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ABSTRACT
Regenerative medicine offers tremendous potential for the treatment of irreversible damage to
the brain. Activation of quiescent adult neural stem cells by clinical means to regenerate tissue
can improve pathological outcomes of patients afflicted by brain trauma. Control of the cell-
cycle is important in activating quiescent neural stem cells for the purpose of enhancing adult
neurogenesis. Here, we uncover the role of cell-cycle regulatory transcription factors E2F1 and
E2F3 in adult neural stem cell activation and characterize it. We hypothesize that the
Retinoblastoma-E2F pathway is crucial for neural stem cell activation. We characterized the
requirement of E2Fs1/3 for adult neural stem cells activation through a combination of multiple
knockout timepoints in mice and novel markers used to identify distinct neural stem cell sub-
populations. The results show a marked reduction in the neurogenic capacity of the adult brain,
with common markers of proliferation and different progenitor-cell lineages decreased.
Additionally, the ability of quiescent neural stem cells to transition to an active state is reduced.
A whole genome-analysis of RNA isolated from E2Fs1/3-knockout adult neural stem cells has
shown a shift from an active identity-state to a quiescent one. In the future, E2Fs1/3 could
emerge as key regulators of quiescent stem cell activation, and thus could be potential targets for

therapeutic control in order to enhance neurogenesis in patients with brain pathology.
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INTRODUCTION

1.1 Adult Neurogenesis

The discovery of adult neurogenesis initiated an effort to understand the
mechanisms underlying generation of new neural circuitry in the brain, and its
contribution to shaping behavior. Throughout one’s lifetime, stem cells located in
discrete neurogenic niches undergo differentiation and integration into existing neural
circuits, forming connections with pre-existing processes of more mature neurons. Adult
neurogenesis has been implicated in the shaping of smells, mood, memory, learning,
cognition and even forgetting, throughout an organisms development (Deng et al., 2010;
Frielingsdorf and Kuhn, 2007). Adult neurogenesis offers tremendous potential for
regenerative medicine in the treatment of diseases such as ischaemic stroke, and

neurodegenerative disorders including Alzheimer’s and Parkinson’s.

1.1.1 Overview of neurogenesis in the adult brain

Neurogenesis is defined as the ongoing process of generating newborn neurons
during adulthood from a pre-existing pool of stem-like precursor cells. Neurogenesis is
the product of precursor cell, or neural stem cell (NSC) activation by both cell-intrinsic
and cell-extrinsic factors that leads to proliferation of cells that make up the neurogenic
niches (Ming and Song, 2011; Toda and Gage, 2018). Precursor cells are defined here as
somatic cells that are capable of replicating and terminally differentiating into a mature
cell after several rounds of cell-cycle (Chagastelles and Nardi, 2011). In adult
neurogenesis, a quiescent pool of stem cells located in discrete neurogenic regions of the

brains undergoes intermittent activity to maintain itself and generate newborn neurons.



First described in rats, the process of adult neurogenesis has been well-documented in
mice, songbirds, primates, and in humans (Altman and Das, 1965; Ming and Song, 2011;
Reynolds and Weiss, 1992; Richards et al., 1992; Toda and Gage, 2018). The activation
of stem-like precursor cells results in the generation of newborn neurons that integrate
into functional circuits and can modulate memory, mood, and cognition (Akers et al.,
2014; Cameron and Glover, 2015; Clemente Motta-Teixeira et al., 2015; Paton and
Nottebohm, 1984). The advent of 5-bromo-2’-deoxyuridine (BrdU) has enabled
researchers to mark and trace highly proliferative stem cells localized to specific niches
in their journey to settle in distinct regions of the adult brain. Coupled together with
techniques such as immunohistochemistry, immunofluorescence and confocal, and the
discovery of stage-specific protein markers, the robustness of neurogenesis has rapidly
been characterized in multitudes of organisms from birth to death. Further research
revealed that neurogenesis was not a static process occurring at a constant rate, but rather
a dynamic process that is heavily modulated by factors such as age, exercise, stress,
environmental factors, with many such new potential intrinsic- and extrinsic-factors still
being studied (Aimone et al., 2014; Ming and Song, 2011; Toda and Gage, 2018).
Hippocampal adult neurogenesis has been well-characterized in most studied mammalian
models, and has been proven to be a persistent, age-long process in humans (Akers et al.,
2014; Boldrini et al., 2018; Spalding et al., 2013) though not without contention (Sorrells
et al., 2018). Based on tracing of C!*incorporation as a result of nuclear bomb testing,
into DNA of proliferating and newborn cells in the brain, there is clear evidence that
adult neurogenesis is a lifelong process that occurs from precursor cell activation and

maturation into newborn neurons (Spalding et al., 2013). However, the scale and rate of



neurogenesis may be lower than what previously was thought based on staining of
newborn neurons with neural cell adhesion molecule (PSA-NCAM) marker in human

brain samples (Kempermann et al., 2018; Sorrells et al., 2018).

1.1.2 The Subventricular Zone Niche

In mammals, adult NSCs are located in the subventricular zones (SVZ) and
subgranular zones (SGZ) of the dentate gyrus (DG), and are multipotent cells with the
capacity to become neurons, glia, or astrocytes (Figure 1) (Alvarez-Buylla and Garcia-
Verdugo, 2002; Dehay and Kennedy, 2007; Lugert et al., 2010). In the SVZ, activated
precursors travel via the rostral migratory stream (RMS) into the olfactory bulb (OB) to
form interneurons (Curtis et al., 2007). The integrity of both the SVZ and SGZ niches is
dependent upon interaction with and signals from the vasculature and endothelial cells
that line the niches (Tavazoie et al., 2008; Ward and Lamanna, 2004). For example,
precursors that are cultured in the absence of endothelial factors such as vascular
endothelial growth factor (VEGF) fail to proliferate and generate newborn neurons (Shen
et al., 2004). These precursors possess a radial-glial like (RGL) morphology, and are
typically known to express filamentous factor glial-fibrillary acidic protein (GFAP)
(Figure 1). Upon activation and proliferation, these cells undergo morphological and
transcriptional changes from being B-cells, to transit-amplifying progenitor (TAP) C-
cells, to newborn neuron A-cells (Figure 1). The transition from each stage to the next is
marked by a change in transcript makeup of a cell that allows for tracking the cell
throughout its evolution. For example, T-box protein 2 (Tbr2) can mark for Type-C
TAPs, whereas doublecortin (DCX) can mark for Type-A newborn neurons (Figre 1).

These transitions can occur as the cells migrate rostrally from the SVZ, through the RMS,



into the OB (Figure 1). Migration occurs over the course of a couple weeks, whereby
chains of cells attached through their radial-glial like morphology make their journey to
the OB as neuroblasts attached to astrocytes (Lois and Alvarez-Buylla, 1994). Various
guiding molecules, such as neural cell adhesion molecule (NCAM), glial derived
neurotrophic factor (GDNF) and scaffolding proteins integrin and laminin assist in
guiding the neuroblasts to their destination (Chazal et al., 2000; Emsley and Hagg, 2003;
Paratcha et al., 2006). Upon reaching the OB, neuroblasts detach and begin locally
migrating to the appropriate layer with guidance molecules such as Slitl and receptors
Robol-3 important in radial migration as well as local axonal guidance (Nguyen-Ba-
Charvet et al., 2004). Finally, neuroblasts in the OB undergo differentiation through five
distinct stages to finally become interneurons with granule cell morphology (Figure 1)
(Petreanu and Alvarez-Buylla, 2002). Although mostly characterized in lower order
mammals as a major contributor to modulation of memory and spatial awareness, OB
neurogenesis may also be a factor in human adult development (Aimone et al., 2014;
Bergmann et al., 2012; Curtis et al., 2007). In rodents, generation of newborn neurons in
the OB is important for discrimination between new odors, and the acquisition of new

odor memory (Gheusi et al., 2000; Rochefort et al., 2002).
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Figure 1. Neurogenesis in the adult mouse brain. Precursor cell lineages and stage-specific
markers allow for accurate mapping of stem cell populations.



1.1.3 The Subgranular Zone Niche

Activated SGZ precursors travel to the granule cell layer (GCL) to synaptically
integrate with the CA3 region of the hippocampus (Figure 1). Evidence indicates newly
integrated GCL neurons demonstrate electrophysiological properties similar, though not
identical, to already established older mature neurons, suggesting neurons generated
through neurogenesis are functionally similar to pre-existing neurons in those circuits
(van Praag et al., 2002; Toni et al., 2007). Granular neurons generated through adult
neurogenesis in the SGZ integrate into existing granule cell layers, mediating between
CA3 neurons and entorhinal cortex neurons (Lugert et al., 2010). Neuronal differentiation
of SGZ-derived neuroblasts is driven by GABAergic signalling that modulates
maturation into neurons capable of long-term potentiation (LTP), an electrophysiological
phenomena important for hippocampal memory formation (Ge et al., 2007; Tozuka et al.,
2005). As in the SVZ, SGZ-derived NSCs undergo multiple differentiation stages to
become neurons, with unique expression of specific proteins allowing for lineage tracing.
Hippocampal neurogenesis has significant implications for spatial memory retention,
navigation, pattern discrimination, forgetting, and cognition (Akers et al., 2014; Clemente
Motta-Teixeira et al., 2015; Deng et al., 2010; Ming and Song, 2011). Ablation of
hippocampal neurogenesis through loss of neuroblast survival is correlated with poor
performance in tasks such as Morris Water Maze (MWM) after platform reversal (Akers
et al., 2014; Garthe and Kempermann, 2013; Ming and Song, 2011). However, ablation
of neurogenesis does not always lead to decreased performance in the MWM (Groves et
al., 2013). An important function for adult neurogenesis is to establish the modulation of

mood and social interaction (Lagace et al., 2010; Mak and Weiss, 2010). In experiments



of social defeat, mice with functional SGZ neurogenesis showed greater resilience to
social defeat, with greater dentate granule clel (DGC) maturation and NSC activation
(Becker and Wojtowicz, 2007; Lehmann et al., 2013). Depression in human subjects was
shown to be linked to a lower hippocampal volume, with subjects showing poorer
performance in memory recollection tasks linked with decreased hippocampal volume
(MacQueen et al., 2003; Sheline et al., 1999). Other modulating factors of increased
hippocampal neurogenesis include exercise and enriched environments (Fabel et al.,

2009; Kempermann et al., 1997; van Praag et al., 1999, 2005).

1.1.4 Identification of NSC Lineage

Identifying the stages of stem cell development, specification, fate mapping, and
differentiation is important for the purpose of studying neurogenesis and understanding
how NSCs commit to certain lineages or their mode of division. Specific factors localized
to adult NSCs allow for identification of stem cell lineage and tracking of different stages
within NSC cell-cycle. In the SVZ, Type B cells are multipotent quiescent adult NSCs
expressing GFAP, CD133, GLAST, and Sox2, and possess radial glial-like morphology
with capacity for self-renewal (Figure 1) (Codega et al., 2014; Mich et al., 2014; Ming
and Song, 2011). Upon activation, Type B cells enter into the cell-cycle and begin either
proliferation and differentiation into rapidly-dividing Type C cells, marked by Ascll,
Tbr2, and Ki67, or decide to self-renew by creating two identical daughter cells (Figure
1) (Ming and Song, 2011; Urban et al., 2016). Active Type C cells migrate via the rostral
migratory stream (RMS) to the olfactory bulb, where they differentiate into DCX-, PSA-
NCAM-positive Type A newborn neurons (Figure 1). In the SGZ, Type I cells are the

quiescent, radial and horizontal glial-like NSCs, marked by Sox2 or GFAP, that undergo



selective self-renewal and fate commitment with further differentiation through either
symmetric or asymmetric division (Figure 1) (Lagace et al., 2007; Lugert et al., 2010).
SGZ NSCs exhibit radial glial-like morphology that is lost upon activation and transition
from Type I to Ila cell type (Hodge et al., 2008, 2012; Mu et al., 2012). Type IIb cells are
slower-dividing progenitors that express Tbr2 and Ascll are committed to a neural fate
and may also begin to express Doublecortin (DCX) (Figure 1). Further differentiated
cells express DCX and begin integration into the granule cell layer as Type 111

neuroblasts (Figure 1).

1.2 Molecular Regulation of the Niches

1.2.1 Extracellular Signaling

Similar to the SVZ NSC niche, the activation and proliferation of precursors in
the SGZ niche is mediated by a wide-variety of extrinsic-factors. Recombining binding
protein suppressor of hairless (RBPj) is implicated in regulation of quiescence and
activation (Bjornson et al., 2012; Engler et al., 2018). As an effector of the Notch
pathway, RBPj, as do downstream Notch signaling factors, hold great importance in the
regulation of stem cell activity (Engler et al., 2018; Imayoshi et al., 2010; Mizutani et al.,
2007). Recent studies demonstrate knockouts of Notch2 alleviate quiescence and promote
cell-cycle entry, showing the importance of the Notch-pathway for maintenance of
quiescence (Engler et al., 2018). Knockout studies show loss of RBPj leads to rapid
depletion of the neural stem cell pool, leading to impaired neurogenic capacity in the
SGZ niche (Imayoshi et al., 2010). Further studies characterizing RBPj as an effector of
the Notch pathway revealed a tightly regulated pathway that is important for quiescence

and activation of stem cells. Loss of Notchl activity leads to improper stem cell



maintenance and a lack of self-renewal, as well as Notch pathway activity being unique
to quiescent NSCs, but not progenitors (Aguirre et al., 2010; Alexson et al., 2006;
Androutsellis-Theotokis et al., 2006; Hitoshi et al., 2002). Other important such
transcription factors in NSC regulation are Ephrins and Shh signaling complexes. Lack of
Ephrin or Shh activity leads to reduced cellular proliferation in the niches, and reduced
survival of neuroblasts (Daynac et al., 2016; Genander and Frisén, 2010; Han et al.,
2008). In contrast to regulators of NSC self-renewal and pool maintenance, a host of
other factors promote differentiation into neuronal and glial lineages. The Wnt and BMP
pathways have been shown to be important regulators of both neural and various glial as
well as astrocytic differentiation (Bonaguidi et al., 2005; Lie et al., 2005). Other
modulators of hippocampal niche activation include classical signaling molecules such as
GABA, various neurotransmitters, acetylcholine, and glutamate, though the efficacy in
therapeutic targeting for the purpose of tissue regeneration is unknown (Ming and Song,

2011).

