et al., 2002), like haploinsufficiency for NFILX, causes Sotos
syndrome. This suggests that these two proteins may be interacting either directly, as binding
partners or regulating the expression of similar sets of genes. To test these hypotheses, co-
immunoprecipitation could be performed so as to determine whether NFIX and NSD1 physically
bind each other. Moreover, transcriptomic profiling of brain regions in mice heterozygous for Nfix
(Harris et al., 2013) with mice heterozygous for Nsd/ (which are yet to be generated), would allow

determination of whether these proteins regulate similar sets of genes during brain development.
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Interrogating this hypothesis would provide substantial insight into NFIX and NSD! function during

brain development, as well as to the pathology of Sotos Syndrome more generally.
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6.3 Comparing the function of NFIX in embryonic versus adult

neural progenitors

Prior to this thesis, the function of NFIX in adult neural stem cells had not been explored. The
analysis of NFIX function during development (Chapter 3) and in AH-NSCs (Chapter 5) places this
thesis in the unique position to directly compare the function of NFIX in these two contexts. This
comparison is useful as it allows generalisations to be made about how NFIX operates as a

transcription factor within the nervous system.

In my thesis, contrary to initial expectations, I failed to find evidence that NFIX has an essential
role in maintaining the long-term quiescence of AH-NSCs (see Chapter 1 for discussion, and
section 6.4.1, below). Rather, I found that NFIX functions similarly in the adult brain as it does in
the developing brain. In both contexts, NFIX promoted neuronal differentiation (Chapter 3 &
Chapter 5). Likewise, NFIX also inhibited oligodendrocyte fate in the adult hippocampus (Chapter
5), which matches the function of NFIX during early postnatal development (Zhou et al., 2015).
While I did not extensively examine whether NFIX promotes astrocyte production from AH-NSCs
(Chapter 5), as it does during development (Heng et al., 2014), these results suggest that NFIX/NFIs
govern major transitions in neural stem cell fate in a manner that is at least somewhat consistent

across these different biological contexts.

In the following section, the similarities and differences in NFIX/NFI function during development
and in AH-NSCs are outlined. I also draw on the literature relating to NFI function in other contexts
to postulate that NFIX/NFIs may act by regulating chromatin structure, in addition to directly
regulating gene expression through promoter interactions. I postulate that NFIX/NFIs directly, or
indirectly through the recruitment of chromatin modifying-proteins, increase the accessibility of
genome regions associated with cellular fate changes. This hypothesis may explain how NFIs can
regulate all three major facets of neural stem cell differentiation: the production of neuronal,

astrocyte and oligodendroglia lineages.

6.3.1 NFIX is not essential for maintaining the long-term quiescent
state of AH-NSCs

The starting point of this thesis was the proposal that NFIs may have a different or accessory

function within adult neural stem cells, namely in the maintenance of quiescence (Chapter 1). This
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proposal was based primarily on two studies, one performed in the skin stem cell niche (Chang et
al., 2013), and the other in the haematopoietic system (Holmfeldt et al., 2013). In both these studies,
deletion of Nfix (haematopoietic system) or Nfib (skin stem cell niche) from adult stem cells led to
increased proliferation and subsequently the depletion of the stem cell pool, suggesting that NFIs
were mediating quiescence in these populations. The logical extension of these studies was that
NFIX/NFIs might also regulate quiescence within adult stem cells of the CNS. This idea was
strengthened shortly thereafter, by the publication of an in vitro study of neural stem cell quiescence
(Martynoga et al., 2013). In this study, the authors used neural stem cells derived from an
embryonic stem cell line. The exogenous application of BMP4 to these cells induced a state of
quiescence. Analysis of chromatin accessibility during periods of proliferation and during periods
of quiescence revealed that the NFI binding motif was strongly enriched in the quiescent state.
Because only NFIX (and not NFIA, NFIB or NFIC) showed high expression in quiescent cells in
this in vitro model, it was concluded that NFIX might be a central component of the gene regulatory

network underpinning neural stem cell quiescence (Martynoga et al., 2013).

