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ABSTRACT
OF THE THESIS OF

Rouba Nachat Hilal for Master of Science
Major: Biology

Title: Study Of The Combined Roles Of p53 And Rb in the Maintenance Of A Post-
Mitotic State in Adult-Born Neurons Inside the Olfactory Bulb

Adult neurogenesis (AN) is an ongoing process in two neurogenic niches inside the adult
mammalian brain: the adult subventricular zone (aSVZ) and the sub-granular zone (SGZ)
of the dentate gyrus. This process generates a continuous supply of newborn neurons in
the olfactory bulb (OB) and the hippocampus, respectively. The population of adult
neural stem and progenitor cells (aNSPCs) is limited in size and gradually loses its
neurogenic capacity with age. Given the promising regenerative potential associated with
AN, it is essential to decipher the key molecular pathways that control it in order to
enhance the brain’s regenerative capacity. Retinoblastoma (Rb) and p53 are two key
tumor suppressor proteins that regulate the cell cycle as well as cell survival. Our
laboratory has shown that Rb negatively controls progenitor cell proliferation in the adult
SVZ and is needed for the long-term survival of newborn OB neurons (Naser et al., 2016).
We also found that cell death of Rb-/- OB neurons is not rescued by the loss of p53. More
recently, we uncovered that Rb protects these neurons against cell cycle re-entry (CCE)
and accumulation of DNA damage by maintaining a post-mitotic state (Omais et al.,
2022). The role of p53 in the latter context is still unknown. Here, we examined whether
p53 either alone or in combination with Rb can protect newborn OB neurons against CCE
and DNA damage. Our results show that p53 negatively controls the rate of OB
neurogenesis in a dose-dependent manner. However, unlike Rb, loss of p53 does not
predispose OB neurons to CCE or DNA damage one month following its deletion.
Moreover, the compound deletion of p53 and Rb does not exacerbate the CCE and DDR
phenotype reported in the absence of Rb. We also show that Rb-/- newborn neurons in
the glomerular layer (GL) but not the granule cell layer (GCL) are resistant to CCE and
cell death. Hence, they accumulate DNA damage but are able to progress into the M
phase. Altogether, our data indicate that p53 is not required for the maintenance of a post-
mitotic state in newborn OB neurons at least in the short term. In addition, the GL and
GCL exhibit distinct regulatory dynamics with respect to cell cycle control and neuronal
survival. These findings contribute to a better understanding of the molecular pathways
involved in the control of AN inside the OB, which affect the regenerative capacity of the
adult brain.
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CHAPTER |

INTRODUCTION
A. Adult Neurogenesis

1. Historical Overview of Adult Neurogenesis

Neurogenesis is the process by which functional neurons are generated from precursor
cells. In 1913, Ramon y Cajal described neurogenesis to be a strictly embryonic process
by which neurons were generated in the central nervous system (CNS) (Cajal, 1991).
Over the past three decades since the discovery of adult neural stem cells in 1992, the
notion of a strictly embryonic neurogenesis was challenged. It is now established that
adult neurogenesis (AN) occurs in the CNS in several mammals including rodents and
humans in two neurogenic niches: the subventricular zone (SVZ) lining the lateral
ventricles and the dentate gyrus of the hippocampus (Hi) (Kukekov et al., 1999; Reynolds
& Weiss, 1992).

A while after Cajal’s statements, in the late 1950s, the methodological breakthrough
of [H3]-thymidine labeling allowed for the visualization of dividing, proliferating cells.
With this progress, a search for proliferating cells in post-natal models of the brain
challenged Ramon y Cajal’s post-mitotic notion and led to the identification of dividing
cells in the mammalian brain. Hence, in 1961, Smart established the presence of a mitotic
population in the sub-ependymal region surrounding the lateral ventricles of adult mice
by [H%]-thymidine labeling (Smart, 1961). Altman and colleagues also showed evidence
for newborn cells in the dentate gyrus, neocortex, and olfactory bulbs of adult rats,

however, the identity of these cells and their functional significance remained unknown.