1.3 Neural Stem Cell Quiescence and Activation

The majority of neural stem cells can be found in a reversible quiescent state, and
can undergo activation to re-enter the cell cycle and either self-renew, commit to a neural
fate, or both. Quiescence is implicated in the reduction of neurogenic capacity in the
niches of adults throughout aging, and the inability of the niche to maintain itself through
robust self-renewal and expansion (Encinas et al., 2011; Lugert et al., 2010; Seib et al.,
2013). It is therefore pertinent for researchers in the field to find ways to not only
forcefully activate NSCs from quiescence to maintain healthy neurogenesis, but to also

find reliable ways to assess the state of NSCs in the niche through age. The absence of



proliferation markers such as Ki67 or PCNA in combination with cell-cycle exit markers
such as p16 have been used to detect quiescent GFAP-expressing cells, though with
unreliable accuracy (Urban and Guillemot, 2014). Research to discover specific markers
for quiescent (QNSC) and active (aNSC) NSCs has only relatively recently yielded a
defining picture of the characteristics of niche populations (Codega et al., 2014). Novel
evidence shows a sub-population of morphologically horizontal SGZ NSCs, marked by
Hes Family bHLH Transcription Factor 5 (Hes5), that are comparatively primed for
activation (Lugert et al., 2010; Morizur et al., 2018). This suggests there are different
sub-types of adult NSCs that range in capacity to exit quiescence, with Hes5+ NSCs
found in a state of activation and those lacking in Hes5 activity found in quiescence.
Further characterization of this niche discovered that ubiquitylation protein HUWEI
supresses pro-neural activation of qNSCs by suppressing Ascll activity (Urban et al.,
2016). RNA-Sequencing shows that these qNSCs downregulate all factors related to cell-
cycle, such as the Rb/E2F pathway, and upregulate factors for quiescence, such as p27
and p53 (Codega et al., 2014). Furthermore, isolated qNSCs fail to form neurospheres in
vitro, and appear to float in culture with no visible activity, demonstrating their reduced
capacity for activation when compared to aNSCs (Mich et al., 2014). Conversely, aNSCs
stain positive for EGFR-related activity, and RNA-Sequencing shows higher cell-cycle
activity in those cells, as well as ribosomal activity, suggesting this NSC sub-type is
primed for differentiation (Codega et al., 2014; Llorens-Bobadilla et al., 2015). When
cultured in vitro, aNSCs initiate neurosphere formation when compared to their gNSC
counterparts (Mich et al., 2014). Ongoing research attempts to elucidate if there exist an

even greater number of NSC sub-types, and the extent of heterogeneity among adult

10



NSCs. For example, under disease conditions, qNSCs can undergo further
compartmentalization into qNSC1 and gNSC2, with the latter demonstrating higher Rpl1
ribosomal protein upregulation, potentially for priming towards transition into the aNSC

state (Llorens-Bobadilla et al., 2015).

1.3.1 Quiescent to Active Transition Mechanisms

The switch between gNSC to aNSC transition and the pathways that underlie it
are currently the topic of novel ongoing research. While many such pathways and
mechanisms are currently unknown, some have been recently characterized. The Notch2
pathway and related downstream targets have been demonstrated to promote quiescence
in NSCs lining the SVZ niche (Aguirre et al., 2010; Engler et al., 2018). Acute deletion
of Notch2 protein driven by a Cre-Recombinase-Estrogen Receptor Tamoxifen 2
(CreERT2) driver localized to quiescent Hes5+ cells demonstrates greater PCNA+
marker activity in NSCs and TAPs that are negative for GFAP-marker, suggesting that
Notch2 regulates quiescence, potentially through Hes5 downstream target (Engler et al.,
2018). In those same cKO Notch2 animals, there appears to be a greater number of
neuroblasts migrating to the OB, though with some depletion of the qNSC pool (Engler et
al., 2018). Interestingly, acute deletion of Notchl does not have this effect, suggesting
Notch2 is crucial for gNSC maintenance. An additional target for maintenance and
promotion of qNSC to aNSC transition and vice-versa is the Wnt-pathway and its non-
canonical signaling roles(Chavali et al., 2018). Overxpression of Wnt5a in the SVZ
demonstrates a reduction in Ki67+ proliferation among the GFAP+ population of qNSCs
(Chavali et al., 2018). One target for Wnt to regulate NSC quiescence is through the Rho-

GTPase Cdc42, where characterization of SVZ cultures demonstrates higher Cdc42
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activity when WntS5 is overexpressed (Chavali et al., 2018). Elucidating the mechanism
controlling transition of NSCs from a quiescent to an active state and back can provide
the background for development of therapies that promote acute neurogenesis while

protecting the stem cell pool against depletion.

1.3.2 Ascll and Pro-neural Activation

Also known as MASH1, Ascll is a basic helix-loop-helix (bPHLH) factor that has
been reported to initiate differentiation in neurogenic niche NSCs with a pro-neural fate
consequence. Together with Neurogenins 1 and 2 (Ngnl, Ngn2), Ascll has been
confirmed to be involved in pro-neural differentiation and fate specification of embryonic
cells during gestation and embryogenesis (Guillemot and Joyner, 1993; Lo et al., 1991).
Ascll, localized to the ventral telencephalon during development, specifies pro-neural
progenitor differentiation with a primarily GABAergic interneuron fate in the cortex
during development (Casarosa et al., 1999). Sorted cortical cells from E14.5 embryos
with Ngn2 and Ascll deleted show greater astrogenesis and reduced neurogenesis in
culture after targeted differentiation assays (Nieto et al., 2001). Ascll is canonically
downregulated by pro-quiescnece, cell-cycle exit promoting transcription factors such as
the Hes-family of factors (Chen et al., 1997; Ishibashi et al., 1995). It is crucial to note
that bHLH factors are the initial signaling point for differentiation into a specific fate. For
example, when Ascll is overexpressed in carcinoma cell lines the cultured cells undergo
cell cycle arrest as they transition into neurons (Farah et al., 2000). Downstream targets
of this mechanism include other bHLH factors such as NeuroD1 and cell-cycle protein
p27, suggesting that overexpression of pro-fate bHLH factors is sufficient to induce cell-

cycle arrest as the cell matures into a neuron. Further evidence to suggest pro-neural
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bHLH factors are crucial for pro-neural differentiation is described in characterization
studies using in-situ hybridization where mRNA for NeuroD is found to be co-localized
with BrdU pulses, suggesting that bHLH factors are persistent throughout the progenitor
population into maturing neurons populations (Le Dréau et al., 2018; Lee et al., 2000;

Sueda et al., 2019).

1.3.3 Pro-Quiescence versus Pro-Activation Factors

As mentioned, activity of the Hes-family of proteins has been demonstrated to
suppress the cell-cycle and keep cells, as well as NSCs, in a quiescent state (Lugert et al.,
2010). The study of quiescence genes and their effect on pro-neural differentiation can
unlock new potential possibilities for guiding stem cell activation into a pro-neural
direction. Mechanisms that regulate NSC activation via pro-neural factors can be of value
in research focusing on tissue regeneration after diseases such as stroke, Parkinson’s, and
Alzheimer’s. While Hes-factors suppress pro-neural activation of stem cells, once a cell
enters the cell-cycle, controlling the balance of those factors and other pro-quiescence
versus pro-neural activation factors can decide the fate of the TAP. For example, Hes5 or
Hesl overexpression in culture promotes an astrocytic fate (Ross et al., 2003).
Alternatively, knockouts of pro-quiescence gene HUWEI] result in proliferating cells
changes their fate from either glial, astrocytic, or neural, into an exclusively neural fate
(Urban et al., 2016). Interestingly, this process does not seem to exhaust the NSC niche
of the hippocampus, suggesting that Ascll may be a good target for transient
upregulation in tissue regeneration while maintain the health an integrity of the niche
itself. Finally, in studies where mice underwent a sub-cortical stroke, the majority of NSC

activation led to an astrocytic fate in the infarct area (Faiz et al., 2015). However,
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retrovirus driven-Ascll overexpression in proliferating cells migrating to the stroke area
results in a greater number of neurons settling in the penumbra region of the stroke,

though their contribution to functional recovery is unknown (Faiz et al., 2015).

1.4 Birth of Adult Neural Stem Cells

The emergence of adult NSCs in the neurogenic niches is a remarkable event, as
these cells possess the capacity to differentiate into multiple cell-types throughout an
adults lifetime, while remaining quiescent for the majority of it. The birth of adult NSCs
is reported to happen during embryogenesis, at day E14.5 of the murine gestation cycle
(Fuentealba et al., 2015; Furutachi et al., 2015). Recent evidence shows that adult NSCs
are born during mid-embryogenesis and undergo a transcriptional transformation from
rapidly-proliferative embryonic stem cells to quiescent adult neural stem cells in both
SVZ and SGZ (Fuentealba et al., 2015; Furutachi et al., 2015; Li et al., 2013). At
approximately E13.5 during mouse embryogenesis, embryonic stem cells marked that are
GFAP+ gradually exit the cell-cycle into a state of quiescence (GO) that persists
throughout adulthood, eventually manifesting as quiescent adult NSCs. Using a novel
H2B-GFP maker coupled to Histone-2B, slower-cycling cells that express Ascll and
other pro-neurogenic markers appear in the SVZ at approximately between E13.5 and
E15.5, whereas faster cycling embryonic stem cells dilute the label and continue to form
the rest of the cortex (Furutachi et al., 2015). These cells persist throughout adulthood,
fluxing in and out of activation within the GFAP+ population, and at times also acquire
an EAU+ label together with pre-existing GFP+ label, suggesting most NSCs born during
embryogenesis are able to proliferate and maintain the niche (Furutachi et al., 2015).

Using a retrovirus-driven DNA library, dissected SVZ NSCs show an identical DNA-
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label to fully mature neurons elsewhere in the cortex that were formed during
embryogenesis (Fuentealba et al., 2015). This finding suggests that embryonic cells
responsible for generating adult NSCs also generate the rest of the neurons of the cortex
during embryogenesis, and that adult NSCs are born at approximately E14.5. In the
ventral SVZ, these cells eventually develop radial glial-like morphology and begin to
express pro-quiescence markers Neurogenin2 and HUWE1(Kele et al., 2006; Kriegstein
and Alvarez-Buylla, 2009; Urban et al., 2016). These NSCs reserve the capacity to

generate newborn neurons later in the life of the adult organism upon activation.

1.5 Cell-Cycle and Rb/E2F Pathway

Regulation of cell-cycle entry and exit is a key requirement for the
maintenance of a viable and healthy pool of quiescent stem cells. As mentioned, the
transition from quiescence into activity within NSC subtypes may be regulated by cell-
cycle proteins and related pathways. The cell-cycle can be subdivided into four
continuous phases: 1) S-Phase, in which DNA is replicated and synthesized in the
nucleus, 2) G1-Phase, a gap phase in which various cellular signals and responses tell the
cell whether to continue with proliferation after a DNA-integrity check, differentiate, or
withdraw from the cell-cycle into GO, 3) G2-Phase, in which further internal and DNA
checks occur prior to division, and 4) M-Phase, known as Mitosis, in which the nucleus
and cytoplasm divide (Schafer, 1998). Cyclin dependent kinases (CDKs), together with
their inhibitor families INK4-family, CIP and KIP, regulate cell cycle transitions and
phases once a cell has exited GO (Leemans et al., 2011; Vanderluit et al., 2007). Cdk2-
null mice display a lack of proliferation and progenitor cell loss as neurogenesis declines

with age, demonstrating decreased BrdU+ and Ki67+ staining in the SVZ niche and
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along the RMS (Jablonska et al., 2007). Cdk2 regulates neurogenesis in the niche by
upregulating Cdk4, necessary for NSC self-renewal in the SVZ niche (Jablonska et al.,
2007). Indeed, Cdk2-overexpression in germline knockout Cdk4 mice leads to a rescue of

proliferation in the SVZ (Jablonska et al., 2007).