It was thus surprising in this thesis (Chapter 5) that when I tested the hypothesis that NFIX would
be essential in regulating quiescence in AH-NSCs, Nfix deletion had little effect. Nfix deletion led to
a small increase in AH-NSC proliferation (and the concomitant loss of quiescence) after 14 dpi,
however, the effect size was both small and transient. Instead, Nfix deletion from AH-NSCs caused
major defects in neuronal differentiation and increased oligodendrocyte generation. This data
demonstrated that NFIX functions primarily to regulate differentiation but not the quiescence of
AH-NSCs. There are a few explanations that may account for the discrepancy between the in vitro
data (Martynoga et al., 2013) and our in vivo work (Chapter 5). For one, the in vitro system lacked
the complexity of the in vivo niche, which is comprised of a dense network of blood vessels,
excitatory and inhibitory inputs and immune cells (Moss et al., 2016). Other explanations may be
that Martynoga and colleagues used neural stem cells derived from an embryonic stem cell line,
which may have a vastly different epigenetic landscape than AH-NSCs. It would therefore prove
interesting to repeat their experiment using a primary culture of AH-NSCs to determine if this

accounted for the differences between their work and our in vivo findings.

6.3.2 NFIX promotes neuronal differentiation during development

and in the adult hippocampus

During development of the mouse CNS, previous work had identified that NFIX was absolutely

crucial for promoting the differentiation of neural stem cells. In the developing cerebellum for
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example, NFIX has been shown to be required for the timely migration of GNPs towards the
internal granule layer and for the axonal extension of these progenitors. Molecular studies identified
that NFIs were able to bind to and regulate the expression of many genes involved in the maturation
of GNPs, such as Gabra6 (Wang et al., 2004), Gabral, Wnt7a (Ding et al., 2013), N-cadherin and
ephrin BI (Wang et al., 2007). Likewise, previous work cataloguing the dorsal forebrain phenotype
of Nfix”’~ mice had determined there was delayed production of TBR1™® neurons in the neocortex
and hippocampus (Heng et al., 2014). However, it was unclear at what point from the transition of
radial glial stem cell to a mature neuron was affected in these mice. In Chapter 3 of this thesis, |
clarified this by demonstrating that NFIX regulates neuronal differentiation in the dorsal forebrain

by driving the production of IPCs from radial glia, in part, through regulating /nsc expression.

In this thesis, I also examined the function of NFIX in regulating neuronal differentiation in the
adult hippocampus. I found that by deleting NFIX from AH-NSCs using a nestin-creER"
transgene, or from neuronally committed cells using a dcx-creER'? transgene, this resulted in
severely impaired neuronal differentiation (Chapter 5). In the absence of NFIX, adult hippocampal
neuroblasts failed to extend a primary dendritic branch, and retained expression of an immature
neuronal marker (TBR2) longer than in control neuroblasts. These neuroblasts failed to mature into
dentate granule neurons and an elevated proportion of these cells underwent programmed cell
death. Therefore, like during development, NFIX expression is required for normal neuronal

differentiation.

There are some differences as to how NFIX regulates neuronal differentiation across these different
contexts. For example, in the developing dorsal forebrain, NFIX promotes the generation of IPCs
from radial glia, which is a very early fate choice during neuronal development, while late aspects
of neuronal differentiation appear unaffected (Chapter 3). In contrast, in the developing cerebellum
and in the adult hippocampus, NFIX regulates later stages of neuronal differentiation so that
primarily, axonal extension or dendritic branching and migration of immature neurons are affected
(Piper et al., 2011) (Chapter 5). Another difference is that in the adult hippocampus, NFIX is
absolutely required for neuronal differentiation so that the deletion of NFIX from these cells results
in cell death. Conversely, during the development of the dorsal telencephalon in Nfix”~ mice, the
delayed IPC production and expansion of the radial glial cell pool actually results in greater neuron
number postnatally. Likewise, the developing cerebellum of Nfix’ mice is initially smaller but
largely catches up so that it is of comparable size and neuron number by P20 (Piper et al., 2011).