With the discovery of adult neural stem cells (Reynolds & Weiss, 1992), the field of
AN resulted in more insight and relevance among the scientific community. This led to
identifying the functional role(s) and exploring the regenerative potential of these cells
and their progeny. For instance, studies on songbirds provided evidence for significant
roles of post-natal neurogenesis in seasonal song learning (Nottebohm, 2004) as reviewed
in Ming & Song in 2005.

In 1992, Reynolds and Weiss successfully generated neurons and astrocytes in vitro
from adult neural stem cells (aNSCs) isolated from the striatum of adult mouse brain for
the first time (Reynolds & Weiss, 1992). In the same year, Richards et al. further
highlighted the presence of neural precursors in adult mice by generating neurons in vitro
in serum-rich conditions by plating cells obtained from segments of the brain including
the cerebral cortex, hippocampus, diencephalon, septum, and striatum (Richards,
Kilpatrick, & Bartlett, 1992). Later in 1999, Palmer et al. were the first to show that glial
precursors isolated from the dentate gyrus and the neocortex native to glial-producing
cells only, were able to generate neurons in culture, with similar efficiencies. This study
showed multipotency of the precursors under study and established a natural presence of
neuron-competent precursors in the rat adult brain (Palmer, Markakis, Willhoite, Safar,
& Gage, 1999). A more fundamental need for the study of AN emerged with the study of
Kukekov et al. that isolated proliferative cells from the SVZ and the Hi of biopsies from
adult human brains. The study reported similar properties between the two isolated
populations cultured in neurospheres in addition to similarities in developmentally
regulated molecules, or proteins involved in the maintenance and differentiation of
neurospheres (Kukekov et al., 1999). The field was further transformed by the

introduction of Bromodeoxyuridine (BrdU), a thymidine analogue, which allowed for a
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safe and easier observation of AN in mammals including rodents and humans. Additional
characterization of the potential of aNSCs came from lineage tracing and
electrophysiological studies that indicated functionally integrated adult-born neurons
(Reviewed in Ming and Song, 2005).

Hence, by the end of the twentieth century, the presence of AN was well-established
as an ongoing dynamic process by which new adult-born neurons are generated from
resident adult stem and progenitor cells. This continuous supply of specific subtypes of
neurons contributes to the already established networks, thus expanding the horizons of
brain plasticity and regeneration. For instance, it has been established that increased adult
neurogenesis in the Hi correlates with enhanced spatial learning, whereas the
pharmacological inhibition of hippocampal neurogenesis leads to defective behavior in
rodents(Farmer et al., 2004; Snyder, Kee, & Wojtowicz, 2001). Similarly, adult
neurogenesis in the OB improves olfactory performance such as during tough olfactory
discrimination tasks (more so upon enhanced neurogenesis)(Rochefort, Gheusi, Vincent,
& Lledo, 2002). In contrast, defective or ablated neurogenesis has the opposite effect
(Enwere et al., 2004). Indeed, several other studies have established a role for
neurogenesis in enhancing discrimination between similar odors and enhanced
performance in difficult discrimination tasks reviewed in (Kouremenou, Piper, and
Zalucki (2020). Additional evidence has shown an essential correlation between olfactory
dysfunction and the progression of neurodegenerative diseases. First, olfactory
dysfunction is a premotor sign, an early symptom of Alzheimer, Parkinson, and
Huntington disease and others (Attems, Walker, & Jellinger, 2014). At a
pathophysiological level, the OB is one of the first structures to accumulate deposits of

protein inclusions such as a-synuclein in Parkinson disease and phosphorylated tau in
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Alzheimer (Braak et al., 2003; Kovécs, Cairns, & Lantos, 2001). Second, aging, a known
risk factor of neurodegenerative disease, can lead to cell cycle reentry (CCE) and to
changes, especially in regions such as the SVZ, and can lead to pro-survival mechanisms
very similar to those seen in neurodegenerative disease (Omais, Hilal, Halaby, Jaafar, &
Ghanem, 2022; Omais, Jaafar, & Ghanem, 2018).

Several major setbacks are also associated with AN including the relatively low
number of neurons generated at each neurogenic site, the restricted potential of the
progeny, and the decrease of AN with age. Given the promising functional and
therapeutic potential of adult NSCs, in regenerative medicine, it is essential to first
characterize the cellular and molecular mechanisms regulating this process. Second,
aiming to expand these cells and their progeny either in vivo or in vitro to benefit from

their potential following brain injury or degeneration is necessary (Omais et al., 2018).