Unlike stem cells, mature neurons are terminally differentiated and cannot re-
enter the cell-cycle successfully, and are high in expression for cell-cycle proteins
promoting GO-phase and permanent withdrawal from the cell-cycle (Andrusiak et al.,
2012; Aranda-Anzaldo, 2012; Frade and Ovejero-Benito, 2015). Other important
regulators of the cell-cycle include The Cip/Kip-family of CDK-inhibitors. Members of
this family, such as p27 and p21, appear to be crucial effectors of cell-cycle entry by
inhibition of CDK2/Cyclin-E (Soos et al., 1996). The role of the INK4-family of cell-
cycle effectors, particularly p16 (INK4a), is crucial in proper regulation of cell-cycle by
inhibiting CDKs/Cyclins that induce cell-cycle progression (Sherr and McCormick,
2002). For example, p16-deficient mice appear to develop tumors at a higher frequency
when compared to their wild-type counterparts, and tumorigenesis is exacerbated in p16-
mutants after exposure to carcinogenic compounds (Krimpenfort et al., 2001; Serrano et
al., 1996). Alternative reading-frame transcription of the p16 genetic locus leads to
generation of another tumor suppressor, p19, which appears to selectively activate p53
(Kamijo et al., 1997). Activation of p53 generally occurs in response to sources of mass
DNA-mutation, DNA-damage, and tumorigenic activity, leading to upregulation of
genetic targets that result in apoptosis or cell-cycle arrest (Levine, 1997). The canonical
cell-cycle pathway may therefore play an important role in the regulation of NSC

activation.
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1.5.1 Role of Cell-Cycle in Neurogenesis

The length of cell-cycle phases impacts the mode of division for stem cells, and
can affect whether the cell undergoes self-renewal or differentiation. Overexpression of
growth factors and endothelial signaling molecules during embryogenesis shortens the
length of G1-phase to promote re-entry into the cell-cycle and promote proliferation over
differentiation (Hodge et al., 2004; Lukaszewicz et al., 2002). Conversely, prolonging
G1-phase can accelerate differentiation and aberrantly change the fate of activated stem
cells (Calegari and Huttner, 2003; Salomoni and Calegari, 2010; Vernon et al., 2003).
Changing the length of G1-phase can also impact migration of neuroblasts, suggesting
that cell-cycle length is an incredibly delicate mechanism that has remarkable impact on
stem cell activation and commitment (Nguyen et al., 2006). Cdk2/4 DKO mice display an
increased G1-phase leading to differentiation over proliferation, suggesting these specific
CDKs are needed for NSC self-renewal (Jablonska et al., 2007). Furthermore, Cdk6
mutant mice show aberrant stem cell proliferation in the DG and SVZ, with thinner
lateral walls lining the VZ and a thinner SGZ. This effect is conserved through regulation
of Gl-phase length (Beukelaers et al., 2011). In contrast to canonical Cdk-regulation of
cell-cycle length affecting self-renewal or differentiation decisions, Cdk5 is implicated in
regulation of proper neuroblast migration through the SVZ and maturation of neuroblasts
(Hirota et al., 2007; Jessberger et al., 2008). Retrovirus-driven knockdown of CdkS5 in
migrating neuroblasts leads to reduced spine formation during dendritic arborization and
prevents mature neurons from properly integrating in GCL of the hippocampus
(Jessberger et al., 2008). In addition, conditional knockout of Cdk5 using an EMX1-Cre

driver leads to inability of TAPs and neuroblasts to traverse the RMS, and therefore a
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lack of DCX+ newborn neurons in the OB following knockout (Hirota et al., 2007). Cell
fate-mapping and lineage is largely decided prior to TAP migration, during activation,
and decided by a variety of cell intrinsic- and extrinsic-factors (Dehay and Kennedy,
2007). Activation of the majority of CDKs is dependent upon co-binding with D-type
cyclins, cyclins D1, D2, and D3, with the exception of CDKS5. Germline deletion of
Cyclin-D2 leads to a malformed hippocampal formation and a thinner SGZ formation,
with BrdU+-proliferation reduced in the niche throughout the animal’s lifetime
(Kowalczyk et al., 2004). Overall, the classical cell-cycle, its phases and cues have
important roles in NSC activation, proliferation, and lineage decisions.

1.5.2 Retinoblastoma (Rb) Gene-Family Overview

One important regulator and effector of the cell-cycle is the Rb/E2F-Pathway,
potentially regulating hundreds of important downstream cell-cycle dependent targets
(Fischer and Miiller, 2017). Initially identified and first cloned in pediatric retinal tumor
disease research, retinoblastoma (Rb) has been demonstrated to effect G1-phase
arrest(Friend et al., 1986; Lee et al., 1987; Weinberg, 1995). Deletion of Rb has been
implicated in the formation of aberrant tumors through excessive ectopic cellular
proliferation, with reintroduction of Rb into cancerous tissue shown to slow down and
effectively stop tumor growth (Harbour and Dean, 2000; Huang et al., 1988). Rb
possesses two functional “pocket” domains A and B, with a spacer region between them,
which interact together to bind targets on the genome, together with the E2F-family of
transcription factors (Sage, 2012). In humans, most oncogenic retinal activity due to Rb-
dysfunction occurs after mutations are found to disrupt the pocket-binding domain and

prevent Rb from binding transcriptional targets (Harbour, 1998; Horowitz et al., 1990).
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Rb activity in the cell is regulated by its phosphorylation and dephosphorylation.
Rb protein possess 16 potential sites for phosphorylation by various CDKs and Cyclins to
potentiate its regulation and repression of the cell-cycle (Harbour and Dean, 2000). Rb
prevents transition from G1/S-phase, or prevents entrance into the cell cycle from G0/G1.
Such crucial activity is demonstrated in studies where deletion of Rb induces re-entry of
the cell-cycle both in vivo and in vitro (Chen et al., 2004; MacPherson et al., 2004).
Progressive phosphorylation of Rb by CDKs and Cyclins, such as Cdk4, Cdk6, Cyclins
D1-D3, and Cyclin E, can relieve Rb repression of downstream E2F-targets to enact G1
to S-phase transition promoting cell-cycle re-entry (Choi and Anders, 2014; Narasimha et
al., 2014). Phosphorylation of Rb is not a single event, but a continuous concert of
multiple cell-cycle effectors working to keep the cell-cycle active. Studies have shown
that Cdk4/6 phosphorylate Rb to enact early G1-phase continuation into G1/S-Phase
checkpoint where Cdk2/Cyclin-E phosphorylates Rb into S-phase where Cdk2 overtakes
regulation of Rb (Harbour et al., 1999; Sherr, 1996; Sherr and Roberts, 1999). Numerous
Rb-binding proteins possess an LXCXE domain, such as common HDAC:s, allowing
them to co-activate targets with Rb. One such potential target for Rb is repression of the
genes responsible for Cyclin E transcription, where overexpression of Cyclin E in tissues
that contain a phospho-resistant form of Rb is able to facilitate cell-cycle re-entry by
overcoming Rb’s repressive activity (Leng et al., 1997; Lukas et al., 1997). Disruption of
the Rb-HDAC complex by Cdk4/6/Cyclin-D allows for expression of Cyclin-E which
can induce cell-cycle re-entry to G1-phase and continuation of the cell-cycle (Zhang et

al., 2000). Rb performs many of its repressive actions on the cell-cycle together with
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another family of proteins, the E2F-family of transcription factors (Iaquinta and Lees,

2007; Sage, 2012).

Similar homologous pocket-proteins p107 and p130 also act as oncorepressors
and bind E2Fs to promote cell-cycle repression. As the case with Rb, p107/p130 also act
as oncosupressor factors, inhibiting E2Fs and their activity as well as suppressing the
cell-cycle when overexpressed in tissue (Claudio et al., 1994; Starostik et al., 1996;
Zamanian and La Thangue, 1993). Pocket-proteins have been shown to selectively bind
different members of the E2F-family of transcription factors (Sardet et al., 1997). One
potential role for p107 and p130 is to produce potential tissue-specific redundancy for
cell-cycle regulation against Rb-mutations (Dannenberg et al., 2004). It is important to
note that the activity of Rb on cell-cycle repression and re-entry is tissue-specific. For
example, conditional deletion of Rb in pancreatic B-cells does not seem to produce cell-
cycle activation despite levels of p107 and p130 remaining the same compared to healthy
B-cells (Vasavada et al., 2007). However, in human retinoblastoma disease or murine
pituitary gland cancer a single deletion of Rb is sufficient to induce ectopic proliferation
(Dannenberg et al., 2004). When heterozygote Rb-mice are crossed with either p107 or
p130 knockouts, tumors appear to develop in a host of tissues in the body, such as lungs,
ovaries, thyroid, and bone (Dannenberg et al., 2004). Mutations of p130 in small-cell
lung cancer cell line GLC2 or in glioblastoma cell-line T98G demonstrate its role in
oncogenesis and may lend to the idea that while pocket-proteins are similar in function,
they are no entirely redundant (Claudio et al., 1994; Helin et al., 1997). E2F-complexes
with either Rb, p107, or p130 are differentially constructed depending on which stage of

the cell-cycle proliferating cells are in. For example, Rb/E2F complexes are found
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preferentially in G1/S-Phase, whereas p130/E2F or p107/E2F complexes are quiescent,
differentiated, or S-phase cells (Dyson, 1998). This stage-specific complex formation is
further compartmentalized by the specific E2F-family factor bound to the relevant
pocket-protein. For example, binding of p130 to E2F4 is important for and abundant in
quiescent cells, whereas Rb binds E2F1-4 throughout G1/S-Phase transitions (Corbeil et
al., 1995; Lacy and Whyte, 1997; Qin et al., 1995). Therefore, it appears the pocket-
proteins possess overlapping oncosuppressor functions in a tissue-specific manner,
though with some crucial specificity. While Rb, p107, p130 share similarity in both
function and pocket-binding activity, some key differences impact the role each protein
has in the cell. An important role for regulation of the cell cycle at the G1 to S-phase
transition DNA-integrity checkpoint by pocket proteins, p107 and p130 (Dannenberg et
al., 2004; Hurford et al., 1997; McClellan et al., 2007; Vanderluit et al., 2007). Studies
show that a triple-knockout (TKO) of Rb-family proteins Rb, p107, and p130 results in
ectopic proliferation and differentiation of the adult NSC pool through deregulation of
E2Fs (Julian et al., 2013; Vanderluit et al., 2007). As such, The Rb/E2F pathway is

important for cell-cycle regulation and the promotion of cell-cycle entry by NSCs.
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Figure 2. Canonical Rb-E2F pathway within the context of stem cell activation.
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1.5.3 E2F Transcription Factors Overview

Initially discovered after studies looking at tumor-initiating DNA-viruses
identified proteins associated with excessive proliferation, the E2Fs have been found to
be highly conserved in evolution, with 8-family members appearing in mammalian
biology(Chen et al., 2009b). Generally, there are 8 distinct E2F-proteins, some grouped
based on similar function: 1) E2Fs1-3 are considered activator E2Fs and function to enact
cell-cycle progression by expressing great binding affinity to targets that promote cell-
cycle activity once relieved from Rb repression, 2) Repressor E2Fs4-6 which act to
repress the transcription of cell-cycle proteins at the G0/G1-Phase transition out of
quiescence (E2Fs4-5) or at the S-Phase checkpoint (E2F6), and 3) Atypical E2Fs7-8 able
to bind DNA without DP protein and whose function may be to promote stem cell
differentiation or senescence (Aksoy et al., 2012; Chen et al., 2009b; laquinta and Lees,
2007; McClellan and Slack, 2007; Ramirez-Parra et al., 2004). It is important to note
there are two isoforms of E2F3 — E2F3a and E2F3b which may have distinct and
opposite roles in certain cell-types (Julian et al., 2013). The E2F-family of transcription
factors are an important transcriptional target for the Rb-family proteins (Figure 2).
Physical interaction of E2Fs with all three pocket-proteins Rb, p107, and p130 is required
for regulation of G1/S-Phase transitions and DNA replication (Dyson, 1998; Nevins,
2001; Sherr and McCormick, 2002). Canonical Rb/E2F complex has been shown to
regulate the cell-cycle at the G1/S-Phase checkpoint though this mechanism is tissue- and
context-specific (Qin et al., 1995; Zhu et al., 1993). For example, presence repressor
E2Fs4/5 and pocket-protein complexes bind to transcriptional targets to keep a

proliferating cell at quiescent GO-stage, while E2Fs1-3 complexes with pocket-proteins
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are characterized in proliferating and differentiating cells (Ikeda et al., 1996; Moberg et
al., 1996). E2Fs heterodimerize with dimerization partner (DP) to effect G1/S phase
transition and cell-cycle progression once de-repressed by phosphorylated Rb (Figure 2).
Experiments where a dominant negative isoform of DP1 is inserted into cultured human
osteosarcoma cells demonstrate an arrest of proliferation, suggesting DP is required for
binding of the Rb/E2F complex to its targets (Wu et al., 1996). Transition from a
quiescent GO-state to G1- and onwards involved upregulation of activator E2Fs1-3
activity and downregulation of repressor E2Fs (laquinta and Lees, 2007; Trimarchi and
Lees, 2002). To support this, overexpression of E2F1 in Rat-2 fibroblasts on in primate
kidney cells is a sufficient signal to promote S-phase entry, albeit with higher apoptotic
activity (Kowalik et al., 1995; Qin et al., 1994). It is important to note that the canonical
Rb-E2F binding interaction does not involve an LXCXE binding activity, but rather the
pocket and a carboxy-terminal region affinity binding activity (Huang et al., 1988; Lee et
al., 1987). However, studies implicating E2F1 as a tumor-suppressor rather than an
oncogene demonstrate tumor formation in mouse reproductive tracts, lungs, and among
T-cell lymphocytes, suggesting that E2F1, and potentially other E2Fs, can have opposite
roles in different tissues (Field et al., 1996; Yamasaki et al., 1996). The E2F-Family of
transcription factors possesses a key role in the induction and repression of the cell-cycle

and may therefore be a potentially important player in quiescence and activation of cells.