These differences in the effect that NFIX deletion has on neuronal development and survival may
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be accounted by different co-factor expression. Currently, little is known as to the different protein
co-factors that NFIs may bind to regulate neural stem cell biology. NFI proteins can heterodimerise
with other NFI proteins, and have been shown to form a complex with SOX9 to regulate glial
differentiation in the spinal cord (Kang et al., 2012). Heterodimerisation of NFIX with dorsal
telencephalon specific co-factors could affect neuronal gene expression differently than
heterodimerisation of NFIX with co-factors that are specifically expressed in adult neuroblasts.
Alternately, the chromatin state of the neural progenitors may account for the phenotypic
differences seen upon Nfix deletion. ChIP-seq experiments determining the chromatin binding
profile of NFIX across radial glial progenitors of the dorsal telencephalon, granule neuron
progenitors of the cerebellum, and neuroblasts of the adult hippocampus would address this
hypothesis. For example, one might expect to see NFIX binding to regions of the genome that are
associated with early neuronal specification in the dorsal telencephalon, whereas in adult
neuroblasts, NFIX may bind promoter regions upstream of genes involved in dendritic projection

and neuronal survival.

In summary, NFIX is a key transcription factor that regulates neuronal differentiation during brain
development and in the adult hippocampus. While the effect that NFIX deletion has on neuronal
differentiation may vary per cell population, these differences only serve to highlight that NFIX

promotes neuronal differentiation across a wide range of contexts.

6.3.3 NFIX inhibits oligodendrocyte differentiation during postnatal

development and in the adult hippocampus

In contrast to their role in neuron differentiation, the relationship between NFIX/NFIs and
generation of oligodendrocytes is less understood. This has primarily been because most Nfi "~ mice
fail to survive after birth, while the majority of oligodendrocytes in the mouse brain are generated
postnatally, with peak production at approximately P14 (Sauvageot and Stiles, 2002; Kriegstein and
Alvarez-Buylla, 2009; Zuccaro and Arlotta, 2013). Two studies indicate that NFIs may have a
complex relationship to oligodendrocyte lineage progression during mouse brain development. The
first of these studies, published by Wong and colleagues (2007), performed an mRNA microarray on
whole brain tissue from surviving P16 Nfia” and control mice. Among the 356 mis-regulated genes,
those relevant to the oligodendrocyte lineage were particularly affected. Compared to control mice,
oligodendrocyte precursor genes were upregulated, while genes typically associated with mature
oligodendrocyte were downregulated. These data suggested that NFIA might function to promote

terminal oligodendrocyte differentiation in the mouse brain (Wong et al., 2007).
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The majority of oligodendrocytes are derived from pre-existing oligodendrocyte precursor cells
scattered throughout the brain parenchyma (Menn et al., 2006; Kriegstein and Alvarez-Buylla,
2009). Some oligodendrocytes however, are also generated by NSCs from the SVZ of the lateral
ventricles where they migrate to the corpus callosum (Menn et al., 2006). In a 2015 study, deletion
of NFIX from cultured SVZ neural stem cells, led to increased generation of oligodendrocyte
precursor cells, whereas forced overexpression inhibited their production. This data demonstrated

that the generation of SVZ-derived oligodendrocytes is inhibited by NFIX (Zhou et al., 2015).

This data from Zhou and colleagues (2015), closely match the findings from Chapter 5 of my thesis.
Unlike adult stem cells of the SVZ, AH-NSCs do not generate oligodendrocytes under
physiological conditions. AH-NSCs do however, exhibit tri-potentency that is revealed under
certain conditions (Sun et al., 2015). Using a retroviral delivery system into the dentate gyrus Braun
and colleagues (2015) demonstrated that the expression of genes such as Sox/0 or Olig2 could force
AH-NSCs to generate oligodendrocytes (Braun et al., 2015; Sun et al., 2015). However, the factors
inhibiting the tri-potentiality of AH-NSCs are still very poorly defined. I found in Chapter 5 of my
thesis that deletion of Nfix using either a nestin-creER™ or dex-creER™ transgene resulted in
elevated oligodendrocyte production in the adult mouse hippocampus. These data suggest that, like
in the postnatal SVZ, NFIX functions to inhibit oligodendrocyte production within the hippocampal
niche, and might therefore be a key factor that suppresses the in vivo tri-potentiality of AH-NSCs.