2. Neurogenic Niches

Neurogenic niches are defined as “micro-environments that anatomically house stem
cells and functionally control their development in vivo” (Ming & Song, 2011). The
complexity and distinctiveness of the adult brain are thought to restrict active and ongoing
neurogenesis to two canonical sites only, the SVZ and dentate gyrus of the Hi. The micro-
environments housing stem cells are rich in regulatory cues provided by the cellular
components making up the niche. Neurogenic niches are home not only to neural stem
cells but also to endothelial cells, ependymal cells, astrocytes, microglia, neurons, and
vascular cells, all of which play essential roles in the control of the developmental

properties of NSCs in time and space as well as specific contexts.
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a. The Adult Subventricular Zone (aSVZ)

The adult Subventricular zone (aSVZ) lines the walls of the lateral ventricles. Inside
the aSVZ reside adult neural stem cells (aNSCs) that generate new olfactory bulb (OB)
interneurons across the lifespan in mammals. aNSCs in the aSVZ are radial glia-like
quiescent stem cells known as Type B1 cells. These cells are multipotent and quiescent.
Once activated, they undergo asymmetric division(s) to self-renew and produce transient
amplifying progenitor cells known as Type C cells. Type C are fast-amplifying progenitor
cells that undergo several rounds of cell division before exiting the cell cycle to produce
neuroblasts or immature neurons referred to as Type A cells. Neuroblasts are migratory
cells that form elongated chains by aggregating en route to the OB along a glial sheath,
known as the rostral migratory stream (RMS) (Lim & Alvarez-Buylla, 2016). Once inside
the OB, these neuroblasts then migrate radially to spread and differentiate into y-
aminobutyric acid (GABA)ergic inhibitory interneurons inside the OB thus occupying
the granule cell layer GCL (97%) or the glomerular layer (GL; 3%) (Doetsch & Alvarez-

Buylla, 1996; Lim & Alvarez-Buylla, 2016; Lois & Alvarez-Buylla, 1993).

i. Characteristics of the Cellular components of the aSVZ
The aSVZ serves as a reservoir of neural progenitors as thousands of NSCs are
dispersed alongside the walls of the lateral ventricles. These aNSCs, or type B1 cells form
a boundary between migrating neuroblasts and the ependymal layer lining the walls of
the lateral ventricles (Garcia-Verdugo, Doetsch, Wichterle, Lim, & Alvarez-Buylla,
1998). Type B1 cells are astrocyte-like stem cells (given their embryonic origin) that

share common characteristics with astrocytes including processes that intercalate between

other cells and an abundance of glial fibrillary acidic protein (GFAP) in their intermediate
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filaments. Additional glial markers expressed by these cells are glutamate aspartate
transporter (GLAST), brain lipid-binding protein (BLBP), and vascular cell adhesion
protein 1 (VCAML1). Type B1 cells were found to make direct contact(s) with the ventricle
by extending thin process(es) between ependymal cells. Remarkably, the location of Type
B1 cells along different partitions of the aSVZ determines the type(s) of OB neurons they
give rise to, a heterogeneity that is largely cell-intrinsic (regionalization). Merkle et al.
identified four new interneuron subtypes derived from the anterior ventral SVZ
population of stem cells. These cells are morphologically distinct in their extensive
dendritic arboring and small cell bodies. Moreover, they are found to differentiate into
Calretinin-expressing interneurons, but not calbindin (Merkle et al., 2014). Of interest,
Type B1 cells can exist in two states: an activated state or a quiescent one. Codega et al.
showed that quiescent neural stem cells do not express the intermediate filament protein
Nestin, but rather upregulate it upon their activation making this protein a defining marker
of activated NSCs and their subsequent progeny (Codega et al., 2014). As described
earlier, activated Type B1 cells undergo slow asymmetric division(s) to self-renew and
produce Type C cells or transient-amplifying progenitors. Additionally, type B1 cells are
capable albeit with lower capacity to give rise to glial lineages under normal conditions
producing new oligodendrocytes in the corpus callosum, and more so, following injury
or disease indicating a dynamic response to changes in their local environment (Lim &
Alvarez-Buylla, 2016).