In addition to cell-cycle entry and proliferation, E2F activity can also regulate
apoptotic mechanisms. Indeed, while many tumors display high levels of runaway-E2F
activity, they are also marked with significant apoptosis and senescence (Field et al.,

1996; Martinez et al., 2010; Wu et al., 2009). Virus-driven overexpression of E2F1 in
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REF-52 fibroblast cells results in higher S-phase-bound DNA synthesis that correlates
with increased apoptosis (Kowalik et al., 1995). Interestingly, this effect can buffered
when fibroblasts obtained from p53-mutant mice are infected with the same construct,
suggesting that E2F 1 activates apoptosis through the p53 pathway (Hsieh et al., 1997;
Kowalik et al., 1995). However, p53 is not always necessary for the apoptotic function of
E2F1, which can act through Apafl or SIRT1 to also induce apoptosis (Moroni et al.,
2001; Phillips et al., 1997; Wang et al., 2006). Human WI-38 cells infected with E2F1-
overexpressing retroviruses showed a flattened morphology reminiscent of senescent
cells, in addition to having higher Senescence-Activated Beta-Galactosidase (SABQG)
staining when compared to normal or E2F I-null cells (Dimri et al., 2000).
Overphosphorylation of Rb leading to high free E2F1 activity has been implicated in
higher apoptotic activity in cells marked by increased TUNEL and Active-Caspase 3
(AC3) activity in mouse pituitary tissue (Kowalik et al., 1995; Lazzerini Denchi and
Helin, 2005). Following inactivation of p53, the tumor growth accelerates with a large
reduction in apoptotic activity, suggesting the Rb/E2F pathway is crucial for healthy
regulation of the cell-cycle through interaction with p53 and other CDKs. Other activator
E2Fs may also play a role in activation of apoptotic pathways. Irradiated E2F3-mutant
mouse embryos showed higher TUNEL staining in the developing CNS when compared
to E2F3-heterozygotes, in addition to cultured cells showing a similar result, suggesting
E2F3 is required for apoptosis in developing cells (Martinez et al., 2010). Overall,
activator E2Fs have secondary functions as pro-apoptotic genes in response to excess

levels of DNA-synthesis, though this function is highly tissue-specific and cell-specific.
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1.5.4 Role of E2F’s in Stem Cells — Overview

Further characterization of E2F activity in various tissues and cellular populations
reveals that E2Fs may have a key role in progenitor cell activation, proliferation, and
differentiation (Chong et al., 2009; Fajas et al., 2002; Miiller et al., 2001; Sage, 2012;
Sangwan et al., 2012). Depending on the tissue, E2Fs1-3 may regulate proliferation and
survival of progenitor cells (Chong et al., 2009; Wu et al., 2001a). In Rb-deficient tissues
that are tumor prone, additionally knocking out E2F1 is sufficient to stall tumor growth,
suggesting that E2F1 regulates proliferation of progenitor cells under ectopic growth
(Sangwan et al., 2012). However, triple knockouts of the activator family of E2Fs1-3 has
no effect on the proliferation of embryonic stem cells (ES cells), retinal progenitors, and
on gut stem cells suggesting the requirement of the activator E2Fs is both stage- and stem
cell niche-specific (Bertoli et al., 2013; Chong et al., 2009). In mice with conditional Rb
knockout and germline p107 knockout, hematopoetic stem cells show loss of quiescence,
aberrant activation, and an overwhelming differentiation towards a myeloid cell fate
while producing overwhelming E2F3 activity (Viatour et al., 2008). Therefore, E2Fs may
not only be required for healthy proliferation of stem cells, but also critical cell-fate
decisions (Julian and Blais, 2015). Interestingly, E2Fs1-3 can promote exit from
quiescence and subsequently switch to having repressive activities to promote elongation
of G1-Phase and potentiating the cell to differentiation cues for longer, deciding its fate
(Chen et al., 2009a; Chong et al., 2009; Lange and Calegari, 2010). In the brain, NSC
activation and choice between proliferation or differentiation may be regulated by E2F3
depending on which isoforms is expressed, through regulation of stemness marker Sox2

(Julian et al., 2013). Overall, while Rb/E2F regulation of stem cell proliferation,
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differentiation, and cell-fate decisions is a relatively new and emerging field, there seems
to be a case to be made for the importance of E2F-activity for the regulation of stem cell

quiescence.

1.5.5 Role of E2Fs in the Central Nervous System - Overview

Emerging research into role of E2Fs in the CNS has begun to identify several
interesting mechanisms in the regulation of neurogenesis. Activator E2F activity may
have essential requirement for the proliferation and differentiation of adult NSCs and
progenitors (Calegari et al., 2005; Julian et al., 2013; McClellan and Slack, 2007; Wu et
al., 2001b). Overall numbers of E2F3 mutant mouse embryonic fibroblasts (MEFs) that
were allowed to grow in culture appear recover slower after treatment with H3-
Thymidine (Humbert et al., 2000). The same mutant E2F3 MEFs also appear to cycle and
proliferate less. E2F1 knockout show similar phenotypes, with reduced NSC proliferation
in the SVZ niche, and increased apoptosis in migrating neuroblast populations, though
little to no effect in peripheral nervous system neurons, suggesting that E2F1 activity is
not only tissue-specific, but both context- and cell-subtype-specific (Field et al., 1996;
Tsai et al., 1998; Wu et al., 2001b). Dysregulation of Cdk/Cyclin activity that affects
Rb/E2F can either lengthen or shorten G1-Phase leading to improper balance between
progenitor population numbers and newborn neuron survival in the CNS (Lange et al.,
2009; Lim and Kaldis, 2012). Chromatin immunoprecipitation (ChIP-on-chip)
experiments demonstrate that activator E2F3a directly binds to transcriptional sites of
pro-quiescence gene Hes5 as well as pro-neural gene e.g. Ascll, suggesting there may be
E2F3 regulation of these targets (Julian et al., 2013). Loss of either E2F1 or E2F3 can

lead to a reduction in differentiative or proliferative capacity of NSCs or their migration
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(Hoglinger et al., 2007; Julian et al., 2013; McClellan et al., 2007; Zyskind et al., 2015).
Proper regulation of activator E2Fs1/3 is crucial for prevention of ectopic proliferation.
Tumor-prone Rb knockout tissue can be rescued by additionally deleting activator E2F3,
suggesting that controlling activator E2Fs activity is perhaps essential for suppression of
potential oncogenes (Rotgers et al., 2014; Symonds et al., 1994). The Rb/E2F pathway
also has additional roles in apoptosis. In experiments where Rb is deleted, mice
experience tumor growth along the lateral SVZ, albeit with a high rate of apoptosis
(Symonds et al., 1994). Taken together, E2F-family transcription factors are crucial
targets for the regulation of the cell-cycle and for G0-G1-S-Phase transition. Research
into stem cell activation dynamics together with E2F-family transcription factors presents

an exciting path for contributing to the field of neural tissue regeneration.

28



RATIONALE, HYPOTHESIS & AIM

The arguments presented demonstrate a case for the need to study activation and
transition of QNSCs to aNSCs. It is possible to conclude that pro-neural differentiation
factor Ascll has the capacity to not only potentially wake dormant NSCs and force them
into the cell-cycle, it may also divert the fate of those cells to a neural one (Faiz et al.,
2015; Kim et al., 2011; Urbén et al., 2016). As stated, pro-quiescence and cell-cycle
proteins could be the major suppressant and indeed a barrier to Ascll activity. Therefore,
establishing a link between cell-cycle proteins, such as the E2F-family of transcription
factors, to pro-neural activation factors like Ascll could potentially provide meaningful
conclusions about the regulation of quiescent NSC transitions into a pro-neural active
state. The mechanisms that regulate qNSC to aNSC transitions are yet to be fully
characterized, and the presence of Ascll seems to promote pro-neural activation in a
variety of NSC sub-types. This mechanism is yet to be fully elucidated, and with novel
sub-types of NSCs being discovered in different contexts (e.g. stroke-specific sub-types),
it is imperative to elucidate the key regulators involved. The specific requirements for
E2Fs in this transition is yet to be investigated. Based on preliminary data from our lab,
significant binding of E2F3 on the promoter region of Ascll via ChIP-on-chip analysis
shows E2Fs may have a regulatory site for pro-neural activation factors (Julian, Blais &
Slack, Unpublished). In addition to this, previous characterization of mice lacking E2F1,
E2F3, or both in the neurogenic niches shows a significant reduction in adult
neurogenesis with lower Ki67+ progenitor and DCX+ newborn neuron populations as
seen in Figure 1 (Ahmadi et al., Unpublished; Vandenbosch et al., Unpublished). We

therefore present a rationale wherein E2Fs1/3 have a unique and regulatory role in the
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Ascll-driven activation of NSCs. I therefore hypothesize that activator E2Fs1/3 have a
requirement for neural stem cell exit from quiescence and entry into the cell-cycle.

To test this, I propose the following primary aim:

Primary Aim: To characterize the requirement of E2Fs1/3 for neurogenesis in both

neurogenic niches of the brain.
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MATERIALS AND METHODS
2.1 Mice

Several transgenic lines of mice were used in this study: E2F17- transgenic mice were
crossed onto E2F3FF mutant mice on a Nestin-CreF*T? background. The mouse colony
was maintained on a mixed background (C57BL6/S129/FVBN) (Charles River
Laboratories, Wilmington, MA). E2F1-null mice are a kind gift from Dr. Michael E.
Greenberg through Dr. David S. Park (Field et al., 1996). E2F3-floxed mice are a kind
gift from Dr. Gustavo Leone. Briefly, 32 kb loxP restriction sites were inserted into
mouse ES-cells to span exon 3 (Wu et al., 2001a). When targeted by Cre-recombinase,
the exon 3 fragment is deleted resulting in a non-functional E2F3 protein unable to bind
DNA and enact cell-cycle progression. The Nestin-CreERT2 mice were obtained from
Dr. Suzanne J. Baker (St. Jude Children’s Research Hospital) (Cicero et al., 2009).
Breeding of animals used for this study is as follows: For characterization analysis at any
timepoint, males homozygous for E2F1-mutant alleles, homozygous for E2F3-mutant
alleles, and possessing Nestin-CreFRT? (E2F 17~ E2F3FF Nestin-CreERT2") were crossed to
females heterozygous for E2F I-mutant alleles, homozygous for E2F3-mutant alleles, and
lacking Nestin-CreFR™? (E2F 17~ E2F3FF Nestin-CrePRT>) to produce control progeny
(E2F1*"- E2F3FF Nestin-CreFRT?-) and potential DKO-progeny (E2F17- E2F3FF Nestin-
CreFRT2%), For RNA-Sequencing, mice were crossed such that either controls (E2F17-
E2F3"* Rosa26-YFPF* Nestin-CrefRT?") or DKO (E2F17- E2F3FF Rosa26-YFPF*
Nestin-Cre"®12") Nestin-CreERT2 for the purpose of driving conditional Rosa26-YFP

expression.
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All experiments were approved by the University of Ottawa Animal Care Committee
(ACVS). Mice were genotyped using Sigma Extract-N-Amp kit (Sigma) and primer

designs for Control-Cre, E2F1, E2F3 according to manufacturer’s protocol (Table 1).

2.2 Tamoxifen Administration

Briefly, Estrogen-activated Cre-recombinase is localized to Nestin-expressing
cells throughout the organism. Upon administration of Tamoxifen (TAM) and binding of
TAM to estrogen-receptors on the Cre-recombinase protein results in translocation of the
Cre to the nucleus and begins its actions to seek out and cut loxP restriction sites. In our
study, adult mice 6-12 weeks of age were administered daily 100ul TAM by oral gavage

at a concentration of 50mg/mL for 5-consecutive days (Khacho et al., 2016).
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Gene Genotyping Primers

E2F1 E2F1-5 5°-GGATATGATTCTTGGACTTCTTGG-3’
E2F1-3 5’-CTAAATCTGACCACCAAACGC -3’
PGKB 5’-CAAGTGCCAGCGGGGCTGCTA AAG-3’.

E2F3 Primer A 5’-GTGGCTGGAAGGGTGCCAAG-3’

Primer B 5°- TGAATCATGGACA GAGCCAGG-3’
Primer C 5°’-GATTGATTCTGGGTTGTCAGG-3’

Nestin-CreERT?2

Cre 3 5’-TTGCCCCTGTTTCACTATCCAG-3’
Cre 5 5-TGCTGTTTCACTGGTTATGCGG-3’

qPCR Primers

E2F1 E2F1-F CTGCAGCAACTGCAGGAGAG
E2F1-R CTCCGAAAGCAGTTGCAGCTG

E2F3 E2F3-F AAACGCGGTATGATACGTCCC
E2F3-R CCATCAGGAGACTGGCTCAG

Ascll Ascll-F GCAACCGGGTCAAGTTGGT

Ascll-R GTCGTTGGAGTAGTTGGGGG

Table 1. Genotyping and qPCR primer sequences used
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2.3 Perfusion, Fixation, and Cryosectioning

Mice were euthanized with 30ul of Img/kg IP injection of Euthanyl (Sodium
Pentobarbital — supplied by ACVS uOttawa) followed with cervical dislocation. Mice
were then perfused with 0.9% cold saline by inserting a perfusion needle into the left
ventricle and making an incision in the right atrium. Following this, mice were perfused
with cold, fresh 4% paraformaldehyde (PFA) (pH 7.4), and then brains were carefully
dissected and bathed in vials containing approximately 20 mL of 4% PFA overnight. 24
hours following this, brains were washed in 1% PBS and transferred into 20% sucrose,
0.3% sodium azide in 1% PBS cryoprotectant solution for 48 hours. After this, brains
were frozen at approximately -35°C in isopentane solution cooled with dry-ice chunks
and instantly placed into a temperature-proof container filled with dry-ice nuggets. For
cryosectioning frozen brains were encased in Tissue-Tek OCT Compound (Sakura)
inside a cold (-22°C) cryostat and then cut at 30 um serial sections after being mounted in
a coronal orientation. Cut tissue was stored in wells containing 0.01% sodium azide in
1% PBS solution indefinitely and covered with parafilm to prevent evaporation of

solution.

2.4 Immunofluorescence

In general, cut tissue was washed 3x in 1% PBS solution for 5-minutes each wash,
then placed in 0.1% Triton-X-100, 0.1% Tween-20 in 1% PBS solution with diluted
primary antibody at indicated concentrations (Table 2) for 24-hours in 4C. The next day,
the tissue was washed 3x in 1% PBS solution for 5-minutes each wash, and then placed
in 0.1% Triton-X-100, 0.1% Tween-20 in 1% PBS solution with diluted secondary

antibody at indicated concentrations (Table 2) for 2-3 hours in room temperature.
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Following this, tissue was washed one more time for 10-minutes in 1% PBS solution

before being mounted on slides and cover-slipped with Immunomount (Genetex).