6.3.4 NFIX promotes astrocyte differentiation during development

Finally, one role of NFIX/NFIs that has been consistently observed, both in vitro, and in vivo in
various regions of the brain is their capacity to promote astrocytic differentiation. The massive
delay seen in GFAP expression was among the first phenotypes observed in Nfi” mice (das Neves
et al., 1999), and is seen in the forebrain (das Neves et al., 1999; Steele-Perkins et al., 2005;
Campbell et al., 2008), cerebellum (Piper et al., 2011) and spinal cord (Kang et al., 2012) of Nfi
mice embryonically. NFIs can directly activate the expression of astrocyte specific genes such as
Gfap (Cebolla and Vallejo, 2006; Gopalan et al., 2006; Namihira et al., 2009; Singh et al., 2011), B-
fabp (Bisgrove et al., 2000), Sparcll (Wilczynska et al., 2009), Apcddl, Mmd2, Zcchc24 (Kang et
al., 2012) and a;-Antichymotrypsin (Gopalan et al., 2006). In the adult hippocampus I found that
deletion of NFIX from AH-NSCs did not lead to any change in the number of SI00B™" astrocytes
(Chapter 5). From this data alone however, it is not possible to conclude that astrocyte production

occurs completely normally in the absence of NFIX in the adult hippocampus. One caveat is that
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S1008 itself is not a completely specific marker for astrocytes (Young et al., 2010). For example,
other aspects of glial differentiation may be impaired, as is seen in the spinal cord of Nfix”~ mice,
where the number/specification of astrocytes is unaffected but the terminal differentiation of these
cells is impaired (Horne et al., manuscript in preparation). Alternately, I may not have observed an
astrocyte phenotype in the adult hippocampus because AH-NSCs rarely generate these cells
(Bonaguidi et al., 2011). A better experiment to determine the role of NFIX in astrocyte
development in the adult hippocampus might be to overexpress NFIX in AH-NSCs using an in vivo
retrovirus delivery system. The overexpression of NFIX may then increase astrocyte development
as it does upon overexpression during the development of the dorsal telencephalon (Heng et al.,

2014).

6.3.5 Does NFIX/NFls govern neural stem cell fate changes through

modulating chromatin accessibility?

The complex and substantial role that NFIX/NFIs have in regulating the differentiation of neurons,
oligodendrocytes and astrocytes from neural progenitor cells across development and in the adult
hippocampus, demonstrate that these proteins are key determinants of cellular fate in the nervous
system. How do NFIX/NFIs fulfil such a varied role in fate determination? Two scenarios are
possible. Firstly, in line with their well-known role as transcription factors, NFIX/NFIs promote
these different cellular fates by directly activating/repressing the expression of genes associated
with these fates. Depending on the cellular context, the binding profile of NFIX/NFIs changes in
accordance to which cell type needs to be produced. For instance, during the early development of
the dorsal telencephalon, NFIX/NFIs bind to the promoter of /nsc (Chapter 3) and other genes
associated with early neuronal development to promote IPC production (Chapter 3) (Piper et al.,
2010; Heng et al., 2014; Piper et al., 2014). Later during the development of the dorsal
telencephalon, NFIX/NFIs may then bind Gfap and other genes associated with astrocyte
development (Piper et al., 2011), and later again, genes associated with oligodendrocyte
development (Zhou et al., 2015). These changes in the genome wide chromatin binding profile of
NFIs would be likely mediated by the dimerization of NFIs different co-factors. An unbiased

approach such as mass spectrometry could be used to identify these NFI co-factors.

The direct activation/repression of cell-type specific gene expression is unlikely to completely
account for how NFIs govern neural stem cell fate. Neurons, astrocytes and oligodendrocytes are
vastly different cells. For NFIX/NFIs to promote these different cellular fates only through the

direct regulation of gene expression, they would likely need to directly activate/repress the
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expression of many genes specific to each lineage. Interestingly, different neural cell types have
vastly different chromatin architecture. This leads to the intriguing possibility that NFIX/NFIs may
control cell fate through regulating chromatin accessibility. Indeed, there is substantial existing and
emerging evidence that NFIs may also regulate cell fate through this means, either through
nucleosome remodelling, or indirectly, via interactions with epigenetic modifiers [reviewed in

(Fane et al., 2017)].