Type C cells are characterized by the expression of mammalian achaete-scute
homolog-1, Mash1 also known as Ascl1, and Distal-Less Homeobox 2, DIx2. These cells
undergo several rounds of fast cell division and finally produce Type A cells, or

neuroblasts. Recent analysis has shown that type C cells divide once per day and generate
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neuroblast(s) starting on the 4™ day of division (Obernier et al., 2018). Neuroblasts also
express DIx2 but are distinguished from Type C cells by their expression of doublecortin
(DCX), collapsing-response mediator protein 4 (CRMP-4), and polysialylated neural-
cell-adhesion molecule (PSA-NCAM). Type A cells travel a substantial distance of
several mms , due to their intrinsic migratory capacity. Migration of these neuroblasts is
described as a “saltatory” movement by which the cells first extend a growth cone and
translocate their nuclei to the tip, which expresses DCX, the microtubule-associated
protein involved in neuronal migration, as well as CRMP-4 and PSA-NCAM required for
axonal guidance and efficient chain migration, respectively (Lim & Alvarez-Buylla,

2016).
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ii.  Key Molecular Regulators of aSVZ neurogenesis

Compared to the developing brain, aNSCs are exposed to a different environment and
can be subject to distinct regulatory molecules. In the aSVZ, NSCs are surrounded by

ependymal cells with rich vascularization in their vicinity rather than other stem cells and
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Figure 1: Adult neurogenesis in the subventricular zone — olfactory bulb
axis. A) Sagittal section of an adult mouse brain showing the aSVZ-OB
neurogenic axis. The aSVZ produces neuroblasts that migrate along the RMS,
into the OB where they differentiate into interneurons. B) Developmental stages
of NSPCs lineage along the SVZ-OB axis during AN, as modified from (Ming &
Song, 2011)

migrating neuroblasts, as is the case in embryonic development (Go6tz, Nakafuku, &
Petrik, 2016). Additionally, several intrinsic and extrinsic mechanisms control AN, many
of which conserved in embryonic and adult neurogenesis.

Major intracellular players in the regulation of neurogenesis include cell cycle

regulators such as key transcription factors and other major epigenetic regulators

16



including DNA methylation, histone modification, and non-coding RNAs (Reviewed in
(Sun, Sun, Ming, & Song, 2011). Cell cycle regulators maintain the precursor pool, with
several emerging studies indicating the depletion of the neurogenic precursor pool with
their deletion (Ming & Song, 2011; Omais et al., 2018). Kippin et al. show that loss of
p21, the cell cycle inhibitor, leads to a higher proliferation of neural stem cells in the adult
mammalian forebrain, eventually leading to their exhaustion (Kippin, Martens, & van der
Kooy, 2005). Furthermore, transcription factors act as direct effectors acting downstream
of major signaling pathways that sustain the precursor pool in the SVZ. Brill et al. show
that aside from its role in neurogenesis, DIx2 promotes a dopaminergic fate of
periglomerular neurons in adult mice, and that this process requires Pax6 interaction, as
loss of Pax6 inhibits dopaminergic subtype specification (Brill et al., 2008). Additionally,
the population of neural progenitors in the aSVZ that expresses the homeobox gene Em1
and DIx5/6 genes specifically gives rise to a subset of GCL- and GL- residing calretinin-
positive interneurons (Kohwi et al., 2007).

The maintenance, activation and fate of neural precursors are controlled by several
morphogens and extracellular factors including Notch, Shh, Wnt, and BMPs. For
instance, Notch signaling negatively regulates differentiation of neural stem cells into
transient-amplifying cells and the regulation of the surrounding niche through Ephrins
and Eph receptors. Notch inhibits the asymmetric division of neural stem cells and
instructs glial cell fate decisions (Conover & Allen, 2002). Shh, on the other hand, is
required for maintenance of aNSCs in the adult SVZ and is therefore a negative regulator
of stem cell division. The constitutive deletion of Shh led to the fast depletion of both

type B and C cells in the aSVZ resulting in the overproduction of neuroblasts. Hence, Shh
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negatively regulates stem cell division to preserve a quiescent state while it triggers the

proliferation of Type C cells (Balordi & Fishell, 2007).