2.5 Imaging and Cell Quantification

Imaging was done on a Zeiss LSM800 confocal microscope at 20x with tiling and
Z-stacking. Every section on a slide, for both SVZ and SGZ, was imaged and quantified
with 3 Z-Stacks followed with a SUM projection in Fiji (Schindelin et al., 2012) post-
processing. For counting, manual cell-counting was done via the cell-counter module in
Fiji. In brief, every cell lining the SVZ or SGZ was counted after a line was drawn
outlining the lateral ventricles and stem cell niche of the internal SGZ no more than Sum
away from the niche (Kim et al., 2011; Urban et al., 2016). Every required permutation
and combination of cells was counted independently of each other by combining or
subtracting the right channels. Total cell counts per SVZ or SGZ per section were
summed together for all sections, and multiplied by the number of total wells (9 wells)
into which the brain was cut, to provide an estimate of the total number of cells per
structure. A 1-way ANOVA was performed to obtain a significance value with an alpha
of 0.05 with HET and DKO mouse’ relevant regions as independent variables and various

cellular permutations as dependent variables.
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Antibody Animal | Dilution | Purpose Source

Ki67 rabbit 1:500 | IF Cell Marque, SP6

Tbr2 rat 1:250 | IF eBioscience, 14-4875-82
Sox2 goat 1:500 | IF Santa Cruz

Sox2 goat 1:500 | IF Neuromics, GT15098

Sox2 mouse 1:250 | IF R&D Systems, MAB2018
Sox2 rabbit 1:250 | IF Millipore, AB5603

DCX GP 1:5000 | IF EMD Millipore, AB2253
MASH]1 mouse 1:200 | IF BD Biosciences, 556604
GFAP mouse 1:5000 | IF Chemicon Intl, MAB3402
EGFR rabbit 1:100 | IF Abcam, ab52894

CDI133 rat 1:50 | IF eBioscience, 14-1331-82
Nestin goat 1:5000 | IF Novus Biologicals, NB100-1604
EAATI rabbit 1:500 | IF Abcam, ab416

Aldolase-C rabbit 1:250 | IF Novus Bio, NBP1-90954
SSEA-1 mouse 1:5 | FACS BD Bioscience, 560120

GFP chicken 1:1000 | IF Abcam, ab13970
In-Vivo-EDU | - - | IF BaseClick, BCK647-1V-IM-L

Table 2. Primary antibodies used for immunofluorescence
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2.6 Flow Cytometry

Whole brains from adults were obtained from animals and subsequently
microdissected for the SVZ. Briefly, the tissue was then manually sliced with a sharp
scalpel blade, followed with Papain digestion (Cedarlane Labs). After a wash, the
suspension was taken to the flow-cytometer (Moflo Astrios, Beckman Coulter) and sorted
for YFP-signal. The resulting supernatant was spun at 3000 rpm for 3 minutes to pellet
the cells, and frozen in -80 following aspiration for RNA-extraction. For embryonic
dissections, a similar approach was utilized. Briefly, the ventral VZ was micro-dissected
with a set of scalpel blades, and manually triturated with a pipette tip. Following this, the
suspension was digested with trypsin (Sigma-Aldrich) and quenched with trypsin-
inhibitor (Roche). After a wash, the single-cell suspension was stained with 647-
conjugated SSEA-1 (CD15) antibody (BD Bioscience, 1:5). The stained suspension was
subsequently taken to the flow-cytometer and sorted for 647-positive signal. The
resulting supernatant was spun at 3000 rpm for 3 minutes to pellet the cells, and frozen in
-80 following aspiration for RN A-extraction. All RNA was extracted using the PicoPure

Kit (Thermo-Fisher) according to manufacturer specifications and protocol.
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2.7 Quantitate Polymerase Chain Reaction (qQPCR) and RNA-Sequencing

Equal amounts of RNA were quantified by nanodrop (1 ug/uL) were loaded into
samples ready for qPCR. The SyberGreen RT-PCR Kit (Qiagen) was used to mix the
samples and then the samples were processed in the RotorGene Q Amplifier (Qiagen).
Resultant expression values were normalized to Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) and standardized to control HET mice values. Program using
Rotor Q gene qTPCR was as follows: hold for 10 mins at 55°C for reverse transcription,
then hold for 5 mins at 95°C for initial PCR activation step, cycling for 40 cycles for 5
sec at 95°C, which is the denaturation step, melt ramp 50 to 99°C, rising 1 degree each
step for combined annealing/extension, wait for 90 sec pre-melt, then wait for 5 sec

afterwards.

38



RESULTS

3.1 Characterizing the requirement of E2Fs1/3 in NSC niche neurogenesis

We set out to characterize the requirement of activator E2Fs1/3 for adult
neurogenesis. Our foray into the importance of E2Fs1/3 for adult neurogenesis began
after we characterized the requirement for Retinoblastoma (Rb) and Rb-family proteins in
the neurogenic niches of the brain (Vandenbosch et al., 2016). Previous characterization
results from our lab show that lack of germline E2F1 and acute deletion of E2F3 at
adulthood using a Nestin-Cre driver results in a marked reduction in markers of newborn
neurons (DCX+) and proliferation (Ki67+) in the adult brain (Figure 3) (Ahmadi et al.,
Unpublished). Additionally, ChIP-Seq experiments from our lab revealed significant
binding between the activator isoform of E2F3 (E2F3a) and Sex-determining region Y-
box 2 (Sox2), a marker used to denote stem cell population number in our
characterization studies (Julian et al., 2013). With this characterization data at our
disposal, we sought to explore the relationship between activator E2Fs1/3 and the
regulation of neurogenesis. More specifically, we asked the question whether activator

E2Fs1/3 are required for generation of newborn neurons in the adult brain.
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Figure 3. Double-knockout of E2F1 and E2F3 in embryogenesis of dorsal telencephalon disrupts formation of the SGZ and reduces
neurogenesis

(A) Quantification of total Sox2+ cells, TAPs marked by Tbr2, newborns neurons marked by DCX, and proliferation marked by Ki67 of 16-
week old adult mice either heterozygous (HET) for E2F1 and E2F3, sKO for E2F1 or E2F3, and DKO for both E2F1 and E2F3 driven by
NestinCre-ERT?2 recombinase. Significant reduction in total DCX+, and Ki67+ cells between either HET, E2F1KO, E2F3KO and DKO
(***p<0.001, ***p<0.001 respectively) in a 1-way ANOVA. Significant reduction in total DCX+ population between HET and E2F3KO
(*p<0.05) in a 1-way ANOVA. (B) Representative images taken using LSM 510 microscope with 20x objective from 30 um free-floating
coronal sections of 10-week old animals stained for Sox2, Tbr2, DCX, Ki67, and DAPI (n=3).
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We targeted E2Fs1/3 for deletion due to prior studies demonstrating the ability of
E2F1 and E2F3 to partially compensate for each other with both appearing to have
similar roles and functions in the regulation of adult NSCs, and deletion of either
resulting in a moderate decline on neurogenesis (Chong et al., 2009; Cooper-Kuhn et al.,
2002; Julian et al., 2013). Following this pattern, we surmised that if both E2F1 and E2F3
were to be mutated then NSC activation and neurogenesis could be severely impaired.
Being that E2Fs are crucial for embryonic brain development, we reasoned that germline
deletion of E2F1 while keeping E2F3 intact will allow for proper embryogenesis to occur
due to activator-E2F overlapping roles, and only an acute deletion of E2F3 in NSCs in
adulthood would be sufficient for impairment of neurogenesis (Attwooll et al., 2004;
DeGregori and Johnson, 2006; King et al., 2008; Parisi et al., 2007; Wu et al., 2001a).
Using a NestinCre-ERT?2 driver, we performed several knockout timepoints that
represent the time after administration of Tamoxifen resulting in floxed-E2F3 excision,
effectively leading to DKO Nestin+ cells. We asked if E2Fs1/3 are required for
neurogenesis in the neurogenic niches of the adult brain at 2, 4, and 8 weeks after
tamoxifen administration when compared to control. To answer our question of the
impact of E2Fs1/3 deletion on NSC activation and adult neurogenesis in general, select
markers for NSC sub-types and differentiated cells were used for immunofluorescence.
We began by staining for Doublecortin (DCX) a marker for newborn neurons with a
distinct morphology depicting arborization and a cytoplasmic presence. Additionally, we
decided to co-label every progenitor stain with the proliferation marker Ki67 to assess the
proliferative capacity of the progenitor sub-type population we targeted. We found that

after staining both the Subventricular Zone (SVZ) and Subgranular Zone (SGZ) for DCX
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as well as co-labeling with proliferation marker antigen-Ki67 (Ki67), a gradual reduction
and both total and proliferative numbers of DCX was observed throughout the
timepoints. DCX was significantly down 2, 4, and 8 weeks (p<0.01, p<0.01, p<0.001
respectively) (Figure 4B) after tamoxifen administration as well as Ki67/DCX co-
labelling (p<0.01, p<0.001, p<0.001 respectively), with an 85% reduction in total DCX
population between HET control and 8-week DKO in the SVZ (Figure 4B’). We asked if
a similar phenotype could be observed in the SGZ niche. Total DCX population lining
the SGZ showed a similar pattern, with a significant reduction at 2, 4, and 8-weeks
(p<0.05, p<0.001, p<0.001 respectively) (Figure 5B) after Tamoxifen administration as
well as marked decrease in Ki67/DCX co-labelling (p<0.001, p<0.001, p<0.001

respectively) (Figure 5B).
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Figure 4. E2fs1/3 Deletion Impairs Neurogenesis In The Subventricular Zone Of The Adult Brain.

(A) Representative confocal images of total newborn neurons (DCX+) and their proliferation (Ki67+/DCX+) in the adult SVZ at either baseline
levels (HET), 2-weeks (DKO 2-Wk), 4-weeks (DKO 4-Wk) or 8-weeks (DKO 8-Wk) after E2Fs1/3 DKO. Arrowheads show DCX+ and
DCX+/Ki67+ co-localized cells.

(B) Quantification of total newborns neurons (DCX+) in the adult SVZ at either baseline levels (HET), 2-weeks (DKO 2-Wk) or 4-weeks (DKO
4-Wk) after E2Fs1/3 DKO. Significant reduction in DCX+ cells between HET and DKO 2-Wk (**p<0.01), HET and DKO 4-Wk (**p<0.01),
HET and DKO 8-Wk (***p<0.001) in a 1-Way independent ANOVA (n=3) with Tukey’s post-hoc testing. (B’) Quantification of total
newborns neurons (Ki67+/DCX+) in the adult SVZ at either baseline levels (HET), 2-weeks (DKO 2-Wk), 4-weeks (DKO 4-Wk), or 8-weeks
(DKO-8Wk) after E2Fs1/3 DKO. Significant reduction in Ki67+/DCX+ cells between HET and DKO 2-Wk (**p<0.01), HET and DKO 4-Wk
(***p<0.001), HET and DKO 8-Wk (***p<0.001) in a 1-Way independent ANOVA (n=3) with Tukey’s post-hoc testing.

(C) Representative confocal images of total newborn neuron proliferation (Ki67+/DCX+) in the entire adult SVZ at either baseline levels (HET)
or 4-weeks (DKO 4-Wk) after E2Fs1/3 DKO.
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Figure 5. E2fs1/3 Deletion Reduces the Newborn Neurons In The Subgranular Zone Of The Adult Brain.

(A) Representative confocal images of total newborn neurons (DCX+) and their proliferation (Ki67+/DCX+) in the adult SGZ at either
baseline levels (HET), 2-weeks (DKO 2-Wk), 4-weeks (DKO 4-WKk) or 8-weeks (DKO 8-WKk) after E2Fs1/3 DKO. Arrowheads show
Sox2+ and Sox2+/Ki67+ co-localized cells.

(B) Quantification of total newborn neurons (Sox2+) in the adult SGZ at either baseline levels (HET), 2-weeks (DKO 2-WKk) or 4-weeks
(DKO 4-Wk) after E2Fs1/3 DKO. Significant reduction in DCX+ cells between HET and DKO 2-Wk (*p<0.05), HET and DKO 4-Wk
(***p<0.001), HET and DKO 8-Wk (***p<0.001) in a 1-Way independent ANOVA (n=3) with Tukey’s post-hoc testing. (B’)
Quantification of total newborn neurons (Ki67+/DCX+) in the adult SGZ at either baseline levels (HET), 2-weeks (DKO 2-WKk) or 4-weeks
(DKO 4-Wk) after E2Fs1/3 DKO. Significant reduction in Ki67+/DCX+ cells between HET and DKO 2-Wk (*¥**p<0.001), HET and DKO
4-Wk (¥**p<0.001), HET and DKO 8-Wk (***p<0.001) in a 1-Way independent ANOVA (n=3) with Tukey’s post-hoc testing.

(C) Representative confocal images of total newborn neurons (DCX+) and their proliferation (Ki674+/DCX+) in the entire adult SGZ at
either baseline levels (HET) or 4-weeks (DKO 4-WKk) after E2Fs1/3 DKO.
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3.2 Characterizing the role of E2Fs 1 and 3 in progenitor proliferation and

differentiation

We then asked if there may be a defect in differentiation and commitment,
prompting us to look at earlier neural lineages and look at transit-amplifying progenitor
(TAP) populations marked by T-box brain protein-2 (Tbr2), Achaete-scute Family BHLH
Transcription Factor-1 (Ascll) and more primitive cellular populations marked with Sox2
(Brazel et al., 2005; Hodge et al., 2008; Kim et al., 2011; Zhang and Jiao, 2015). Sox2
here is used to mark for and count undifferentiated progenitors. We used Tbr2 and Ascll
to mark for progenitors no longer in a quiescent state, but in a more advanced,
differentiated state that is highly active and proliferative as the progenitor matures to
become either neuron, astrocyte, or glia. In the SVZ, Ascllwas significantly reduced 2, 4,
and 8-weeks (p<0.05, p<0.01, p<0.01 respectively) (Figure 6B) after Tamoxifen
administration in DKO mice compared to HET mice, with a 90% decrease in total Ascll
TAP population by 8-weeks. Additionally, proliferation of Ascll progenitors marked
with Ki67/Ascll co-labeling was also significantly reduced (p<0.01, p<0.01, p<0.01)
(Figure 6B”), suggesting that both TAP population and its proliferative capacity is
decreased following compound E2Fs1/3 DKO in Nestin cells, with a 94% loss in
Ki67/Ascll co-labeling by 8-weeks post DKO. Similar observations were made in the
SGZ, where Tbr2 was used to mark TAPs and track their proliferation. In the SGZ, Tbr2
was significantly reduced 2, 4, and 8-weeks (p<0.01, p<0.01, p<0.01 respectively)
(Figure 7B) after Tamoxifen administration in DKO mice compared to HET mice, with a
96% decrease in total Tbr2 TAP population by 8-weeks. Additionally, proliferation of

Ascll progenitors marked with Ki67/Tbr2 co-labeling was also significantly reduced
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(p<0.01, p<0.001, p<0.001) (Figure 7B’), suggesting that both TAP population and its
proliferative capacity is decreased following compound E2Fs1/3 DKO in Nestin+ cells,
with a 95% loss in Ki67/Tbr2 co-labeling by 8-weeks post DKO. We concluded that
there is a significant and rapid loss of highly-proliferative progenitor populations in both

neurogenic niches of the adult brain, and their proliferative capacity is decreased.
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Figure 6. E2fs1/3 Deletion Impairs Pro-Neural Activation In The Subventricular Zone Of The Adult Brain.