Some of the earliest evidence that the NFI protein family could act in a transcriptionally
independent manner was that NFIs can bind to NFI half-sites and serve as initiation factors during
DNA replication (Santoro et al., 1988). Early structural analysis also hinted that NFIs could regulate
chromatin structure as they contained a trans-activation domain that interacted with histones H1 and
H3 (Dusserre and Mermod, 1992; Alevizopoulos et al., 1995) and were able to alter the interaction
of reconstituted nucleosomal cores with DNA in vitro (Alevizopoulos et al., 1995). In vivo evidence
also revealed that NFIs are able to alter native chromatin structure at yeast origins of replication (Li,

1999) and other promoter regions through direct interaction with histone proteins.

NFIs have also been shown to affect chromatin remodelling in an indirect manner through
regulating and interacting with epigenetic modifiers. For instance, NFIB has been shown to directly
repress the epigenetic modifier EZH2 during development of the dorsal telencephalon to promote
neuronal differentiation (Piper et al., 2014). Furthermore, NFIs have also been shown to interact
with histone deacetylases, such as BAF (Liu et al., 2001; Zhao et al., 2005) and other transcriptional
activators such as BRG1 (Hebbar and Archer, 2003).

The most prominent study implicating NFIs as chromatin regulators found that NFIB was a key
driver of chromatin accessibility in the metastasis of lung cancer. This study revealed that,
compared to primary tumours, metastatic tumors had vastly increased chromatin accessibility.
Bioinformatic analyses revealed that the NFI consensus site was strongly enriched in these
differential regions of chromatin accessibility. These regions of increased chromatin accessibility
depended on NFIB expression. Moreover, the samples with the most accessible chromatin were

often correlated with amplification of the Nfib locus (Denny et al., 2016).

Collectively, these data suggest that in addition to governing neural stem cell fate by directly
regulating the transcription of cell-type specific genes, NFIX/NFIs may also achieve this in part,

through regulating chromatin architecture. To validate this hypothesis within neural stem cells, a
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range of experimental approaches could be considered. For example, data-mining of Assay for
Transposase-Accessible Chromatin sequencing (ATAC-seq) datasets from neural progenitors
undergoing neuronal, astrocyte or oligodendrocyte differentiation might reveal whether NFI-
binding sites are enriched in accessible regions of the genome specific to each cell state. Subsequent
loss- and gain-of-function experiments followed by ATAC-seq could then be used to determine
whether the availability of these chromatin sites were dependent upon NFI expression. Another key
experiment would be to determine whether NFIs increase chromatin accessibility by interacting
with other epigenetic modifying proteins. NFIs have only a limited number of known interacting
proteins (Kang et al., 2012), and an unbiased approach, such as mass spectrometry, could be used to

identify whether NFIs bind to epigenetic regulator proteins.

160



6.4 NFIX function in adult hippocampal precursors

Chapter 5 of this thesis demonstrated that NFIX was a central factor controlling the differentiation
of adult hippocampal neuroblasts into mature dentate granule neurons. The impaired production of
dentate granule neurons from adult hippocampal precursor cells is linked to psychiatric disorders
such as depression (Goncalves et al., 2016). The capacity of adult hippocampal precursors to
generate cell types other than neurons is thus a less frequently studied process in the literature.
Among the most tantalising findings from Chapter 5 of my thesis, was that Nfix-deletion from adult
hippocampal progenitors biased some cells towards an oligodendrocyte fate. I review these data
suggesting that Nfix acts as a molecular barrier to oligodendrocyte production in the hippocampus
in the context of recent studies exploring similar molecular blocks. I close by briefly discussing the
possibilities of programming adult hippocampal precursors to generate oligodendrocytes for the

treatment of disorders that feature demyelination of the hippocampus/temporal lobe.