b. The SGZ

In 1975, Joseph Altman and Gopal D. Das identified ongoing neurogenesis in the
dentate gyrus in young rats, and to a lesser degree in older rats (Altman & Das, 1965).
The precursor cells responsible for hippocampal neurogenesis reside in the subgranular
zone (SGZ) of the dentate gyrus, a coin first termed by Altman to describe the band of
tissue localized between the granule cell layer and the hilus. In fact, adult hippocampal
neurogenesis is known to generate granule cells of the dentate gyrus only (Kempermann,
Song, & Gage, 2015). Radial and non-radial precursor cells proliferate and produce
intermediate progenitors that give rise to neuroblasts. The differentiation of immature
neurons into dentate granule cells occurs in the inner granule cell layer in the

hippocampus (Ming & Song, 2011). The newborn neurons then project axons towards
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the CA3 through the hilus and dendrites towards the molecular layer as shown in Figure

2.
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Figure 2: Adult neurogenesis in the subgranular zone of the dentate gyrus. A)
Sagittal section of the mouse hippocampus. B) The stages of adult neurogenesis in
the Hi are as follows: The SGZ radial glia-like cells are activated and produce
progenitor cells that in turn produce neuroblasts that differentiate into immature
neurons in the inner granule cell layer of the hippocampus. These neurons then
mature into granule cells that extend their axons towards the CA3 region and their
dendrites towards the molecular layer of the hippocampus. As modified from (Ming

& Song, 2011).

i.  Characteristics of the cellular components of the SGZ

AN in the SGZ consists of four distinct phases that produce granule cells over a
period of 7 weeks. Initially, the precursor pool of radial glia-like type 1 cells, that express
GFAP due to their astrocytic nature, expands in the precursor cell phase and gives rise to

proliferative type 2 cells that further divide into two types: type 2a, a glial-like type that
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expresses glial markers but lacks a glial morphology and type 2b, a neuronally determined
cell type (Kempermann et al., 2015). Both type 1 and type 2 cells express the intermediate
filament Nestin and the transcription factor Sox2. Although type 1 cells respond to
external stimuli and increase their proliferation, the expansion of the pool of newly
generated cells is mainly driven by type 2 cells. The exit of type 2 cells from the cell cycle
Is characterized by proliferative late precursor cells or type 3 cells, most of which are lost
within a few days into the survival phase. Proliferating neuroblasts and immature neurons
also express DCX and PSA-NCAM, which are markers of migrating immature neurons.
Then, the surviving adult-born neurons, which express post-mitotic cell markers such as
the neuronal nuclear protein (NeuN), start developing connections and establishing new
functional synapses in the post-mitotic maturation phase in the CA3 region. A process of
fine-tuning follows the establishment of a functional connection in the late survival phase,
when the cells are driven to neuronal maturation by GABA excitatory activity and
competition with the pre-existing circuitry (Faigle & Song, 2013; Kempermann et al.,

2015).

ii.  Key Molecular Regulators of SGZ neurogenesis

What distinguishes hippocampal neurogenesis is its activity-dependent regulation,
whereby behavior affects network establishment and therefore affects circuitries and
signaling pathways. Similar to the SVZ, cell cycle regulators, transcription factors, and
epigenetic regulators are key to regulation of hippocampal adult neurogenesis. For
instance, Sox2 is a major transcription factor that acts on several signaling pathways
including Notch and Shh. Deletion of Sox2 leads to depletion of the precursor pool and

loss of hippocampal neurogenesis (Favaro et al., 2009). Additionally, similar to the aSVZ,
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Notchl deletion or the deletion of its mediator, leads to depletion of the progenitor pool
due to increased differentiation to transient amplifying cells (Ables et al., 2010).
Morphogens and growth factors alike, also play a role in regulation of the cell population
involved in hippocampal neurogenesis as reviewed in (Faigle & Song, 2013; Ming &

Song, 2011).