(A) Representative confocal images of total pro-neural active NSCs (Ascll1+) and their proliferation (Ki67+/Ascl1+) in the adult SVZ at
either baseline levels (HET), 2-weeks (DKO 2-Wk), 4-weeks (DKO 4-Wk) or 8-weeks (DKO 8-Wk) after E2Fs1/3 DKO. Arrowheads
show Ascll+ and Ascl1+/Ki67+ co-localized cells.

(B) Quantification of total pro-neural active NSCs (Ascll+) in the adult SVZ at either baseline levels (HET), 2-weeks (DKO 2-Wk), 4-
weeks (DKO 4-Wk) or 8-weeks (DKO8-Wk) after E2Fs1/3 DKO. Significant reduction in Ascll+ cells between HET and DKO 2-Wk
(*p<0.05), HET and DKO 4-Wk (**p<0.01), HET and DKO 8-Wk (**p<0.01) in a 1-Way independent ANOVA (n=3) with Tukey’s post-
hoc testing. (B”) Quantification of total pro-neural proliferating NSCs (Ki67+4/Ascl1+) in the adult SVZ at either baseline levels (HET), 2-
weeks (DKO 2-Wk), 4-weeks (DKO 4-Wk) or 8-weeks (DKO 8-Wk) after E2Fs1/3 DKO. Significant reduction in Ki67+/Ascl1+ cells
between HET and DKO 2-Wk (**p<0.01), HET and DKO 4-Wk (**p<0.01), HET and DKO 8-Wk (¥*p<0.01) in a 1-Way independent
ANOVA (n=3) with Tukey’s post-hoc testing.
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Figure 7. E2fs1/3 Deletion Reduces the Number of Transit-Amplifying Progenitors In The Subgranular Zone Of The Adult Brain.
(A) Representative confocal images of total transit-amplifying progenitors (Tbr2+) and their proliferation (Ki67+/Tbr2+) in the adult SGZ at
either baseline levels (HET), 2-weeks (DKO 2-Wk), 4-weeks (DKO 4-Wk) or 8-weeks (DKO 8-Wk) after E2Fs1/3 DKO. Arrowheads show
Tbr2+ and Tbr2+/Ki67+ co-localized cells.

(B) Quantification of total transit-amplifying progenitors (Tbr2+) in the adult SGZ at either baseline levels (HET), 2-weeks (DKO 2-Wk), 4-
weeks (DKO 4-Wk) or 8-weeks (DKO 8-Wk) after E2Fs1/3 DKO. Significant reduction in Tbr2+ cells between HET and DKO 2-Wk
(**p<0.01), HET and DKO 4-Wk (*¥p<0.01), HET and DKO 8-Wk (**p<001) in a 1-Way independent ANOVA (n=3) with Tukey’s post-
hoc testing. (B”) Quantification of total transit-amplifying progenitors (Ki67+/Tbr2+) in the adult SGZ at either baseline levels (HET), 2-
weeks (DKO 2-Wk) or 4-weeks (DKO 4-Wk) after E2Fs1/3 DKO. Significant reduction in Ki67+/Tbr2+ cells between HET and DKO 2-Wk
(**p<0.01), HET and DKO 4-Wk (***p<0.001) HET and DKO 8-Wk (**p<001) in a 1-Way independent ANOVA (n=3) with Tukey’s post-
hoc testing.
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3.3 Characterizing the role of E2Fs 1 and 3 in Sox2-cell proliferation and activation

Following our observations of differentiated progenitor loss after E2Fs1/3 DKO,
we decided to look at Sox2 populations as a means to assess the activity of
undifferentiated precursors, targeting both active and quiescent undifferentiated stem
cells. In the SVZ, overall Sox2 population counted along the entirety of the niche was
significantly reduced at 2, 4, and 8-weeks (p<0.05, p<0.05, p<0.05 respectively) (Figure
8B) after Tamoxifen administration in DKO mice compared to HET mice, with a 41%
decrease in total Sox2 population by 8-weeks. Proliferation of Sox2 cells marked by co-
labeled Ki67/Sox2 was also significantly reduced at 2, 4, and 8-weeks (p<0.01, p<0.01,
p<0.01 respectively) (Figure 8B’) in DKO mice compared to HET mice, with a 90%
decrease in total co-labeled Ki67/Sox2 population by 8-weeks. Characterization of this
niche led us to conclude that E2Fs impact NSCs at their earlier stage prior to
differentiation. We subsequently characterized the behavior of Sox2 cells lining the SGZ
of the DG. Overall Sox2 population counted along the entirety of the niche was
significantly reduced at 4, and 8-weeks (p<0.05, p<0.05 respectively) by 20% and 14%
respectively but not at 2-weeks, after Tamoxifen administration in DKO mice compared
to HET mice, with a 20% decrease in total Sox2 population by 8-weeks (Figure 9B).
Additionally, proliferation of SGZ Sox2 population was also significantly reduced as
marked by Ki67/Sox2 co-staining (p<0.01, p<0.01, p<0.01 respectively) in DKO mice
compared to HET mice, with a 94% decrease in total co-labeled Ki67/Sox2 population by
8-weeks (Figure 9B”). We concluded here that Sox2+ precursor cells lining both niches

appear to undergo cell-cycle arrest and are unable to re-enter the cell-cycle in order to
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generate new neurons. However, the possibility of these cells entering a state of

senescence is also possible.
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Figure 8. E2fs1/3 Deletion Reduces the Number of Sox2+ cells In The Subventricular Zone Of The Adult Brain.
(A) Representative confocal images of total Sox2+ population and their proliferation (Ki67+/Sox2+) in the adult SVZ at either baseline levels
(HET), 2-weeks (DKO 2-Wk), 4-weeks (DKO 4-WKk) or 8-weeks (DKO 8-Wk) after E2Fs1/3 DKO. Arrowheads show Sox2+ and
Sox2+/Ki67+ co-localized cells.
(B) Quantification of total Sox2+ population in the adult SVZ at either baseline levels (HET), 2-weeks (DKO 2-Wk), 4-weeks (DKO 4-Wk), or
8-weeks (DKO 8-Wk) after E2Fs1/3 DKO. Significant reduction in Sox2+ cells between HET and DKO 2-Wk (¥p<0.05), HET and DKO 4-Wk
(*p<0.05) in a 1-Way independent ANOVA (n=3) with Tukey’s post-hoc testing. (B’) Quantification of total Ki67+/Sox2+ population in the
adult SVZ at either baseline levels (HET), 2-weeks (DKO 2-WKk), 4-weeks (DKO 4-WKk) or 8-weeks (DKO 8-WKk) after E2Fs1/3 DKO.
Significant reduction in Ki67+/Sox2+ cells between HET and DKO 2-Wk (**p<0.01), HET and DKO 4-Wk (**p<0.01), HET and DKO 8-Wk
(**p<0.01) in a 1-Way independent ANOVA (n=3) with Tukey’s post-hoc testing.
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Figure 9. E2fs1/3 Deletion Reduces the Number of Sox2+ cells In The Subgranular Zone Of The Adult Brain.

(A) Representative confocal images of total Sox2+ population and their proliferation (Ki67+/Sox2+) in the adult SGZ at either baseline levels
(HET), 2-weeks (DKO 2-Wk), 4-weeks (DKO 4-Wk) or 8-weeks (DKO 8-Wk) after E2Fs1/3 DKO. Arrowheads show Sox2+ and
Sox2+/Ki67+ co-localized cells.

(B) Quantification of total Sox2+ population in the adult SGZ at either baseline levels (HET), 2-weeks (DKO 2-Wk), 4-weeks (DKO 4-Wk)
or 8-weeks (DKO 8-Wk) after E2Fs1/3 DKO. Significant reduction in Sox2+ cells HET and DKO 4-Wk (¥p<0.05), HET and DKO 8-Wk
(*0<0.05) in a 1-Way independent ANOVA (n=3) with Tukey’s post-hoc testing. (B’) Quantification of total proliferating Ki67+/Sox2+
population in the adult SGZ at either baseline levels (HET), 2-weeks (DKO 2-Wk) or 4-weeks (DKO 4-Wk) after E2Fs1/3 DKO. Significant
reduction in Ki67+/Sox2+ cells between HET and DKO 2-Wk (**p<0.01), HET and DKO 4-Wk (¥*p<0.01), HET and DKO 8-Wk
(**p<0.01) in a 1-Way independent ANOVA (n=3) with Tukey’s post-hoc testing.
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3.4 Elucidating the effects of E2F’s 1 and 3 deletion on quiescence and activation in the

SvVzZ

After characterizing the Sox2 population in the SVZ and noting a significant
reduction in the overall population of Sox2+ cells, we decided to look at the ability of
NSCs to enter the cell-cycle and whether there is reduced ability to activate in those cells.
Specifically, we reasoned that due to the lack of cell-cycle among the Sox2 cells there
could be a defect in the ability of NSCs to exit quiescence. Following our discovery that
proliferating progenitors are absent from the neurogenic niches, along with a distinct
reduction in overall stem cell numbers marked by Sox2, we asked whether E2Fs1/3 are
required for quiescent stem cell activation for initiation of neurogenesis. To answer this
question, we utilized a novel panel of cell markers with the intention to mark for
quiescent NSCs (qNSCs) and a stage that is readily primed for proliferation and
differentiation termed active NSCs (aNSCs) (Codega et al., 2014). Briefly, a co-label
stain of Glial-Fibrillary Acidic Protein (GFAP) and Prominin-1 (CD133) in the absence
of Endothelial Growth Factor Receptor (EGFR) marks for gNSCs, whereas a triple-label
of GFAP/CD133/EGFR marks for aNSCs in the SVZ. After staining for these markers,
we noticed a significant decrease in the percentage of EGFR+ cells that are co-labeled for
GFAP/CD133 4- and 8-weeks after Tamoxifen administration (11% and 15%
respectively) and to the mice when DKO-mice are compared to HET (*p<0.05, *p<0.05
respectively) (Figure 10). Based on the finding that EGFR+ active NSCs are reduced
following E2Fs1/3 deletion, we concluded that the ability of NSCs to enter their active

state is severely impaired, and these cells may be stuck in quiescent state with a reduction
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of 15% in the proportional number of EGFR+ active cells by 8-weeks after acute

knockout.

To further confirm the result, we decided on another panel of markers to target
cell-cycle exit rather than quiescence, since quiescence is a form of cell-cycle withdrawal
(Blagosklonny, 2011). The chosen panel employs Cyclin-Dependent Kinase 2A (p16), a
cell-cycle exit marker, and Sox2, with the presence of co-labeled p16/Sox2 denoting
neural precursors that are in a cell-cycle exit state yet still possess stemness qualities to
them. The resultant characterization indicates greater cell-cycle exit among the Sox2
population marked by significantly increased Sox2/p16 co-labelling 4-weeks after DKO
compared to HETs (*p<0.05) (Figure 11). The results showing increased cell-cycle exit
among SVZ NSCs in addition to reduced activity marker EGFR+ suggest that E2Fs1/3
are crucial for activation of NSCs from quiescence and initiation of neurogenesis in the

adult brain.
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Figure 10. E2fs1/3 Deletion Reduces the Activation of NSCs In The Subventricular Zone Of The Adult Brain.

(A) Representative confocal images of nuclear staining (DAPI+), stem and ependymal marker (CD133+), activation (EGFR+), stem and
astrocyte marker (GFAP+), in the adult SVZ (dorsolateral region) at either baseline levels (HET), 4-weeks (DKO 4-Wk) or 8-weeks (DKO 8-
Wk) after E2Fs1/3 DKO. Notched arrowheads show quiescent stem cells (DAPI+/CD133+/GFAP+/EGFR-). Filled arrowheads show active stem
cells (DAPI+/CD133+/GFAP+/EGFR+).

(B) Quantification of active NSCs (DAPI+/CD133+/GFAP+/EGFR+) as a fraction of total NSCs (DAPI+/CD133+/GFAP+) in the adult SVZ at
either baseline levels (HET), 4-weeks (DKO 4-Wk) or 8-weeks (DKO 8-Wk) after E2Fs1/3 DKO. Significant reduction in percent active NSCs
between HET and DKO 4-Wk (*p<0.05) and DKO 8-Wk (¥p<0.05) in a 1-Way independent ANOVA (n=3) with Tukey’s post-hoc testing.
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Figure 11. E2fs1/3 Deletion Increases Cell-Cycle Exit Among NPCs In The Subventricular Zone Of The Adult Brain.

(A) Representative confocal images of NPCs (Sox2+) and cell-cycle exit gene (p16+) in the adult SVZ at either baseline levels (HET) or 4-
weeks (DKO 4-Wk) after E2Fs1/3 DKO. Arrowheads show NPCs that have withdrawn from the cell-cycle (Sox2+/p16+).