6.4.1 Molecular blocks of adult hippocampal precursor potency

Unlike stem cells in the adult SVZ that generate oligodendrocytes destined for the corpus callosum
(Menn et al., 2006), AH-NSCs do not generate significant numbers of oligodendrocytes under
physiological conditions (Bonaguidi et al., 2011). Primary cultures of AH-NSCs also show limited
capacity to generate oligodendrocytes, suggesting that barriers preventing the generation of
oligodendrocytes from AH-NSCs are likely to be cell-intrinsic (Suh et al., 2007; Rolando et al.,
2016). Recently, AH-NSCs were shown to be able to undergo a directed differentiation process to
generate oligodendrocytes upon the forced expression of Olig2, Sox10 or Ascll using retroviruses
(Braun et al., 2015). Two studies followed this, where the removal of molecular blocks, either
neurofibromin 1 (Sun et al., 2015) or Drosha (Rolando et al., 2016) were able to bias adult
hippocampal precursors towards oligodendrocyte generation. The data in Chapter 5 adds Nfix to the
short list of genes that function to inhibit oligodendrocyte formation within this population of

progenitors.

The three previous studies that have demonstrated the latent potential of adult-hippocampal neural
progenitors to generate oligodendrocytes did not determine the precise cell-type within the
hippocampus that was giving rise to these cells. Braun and collleagues (2015) used retroviruses that
target both dividing AH-NSCs and dividing IPs. Sun and colleagues (2015) used a glast-creER"™
line, and Rolando and colleagues (2016) a Hes5-creER™ line, which, while only recombining in

AH-NSCs, does not preclude the possibility that later cells in the lineage were responsible for the
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generation of oligodendrocytes. Since AH-NSCs form the base of the lineage tree in the adult
hippocampus, the most reasonable assumption from these studies at the time, was that the cells that

converted to an oligodendrocyte fate were AH-NSCs.

Similar to these studies, I used a cre-recomnbinase line (nestin-creER™) that efficiently deletes
LoxP-flanked genetic sequences from AH-NSCs (Imayoshi et al., 2006). Upon deleting Nfix using
this nestin-creER™ line, there was an approximate 5-fold increase in oligodendrocyte generation.
Remarkably, I also saw evidence of a bias towards an oligodendrocyte fate following deletion of
Nfix using a dex-creER"™ line (Cheng et al., 2011). RNA-seq of tdtomato™® cells 7 dpi revealed an

iDex-TD . .
Y mice relative to

increase in the mRNA levels of oligodendrocyte precursor genes in Nfix
controls. There are a number of reasons that suggest this data reflect real changes in neuroblast cell
biology rather than an experimental artefact. Firstly, I found that the dex-creER™ line was highly
specific. The vast majority of tdtomato ' cells were DCX ™ at 7 dpi, while less than 2% of

+ve

tdtomato *® cells were Olig2™°. Secondly, the types of mis-regulated genes in the RNA-seq
experiment are consistent with the de novo generation of oligodendrocytes. For example, only pan-
oligo markers or oligodendrocyte precursor genes were upregulated upon Nfix deletion (e.g Oligl,
Olig2, Cspg4), whereas mature markers of oligodendrocytes were unchanged (e.g Mbp, Mog). The
widespread cell death of DCX "™ cells upon Nfix deletion would likely mean that we only detect
these changes at a transcriptional level, and not as an increase in the number of tdtomato™* cells
that colocalise with oligodendrocyte markers. Consistent with this, was no substantial increase in
the number of Olig2™; tdtomato™® cells in Nfix"“*™ mice compared to controls. Therefore these
data support a model where Nfix deletion from neuroblasts leads to a failure of these cells to execute
a program of neuronal differentiation, concomitant with a de-repression of oligodendrocyte
precursor gene expression. The cellular death of Nfix deficient neuroblasts obfuscates our capacity
to determine whether the de-repression of oligodendrocyte precursor gene expression from these

cells would be sufficient to convert them into a mature oligodendrocyte state over the long-term.

However, these data suggest that if these cells were to survive that this trajectory is possible.