(B) Quantification of double-labelled Sox2+/p16+ cells in the adult SVZ at either baseline levels (HET) or 4-weeks (DKO 4-Wk) after E2Fs1/3
DKO. Significant increase in total Sox2+/p16+ between HET and DKO 4-Wk (¥p<0.05) in a Student’s t-test (n=3).
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3.5 Elucidating the effects of E2F’s 1 and 3 deletion on quiescence and activation in the

SGZ

Following our characterization of the SVZ, we decided to explore whether a
similar defect in NSC activation could be seen in the SGZ. In this characterization, we
utilized a novel marker panel of factors discovered through Single-Cell RNA-Seq on
sorted SGZ cells in combination with pseudotime correction to clarify targets that mark
for stages of quiescence and activation (Shin et al., 2015). In SGZ NSC transcriptome
analysis, Aldoc protein is present during the quiescent stage of the cell, and is rapidly
downregulated following activation. We choose Aldoc to mark for gNSCs in the SGZ,
whereas its absence in a Nestint+ or GFAP+ cell denotes and exit from quiescence into an
aNSC sub-type. For this analysis, we used Aldolase-C (Aldoc) together with Sox2 and
GFAP to mark quiescent SGZ cells, with Aldoc being highly upregulated in gqNSCs and
immediately downregulated following activation (Shin et al., 2015). Active NSCs were
marked with Sox2 and Nestin in the absence of Aldoc to capture the population of active
precursors (Codega et al., 2014; Lugert et al., 2010; Shin et al., 2015). Percentage of total
Sox2/GFAP population co-labeled with Aldoc was significantly increased 8-weeks
following Tamoxifen by 19% (p<0.001) (Figure 12), suggesting a higher proportion of
SGZ NSCs are in a qNSC state. Total Sox2/Nestin population was reduced 8-weeks
following Tamoxifen administration (p<0.05) as well as the total Sox2 population
(p<0.05), suggesting that there may be a defect in NSC activation, and total number
NSCs is down along the SGZ (Figure 13). To confirm whether activation is indeed
downregulated following DKO, we looked at pro-neural activation protein Ascll in the

SGZ (Urban et al., 2016). Total population count of Ascll was significantly reduced 4-
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and 8-weeks following Tamoxifen administration by 93% and 98% respectively
(p<0.001) (Figure 14B), and proliferation assessed by Ascl1/Ki67 co-labeling also shows
a significant reduction in total population count by 98% (p<0.001) (Figure 14B’). We
conclude there may be a defect in inability of NSCs to exit quiescence in the SGZ after
knockout, similar to SVZ, lending further evidence to our hypothesis that E2Fs1/3 are

crucial for NSC activation.
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Figure 12. E2fs1/3 Deletion Increases the Population of Aldoc+ qNSCs in the Subgranular Zone Of The Adult Brain.

(A) Representative confocal images of nuclear staining (DAPI+), quiescence (Aldoc+) glial morphology (GFAP+), NPC marker (Sox2+), in the
adult SGZ at either baseline levels (HET), 8-weeks (DKO 8-Wk) after E2Fs1/3 DKO. Filled arrowheads show quiescent NSCs
(DAPI+/Aldoc+/Sox2+/GFAP+).

(B) Quantification of percent quiescence (%Aldoc+) in adult neural stem cells (Sox2+/GFAP+) in the adult SGZ at either baseline levels (HET)
or 8-weeks (DKO 8-Wk) after E2Fs1/3 DKO. Significant reduction in total Sox2+ between HET and DKO 8-Wk (***p<0.0001), significant
increase in %Sox2+/GFAP+/Aldoc+ in DKO 8-Wk (*p<0.05) in a Student’s t-test (n=3).
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Figure 13. E2fs1/3 Deletion Reduces the Number of Nestin+ NSCs in the Subgranular Zone Of The Adult Brain.

(A) Representative confocal images of nuclear staining (DAPI+), quiescence (Aldoc+) stem and activity marker (Nestin+), stem cell
marker(Sox2+), in the adult SGZ at either baseline levels (HET), 8-weeks (DKO 8-Wk) after E2Fs1/3 DKO. Notched arrowheads show
quiescent NSC (DAPI+/Aldoc+/Sox2+/Nestin-). Filled arrowheads show active NSC (DAPI+/Aldoc+/Sox2+/Nestin+).

(B) Quantification of total NPCs (Sox2+), gNSCs (Sox2+/Aldoc+), and aNSCs (Sox2+/Nestin+) in the adult SGZ at either baseline levels (HET)
or 8-weeks (DKO 8-Wk) after E2Fs1/3 DKO. Significant reduction in total Sox2+ between HET and DKO 8-Wk (¥p<0.05), significant
reduction in Sox2+/Nestin+ and DKO 8-Wk (¥*p<0.05) in a series of Student’s t-tests (n=3).
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Figure 14. E2fs1/3 Deletion Reduces the Number of Pro-Neural cells in the Subgranular Zone.

(A) Representative confocal images of total pro-neural cells (Ascll+) and their proliferation (Ki67+/Ascll+) in the adult SGZ at either baseline
levels (HET), 4-weeks (DKO 4-WKk) or 8-weeks (DKO 8-Wk) after E2Fs1/3 DKO. Arrowheads show Ascll+ and Ascl1+/Ki67+ co-localized
cells. (B) Quantification of total transit-amplifying progenitors (Ascll+) in the adult SGZ at either baseline levels (HET), 4-weeks (DKO 4-Wk)
or 8-weeks (DKO 8-Wk) after E2Fs1/3 DKO. Significant reduction in Ascll+ cells between HET and DKO 4-Wk (***p<0.001), HET and
DKO 8-Wk (***p<0.001) in a 1-Way independent ANOVA (n=3) with Tukey’s post-hoc testing. (B’) Quantification of total transit-amplifying
progenitors (Ki67+/Ascll+) in the adult SGZ at either baseline levels (HET), 4-weeks (DKO 2-Wk) or 8-weeks (DKO 4-Wk) after E2Fs1/3
DKO. Significant reduction in Ki67+/Tbr2+ cells between HET and DKO 4-Wk (***p<0.001) HET and DKO 8-Wk (***p<0.001) in a 1-Way
independent ANOVA (n=3) with Tukey’s post-hoc testing.
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3.6 Transcript-level analysis of a potential mechanism for E2F activation of NSCs

Following characterization of NSC behavior in the niches after knockout, our
group set out for follow up on these initial studies (work done by Daniel O’Neil, Bensun
Fong) by probing known targets of E2Fs to gather increasing support for our hypothesis,
and perform a transcript-wide analysis via RNA-Sequencing to study gene networks
specific to quiescence and activation. Our group sorted cells from embryonic cortices that
are either knockouts or heterozygous-controls for E2Fs1/3. Briefly, pregnant mothers
were given a single dose of Tamoxifen at E15.5 and the pups were harvested three days
after at E18.5. After dissecting and digesting cells lining the ventral VZ, our group sorted
CD15+ cells and extracted RNA for qPCR analysis. Our goal here was to target the NSC
population as early as its born at approximately E14.5 and probe targets of activation and
survival Ascll, EGFR and Sirtuin-1 (SIRT1) (Fuentealba et al., 2015; Furutachi et al.,
2015). Results show mRNA levels for EGFR, SIRT1, Ascll are significantly reduced
following a single Tamoxifen infusion in embryonic cortices of E2Fs1/3 DKO mice
compared to HET (p<0.05, p<0.01, p<0.001 respectively) (Figure 15). In addition, our
group confirmed our knockout efficiency in the embryonic model by probing for E2F1
and E2F3 with both significantly downregulated at the mRNA-level following a single

Tamoxifen treatment (p<0.001, p<0.01 respectively) (Figure 16).

Based on the previous qPCR analysis, our group (Work done by Daniel O’Neil,
Bensun Fong) performed RNA-Sequencing on knockout cells that we dissected and
homogenized from the SVZ of adult mice based on our canonical paradigm. In order to
gauge whether there is an impact on NSC quiescence and activation our group (Work

done by Daniel O’Neil, Bensun Fong) performed initial network analysis where we
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overlaid our RNA-Seq data with published data of genes and networks unique to either
qNSCs or aNSCs (Codega et al., 2014). The bioinformatic overlay reveals that 457
unique qNSC signatures are upregulated, whereas only 16 signatures are downregulated.
Furthermore, 541 unique aNSC signatures are downregulated, while only 4 are
upregulated (Figure 17). The result demonstrates an increase in the potential unique
regulatory gene networks responsible for maintaining cells in quiescence while a
reduction in such genes responsible for activation of cells, suggesting that activator
E2Fs1/3 may be responsible for regulating a vast and complex array of mechanisms that

promote NSC exit from quiescence.
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Figure 15. E2fs1/3 mutation is present throughout the developing cortex and the adult cortex following Tamoxifen treatment.

(A) Quantitate real-time PCR data of mRNA extracted from cells dissected from embryonic E18.5 ventral cortex of mice of HET and
E2Fs1/3 DKO mice. Significant reduction in E2F1 (***p<0.001), E2F3 (**p<0.01) mRNA levels after E2Fs1/3 DKO in a Student’s t-test
(n=3). (B) Quantitate real-time PCR data of mRNA extracted from cells dissected from adult SVZ of mice of HET and E2Fs1/3 DKO mice.
Significant reduction in E2F1 (***p<0.001), E2F3 (***p<0.01) mRNA levels after E2Fs1/3 DKO in a Student’s t-test (n=3).
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Figure 16. E2fs1/3 Deletion Impairs Activation and Pro-Neural Lineage in the Developing Embryo Cortex.

(A) Quantitate real-time PCR data of mRNA extracted from cells dissected from embryonic E18.5 ventral cortex of mice of HET and
E2Fs1/3 DKO mice. Significant reduction in Ascll (***p<0.001), EGFR (**p<0.01), and SIRT1 (*p<0.05) mRNA levels after E2Fs1/3
DKO in a Student’s t-test (n=3).
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Figure 17. Downstream effects of E2Fs1/3 result in stem cell bearing increased transcript similarity to quiescent cells and reduced
transcript similarity to active cells. The library generated in this paper was then compared and overlaid with the library published in Codega,
2014 to assess whether stem cells behave with quiescent or active characteristics following E2Fs1/3 DKO.

(A) Chart demonstrating stem cells upregulation of transcripts unique to qNSCs following E2Fs1/3 DKO from sorted SVZ cells. Cells were
sorted from YFP+ Rosa26-reporter single-cell population and harvested for RNA sent for sequencing. Cell sorting and data-analysis was done by
Daniel O’Neil and Bensun Fong.

(B) Chart demonstrating stem cells downregulation of transcripts unique to aNSCs following E2Fs1/3 DKO from sorted SVZ cells. Cells were

sorted from YFP+ Rosa26-reporter single-cell population and harvested for RNA sent for sequencing. Cell sorting and data-analysis was done by
Daniel O’Neil and Bensun Fong.
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SUMMARY OF RESULTS

The work presented in this thesis determines that E2Fs 1 and 3 possess a potential
role in the activation of NSCs in the niches of the adult brain. Animals lacking both E2F1
and E2F3 demonstrated a significant downturn in the neurogenic capacity of their NSC
niches. Particularly, E2Fs1 and 3 may work together to target the transition of gNSC to
aNSC shown using a novel marker panel that seeks to elucidate newly discovered sub-
types of neural NSCs. Therefore, E2Fs1/3 may have a significant regulatory role in
neurogenesis and can be potential targets for tissue regeneration following brain insult in
the future. Throughout the characterization and analysis conducted in this paper, we have
obtained some novel discoveries about the role of E2Fs in the regulation of adult

neurogenesis:

1) E2Fs1/3 are required for generation of newborn neurons and proliferation of all
precursor types is significantly reduced following E2Fs1/3 DKO. 2) Ascll, a pro-neural
activation factor, appears to be reduced following DKO suggesting it may be downstream
of E2Fs1/3. 3) E2Fs1/3 are required to transition gqNSC sub-types into aNSC sub-types

of niche NSCs.

Along with a significant reduction in adult neurogenesis, we have demonstrated
that E2Fs1/3 affect newly discovered NSC subtypes. Interestingly, this effect appears to
be similar in both the SVZ and SGZ, suggesting that E2Fs1/3 may be good targets for
regulation of neurogenesis not only for tissue regeneration but also for potential
regulation of mood and cognition. Taken together, the results support the hypothesis that
E2F1 and E2F3 are required for NSC exit from quiescence and pro-neural

activation.
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DISCUSSION

4.1 Activator E2Fs1/3 are required for neurogenesis in both SVZ and SGZ niches

Our results show there is a defect in generation of newborn neurons marked by
DCX following DKO. In addition to this, proliferation among the DCX population is also
reduced marked by Ki67, suggesting that fewer precursors are able to proliferate and
differentiate into newborn neuron-type cells (Alvarez-Buylla and Garcia-Verdugo, 2002).
This data is consistent with single-knockout studies of E2F1 and E2F3 demonstrating that
the transcription factors affect more mature, late-stage precursor cells in the SVZ and
SGZ niches (Cooper-Kuhn et al., 2002; Julian et al., 2013; McClellan et al., 2007).
Although single-knockout of either E2F1 and E2F3 reduces proliferation and
neurogenesis by precursors in the niches, neurogenesis does not appear to be completely
halted (Cooper-Kuhn et al., 2002; McClellan et al., 2007). Therefore, it is possible that
E2F1 and E2F3 have compensatory mechanisms when lacking one or the other in adult
NSCs that still allow certain precursors to proliferate and differentiate albeit at a reduced
capacity (Chen et al., 2009b; Kong et al., 2007). Further compounded by our results
showing an almost complete arrest of neurogenesis after E2Fs1/3 DKO, it appears that
both transcription factors play a key role together in the neurogenic capacity of NSCs and
further differentiated precursors. We observed the arrest of neurogenesis by assessing
several precursor cell populations via markers DCX, Tbr2, Ascll, and Sox2 to show that
there is a disruption in proliferation and differentiation from undifferentiated NSCs to
more mature cell-types. This suggests that E2F requirement for neurogenesis may begin

at the earliest, most primitive stage of the NSC lineage.
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4.2 Activator E2Fs1/3 reduce levels of pro-neural factor Ascll in neurogenic precursors

Ascll has emerged as a pro-neurogenic factor important for guiding the lineage of
NSCs towards a neuronal cell-type fate as well as priming cells for activation from a state
of quiescence (Castro et al., 2011; Kim et al., 2011; Urban et al., 2016; Vasconcelos and
Castro, 2014). Pro-neural differentiation factor Ascll may have the capacity to not only
potentially wake dormant NSCs and force them into the cell-cycle, it may also divert the
fate of those cells to a neural one. As stated, pro-quiescence and cell-cycle proteins could
be the major suppressant and indeed a barrier to Ascll activity. Therefore, establishing a
link between cell-cycle proteins, such as the E2F-family of transcription factors, to pro-
neural activation factors like Ascll could potentially provide meaningful conclusions

about the regulation of quiescent NSC transitions into a pro-neural active state.