There are two key experiments that can be performed to strengthen my data that adult hippocampal
neuroblasts have the potential to generate oligodendrocytes. The first of these experiments would be
to perform single-cell RNA-seq on Nfix-deficient and control neuroblasts to identify single-cells
that are ‘in-between’ a neuronal and oligodendrocyte fate. This would allow us unequivocally
determine that the increase in oligodendrocyte precursor gene expression is coming from single-

cells that also express neuronal genes, rather than a contaminating bias in our ‘bulk’ RNA-seq
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experiment. In support of this, a previous single-cell sequencing experiment using a transgenic
Dcx::dsRed mouse line, detected a sub-population of neuroblasts that expressed oligodendrocyte
genes, suggesting that even wild type neuroblasts express some oligodendrocyte markers at an
mRNA level (Gao et al., 2016). Secondly, it would be of great interest to delete more potent
inhibitors of oligodendrocyte fate using the dcx-creERT?2 line, such as neurofibromin 1 (Sun et al.,
2015) and repeat this single-cell sequencing experiment. Because neurofibromin I is not required
for neuroblast survival, the deletion of neurofibromin 1 from neuroblasts would also allow us to
determine whether the de-repression of oligodendrocyte precursor genes from within neuroblasts is
sufficient to convert this population into mature oligodendrocytes, without the obfuscation caused

by cellular death.

6.4.2 Clinical relevance of oligodendrocyte production in the adult

hippocampus

The suggestion that AH-NSCs (Braun et al., 2015; Sun et al., 2015; Rolando et al., 2016) (Chapter
5) have the capacity to generate oligodendrocytes is an exciting development. The myelination of
the hippocampus is often affected in disorders such as multiple sclerosis, Alzheimer’s disease,
bipolar disorder and in traumatic brain injury (Chambers and Perrone-Bizzozero, 2004; Meier et al.,
2004; Noble, 2004; Geurts et al., 2007). Moreover, the hippocampus has been reported to lack a
significant remyelination response to injury relative to other brain regions (Deverman and
Patterson, 2012; Braun et al., 2015). In theory, cellular transplantation therapies of oligodendrocyte
precursor cells could be developed to treat the demyelination of the hippocampus in disorders such
as multiple sclerosis, but these would be inevitably expensive and invasive treatments that run the
risk of rejection or tumorigenesis (Walker et al., 2016a). An alternative to cellular transplantations
is to harness endogenous neural stem cells/progenitors to generate oligodendrocytes. Indeed, Braun
and colleagues (2015) have already demonstrated this in mice, where reprogramming of adult
hippocampal precursor cells using retroviruses generated oligodendrocytes and enhanced
remyelination after injury. Future studies aimed at identifying small molecules that activate or
inhibit specific transcriptional pathways to increase oligodendrocyte differentiation without using of
viruses will be important (Braun et al., 2015). The development of small molecules to target these
transcriptional pathways would be difficult due to oftf-target effects and limited drug bioavailability
but these issues could be overcome (Walker et al., 2016a). The identification of Nfix as a molecule
that blocks the potential for adult hippocampal progenitors to generate oligodendrocytes is a step

towards the development of these treatments
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6.5 Conclusion

A complete understanding of the molecular pathways controlling neural stem cell biology is central
to treating neurodevelopmental disorders, degenerative conditions of the nervous system and
improving cognitive function. This thesis has revealed that the transcription factor NFIX is a crucial

regulator of neural stem cell biology.

During the development of the dorsal telencephalon, NFIX acts to promote the asymmetric division
of radial glial progenitors and the production of IPCs (Chapter 3). Without NFIX, the stem cell pool
in mice expands and neurogenesis is prolonged. This leads to more neurons and macrocephaly.
While this work has deepened our general understanding of brain development, it will also inform
future studies that model human disorders caused by NFIX mutations, using such techniques such as

cerebral organoid culture.

This thesis has also contributed a new method that may assist persons working in the field of adult
hippocampal neurogenesis. In Chapter 4, a morphology independent approach to quantifying AH-
NSCs was described. This technique is accurate, fast and allows for the quantification of both
radially- and horizontally-oriented AH-NSCs. If broadly adopted, this approach may help to
provide a more holistic account of changes to AH-NSC populations after experimental

manipulation.

Finally, using this newly developed method, and others, this thesis also described the function of
NFIX within neural progenitors in the adult hippocampus (Chapter 5). This work revealed that
NFIX is an essential factor for promoting neuroblast differentiation and survival, and added Nfix to
the growing list of genes that function to restrict the potential of AH-NSCs to generate

oligodendrocytes.

Collectively, this thesis has substantially increased our understanding of the transcriptional control

of neural stem cells in the developing brain and in the adult hippocampus.
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