We asked in our study if E2Fs could potentially be required for pro-neural
activation. Based on our results showing that all precursor populations post activation,
such as Tbr2 and DCX, are almost completely ablated while the Sox2 population only
gradually decreases over time, we surmised there may be a lack of activation of NSCs
towards a neural fate. After staining for aforementioned pro-neural marker and factor
Ascll in both niches and noting a significant lack of the maker in both niches, we
concluded that a lack of E2Fs results in reduced neurogenesis, and we speculate that this
may happen through loss of Ascll, leading to impaired pro-neural activation in the niche.
We confirmed this through qPCR analysis of RNA isolated from CD15+ early-born adult
NSCs in the embryonic cortex, showing that Ascll mRNA is downregulated along with
other critical targets such as neuroblast pro-survival factor SIRT1 (Figure 14) (Fuentealba

et al., 2015; Furutachi et al., 2015; Pfister et al., 2008).
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We are uncertain whether E2Fs directly regulate Ascll to induce pro-neural
activation in the niches, which is a potential future avenue to explore the mechanism by
which E2Fs control neurogenesis in the niches. However, ChIP-on-Chip analysis from
our lab shows that E2F3 possesses great binding affinity for the Ascll promoter region,
suggesting these factors may be intertwined in a complex relationship that can influence
NSCs to activate towards a neural fate (Julian et al., 2013). It is not surprising to find that
overexpression of Ascll in proliferating precursors can change their glial and astrocytic
fate to a pro-neural one, even in disease models, and we believe that E2Fs can modulate

this interaction further (Faiz et al., 2015).

4.3 Activator E2Fs1/3 reduce the ability of gNSCs to transition to an aNSC sub-type

As mentioned, while the proliferative precursor populations are reduced, the
quiescent Sox2 population was marginally reduced when compared (Figure 6, 7),
suggesting that E2Fs may also regulate NSC activation towards self-renewal, prompting
us to look at the most primitive state of NSCs. Recent advances in whole-genome
transcriptomics revealed the existence of several NSC sub-types which were previously
difficult to identify. Adult NSCs lining the niches are found in either a quiescent state
(gNSC) or an active state (aNSC), and unlike differentiation into a more specified
precursor cell, these two states are reversible where a cell may exit and enter quiescence
multiple times to divide asymmetrically (Codega et al., 2014; Llorens-Bobadilla et al.,

2015; Shin et al., 2015).

We began investigating the behavior of these NSC sub-types following our
E2Fs1/3 DKO by characterizing the niches using immunofluorescence. We discovered

that using a unique panel of markers for the SVZ and the SGZ allowed us to elucidate a
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defect in the ability of QNSCs to transition to an active state. In the SVZ, QNSCs marked
by CD133/GFAP and the absence of EGFR appeared to be in higher proportion when
compared to aNSCs marked with triple co-localization of CD133/GFAP/EGFR.
Additionally, cell-cycle exit marker p16 staining revealed that the majority of Sox2 NSCs
in the SVZ are found in a state of cell-cycle exit. Taken together, we conclude that a lack
of E2Fs1/3 prevents NSCs from exiting quiescence and in fact creates a barrier between
GO to S-phase transitions, highlighting the crucial need for activator E2Fs in cellular

activation.

In the SGZ, we utilized another novel panel of Aldolase-C (Aldoc) marker as the
predominant factor expressed in dentate NSC quiescence and is the first factor to be
downregulated following activation (Shin et al., 2015). Using a combination of Aldoc
and Nestin as markers of quiescence and activation respectively we were able to discern
gNSCs from aNSCs in the SGZ (Lugert et al., 2010). With a higher population of Aldoc
cells in the SGZ in the face of an overall decline in Sox2/Nestin co-labeled cells, we
discovered that activator-E2Fs1/3 deletion yields greater quiescence among NSCs in the

SGZ as well (Figure 10, 11).

Lastly, RNA-Sequencing was performed on RNA from recombined cells
dissected from the SVZ by collecting YFP-reporter cells (O’Neil, Fong, Yakuvovich,
Unpublished). We then combined our transcriptome with another published transcriptome
encompassing unique targets and networks to either gNSCs or aNSCs (Codega et al.,
2014). The resultant overlay showed that after E2Fs1/3 DKO, the transcriptome of SVZ
NSCs is more akin to qNSCs than aNSCs by way of upregulating factors unique to

gqNSCs and downregulating factors unique to aNSCs. Based on this and previous results,
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we hypothesize that activator E2Fs1/3 are crucial regulators of NSC quiescence and are

mechanistically required for gNSCs to transition to aNSCs and engage in neurogenesis.

4.4 Alternative Explanations

Activator E2Fs1/3 are required for cell-cycle entry and progression (Giacinti and
Giordano, 2006; Lukas et al., 1997). An overwhelming abundance of cell-cycle exit
protein p16 was observed along the SVZ niche following E2Fs1/3 DKO suggesting that
without these transcription factors, cell-cycle entry has stunted. However, it is possible
that deletion of activator E2Fs1/3 shifts a balance of transcription factors to favour
quiescence over activation, rather than preventing activation. As E2Fs1/3 levels rise and
fall in cells throughout G1 -> S-Phase transitions, downstream target expression switches
from a network of quiescent cells to active cells and vice versa. We propose that rather
than controlling a single downstream network of activation genes, E2F1/3 may modulate

two separate networks that are in opposition to each other.

Inducing E2Fs1/3 deletion may affect the overall activity of the Rb/E2F pathway.
In turn, this may cause a cascade that affects numerous cell-types and precursors in the
niches. It is pertinent to not discount such potential side-effects of E2Fs1/3 knockout.
Deletion of E2Fs1/3 may results in impaired regulation of the upstream CDK/Cyclin
pathway. Misregulation of the Rb/E2f pathway may result in a cascade of improper
CDK/Cyclin-activity yielding either aberrant over- or under-activation of specific cell-
types. It is possible that in our model, knocking out E2Fs1/3 results in a signalling
cascade that prevents over-activation of NSCs by affecting upstream CDK/Cyclin activity
and subsequent Rb- and Rb-family protein activity. We hypothesize that this cascade

could potentially be responsible for the phenotype seen in this paper. For example, it has
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been established that CDK-mediated regulation of Sox2 protein is crucial for induction of
pluripotency and pro-neural activation of NSCs (Lim et al., 2017; Ouyang et al., 2015).
Knockout and overexpression assays of E2Fs1/3 combined with chromatin
immunoprecipitation and western blotting could potentially reveal the effects of E2Fs1/3
deletion on the activity of CDKs/Cyclins. Additionally, characterization of NSCs
following selective deletion of some CDKs may reveal a similar phenotype to knocking
out E2Fs1/3, suggesting that it is the upstream regulation by CDKs that may be

responsible for the aberrant neurogenesis phenotype we see in this paper.

4.5 Future Directions

Healthy activation of NSCs is crucial for adult neurogenesis and the modulation
of behavior and cognition (Aimone et al., 2014; Becker and Wojtowicz, 2007; Mak and
Weiss, 2010). Additionally, activation and survival of NSCs could play a key role in the
recovery of brain tissue from diseases such as Alzheimer’s, Parkinson’s, and stroke in the
future. We have unraveled a novel role for E2Fs1/3 in the regulation of adult
neurogenesis. Specifically, we have shown that E2Fs1/3 have a key regulatory role in the
activation of NSCs and exit from quiescence. However, the specific mechanism and

pathway by which this happens remains to be discovered and characterized.

Ascll has been demonstrated to be key in the pro-neural fate decision and
activation of adult NSCs in both adult niches (Kim et al., 2011; Urban et al., 2016;
Vasconcelos and Castro, 2014). Previous data from ChIP-on-Chip experiments in our lab
shows E2F3 has binding affinity for Ascll promoter region (Julian et al., 2013), in
addition to qPCR experiments in this thesis demonstrating loss of Ascll mRNA presence

following E2Fs1/3 DKO in adult NSCs shortly after their formation during
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embryogenesis. We believe there may be a key regulatory role for activator E2Fs1/3 on
Ascll gene expression. More specifically, we believe E2Fs1/3 regulate Ascll
transcription levels in adult NSCs to enact pro-neural exit from quiescence when various
extracellular and intracellular signals affect CDK-mediated activation of the Rb/E2F
pathway. Ascll presents an exciting and novel target for modulation of NSC and transit-
amplifying progenitor fate after disease (Faiz et al., 2015). Elucidating the mechanism by
which E2Fs1/3 potentially regulates downstream Ascll may hold the key for gNSC
transition into aNSC with the ability to prime NSCs towards a neural fate, a condition
which can prove useful in tissue regeneration following disease. The utility of chromatin
immunoprecipitation and luciferase assays may help to reveal direct regulatory role for
E2Fs1/3 on Ascll transcript levels. Specifically, chromatin immunoprecipitation (ChIP)
experiments showing E2Fs1/3 binds Ascll promoter could provide such evidence.
Additionally reduced luciferase activity bound to an Ascll promoter construct following
overexpression of E2F1 or E2F3 in culture could indicate downstream regulation of
E2Fs1/3 on Ascll. This would set E2Fs1/3 as potential targets for modulation of crucial
pro-neural protein Ascll. Following this, lentiviral driven-overexpression of either E2F1
or E2F3 in the niches after a prolonged DKO period acting as a rescue will potentially
demonstrate whether Ascll is turned on with a proper set of markers for characterization.
Additionally, Ascll lentiviral driven-overexpression following a prolonged E2Fs1/3
DKO period could further show Ascll can rescue neurogenesis by bypassing the

regulatory requirement of E2Fs1/3.

Additional effects of activator E2Fs1/3 on different NSC sub-types have yet to be

fully characterized. Novel sequencing and bioinformatic techniques are used to further
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sub-divide adult NSCs into respective clusters each with unique properties and purpose
for neurogenesis (Llorens-Bobadilla et al., 2015; Shin et al., 2015). Based on the
characterization results in this paper, it is possible that E2Fs1/3 affect NSCs at their most
basic, primitive stage, and prime these cells towards either activation or be involved in
determining a certain fate or both. Additionally, E2Fs1/3 may be the prime regulator of
NSC activity being downstream in the Rb/E2F pathway. To elucidate this, additional
bioinformatic analysis may be required to tie Rb/E2F pathway activity to specific sub-
types of NSCs. Online repositories and published transcriptome analysis of various NSC
sub-types could be overlaid with bioinformatic data derived from E2Fs1/3 DKO NSC
RNA. Together, these kinds of correlative analyses could suggest specificity of E2Fs1/3
to certain NSC sub-types, and suggest whether E2F activity is required only for some
NSC sub-types and not others. Keeping in mind that such analyses are purely correlative,

additional experiments targeting molecular mechanisms would be required.

While this thesis has demonstrated a requirement for E2Fs1/3 in healthy adult
neurogenesis, the requirement has not yet been shown in models of increased
neurogenesis, such as either disease- or exercise-enhanced neurogenesis. It is well-
established that neurogenesis and NSC activity increases following acute brain injury,
such as stroke (Arvidsson et al., 2002; Dibajnia and Morshead, 2013; Faiz et al., 2015).
The role of E2Fs1/3 in disease-enhanced neurogenesis is yet to be established. Inducing
stroke in animals following double-knockout of E2Fs1/3, and observing whether NSCs
can activate can yield further answers about whether E2Fs1/3 are unique regulators of
NSC activation, or can be bypassed by other mechanisms triggered by different

mechanisms. Additionally, experiments that seek to enhance the inherent neurogenic
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response of the adult NSC niches can be repeated with running-wheel experiments, where
E2Fs1/3 deficient mice are allowed free-access to cardiac exercise known to enhance
neurogenesis (Blackmore et al., 2009). Such experiments serve to elucidate whether
E2Fs1/3 are the primary regulators of NSC activation and exit from quiescence and thus
cannot be bypassed by any mechanisms, or there exist other factors which can modulate

neurogenic activity independent of the cell-cycle Rb/E2F pathway.

As E2Fs1/3 deficiency presents a clear deficit in healthy adult neurogenesis, it is
pertinent to explore the behavioral impact of the phenotype. DKO mice put through
various behavioral memory testing, such as the Morris Water Maze (MWM) or Fear
Conditioning (FC) could reveal the behavioral consequences of ablating neurogenesis in
the adult brain (Becker and Wojtowicz, 2007; Deng et al., 2010). In addition to pro-
neural activation, results of such behavioral studies could possess significant
consequences for the modulation of cognition and behavior, and further clinical study
into the behavior of activator E2Fs1/3 in patients with under-activation of NSCs and

impaired neurogenesis.
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CONCLUSION

Our findings demonstrate that E2Fs1/3 are required for adult neural stem cell
exit from quiescence and entry into the cell-cycle. Characterization of the neurogenic
niches following a combined knockout of germline E2F1 and conditional E2F3 reveals a
remarkable shutdown of neurogenesis and stem cell activation. Additionally, we have
discovered that pro-neural gene Ascll is reduced following our knockout, leading us to
propose that pro-neural activation is significantly affected by activator E2Fs1/3 activity.
Overall, the lack of activation among neural stem cells and the ablation of progenitors
and newborn neurons leads us to suggest that E2Fs1/3 plays a pivotal role in the

regulation of neurogenesis and stem cell maintenance.
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