¢. Non-canonical Neurogenic Niches

The notion of a minimally plastic brain was initially challenged by the identification
and characterization of canonical sites of neurogenesis and mechanisms controlling them.
Further evidence of the plasticity of the CNS lies in the detection of parenchymal
progenitors in most regions of the mature brain as indicated by several studies. One well-
accepted noncanonical neurogenic site is the hypothalamus. Several studies show
constitutive neurogenesis in the hypothalamus of mice, rats, rodents and other species
(Feliciano, Bordey, & Bonfanti, 2015). The hypothalamus is the central homeostatic
regulator of several energy-balance activities. A study by Lee et al. in adult mice utilized
genetic fate mapping to reveal that tanycytes generated newborn neurons, which once
inhibited lead to increased activity and inhibition of weight gain (D. A. Lee et al., 2012).
Although neurogenesis occurs in non-canonical niches, the number of neurons is less than
in the SVZ and SGZ where these are predominantly gliogenic in nature. More non-
canonical sites have been investigated including the neocortex of rats, mice, and
monkeys, the corpus callosum, piriform cortex, striatum, amygdala, substantia nigra,
cerebellum and brain stem (Reviewed in (Bonfanti & Peretto, 2011; Feliciano et al.,

2015).
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B. Adult neurogenesis in the adult SVZ-OB

1. Cellular Organization and Structure of the OB

In the Olfactory bulb, the first relay targets of olfactory nerves leaving the olfactory
epithelium are the glomeruli lying just beneath the surface of the OB and acting as the
first synaptic targets of primary olfactory axons (Figure 3). Deep within the glomeruli lie
the cell bodies of mitral cells, the principal projection neurons of the bulb that contact the
axonal projections of receptor neurons at their apical dendrites. Each dendrite extends
into a single glomerulus and branches to contact the axons of receptor neurons, with every
glomerulus housing the dendrites of 25 mitral cells and receiving input from 25,000

olfactory receptor axons (D. Purves et al., 2019).
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Figure 3: The Organization of the Olfactory Bulb. Axons of olfactory
sensory neurons make synapses in the glomeruli of the glomerular layer (GL)
with the dendrites of two types of projection neurons, the mitral cells and the
tufted cells, which send their axons to the olfactory cortex. Granule cells are
axon-less interneurons located in the granule cell layer (GCL) and extend
dendrites apically into the EPL to regulate the main projections neurons’
function. Retrieved from (Nagayama, 2014).
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Periglomerular (PG) interneurons include glutamatergic and g-aminobutyric acid
(GABA)ergic neurons that mediate interactions within a glomerulus, and between
separate glomeruli. Although incompletely understood, their function is to control the
gain of glomerular inputs and lateral interactions between coactive glomeruli. They
produce multisynaptic loops by synapsing with mitral and tufted neurons, and with each
other, within glomerular circuitry. Adult neurogenesis replenishes PG subtypes that
express tyrosine hydroxylase, calretinin, and a portion of calbindin glutamatergic
interneurons (Lledo & Valley, 2016).

The basal dendrites of mitral cells in the external plexiform layer (EPL) synapse with
the granule cells found in the innermost layer of the olfactory bulb, the glomerular cell
layer (GCL). Granule cells are distinct cells in that they lack axons, and instead make
reciprocal dendrodendritic synapses with mitral cells. These are a population of
homogenous, inhibitory neurons that release GABA at their dendrodendritic synapses
with principal neurons in response to the glutamate that the latter cells release (Lledo,
Saghatelyan, & Lemasson, 2004). Therefore, at the dendrodendritic synapses, recurrent
inhibition is mediated by a reliable, spatially localized reciprocal circuit. This interaction
is the major neuronal interaction in the olfactory bulb that provides a balance between

excitatory and inhibitory signals.

2. Functional Significance of SVZ-OB Neurogenesis

A plethora of recent studies shows that the role of adult neurogenesis extends beyond
restoration, as it is a dynamic process that enables the brain to adapt to changing internal

and external stimuli, leading to neuronal plasticity (Lledo & Valley, 2016).
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In a recent study ablated adult neurogenesis was achieved by virally suppressing
mitotic neural stem cells. Mice lacking adult-born neurons have impaired fine odor
discrimination but perform as well as control mice in easy discrimination tasks.
Nevertheless, there is no consensus as to the effect of impaired neurogenesis in odor
discrimination. While similar results were observed in other studies, some studies report
no effect after loss of adult-born neurons while others show a necessity of these neurons
in odor discrimination (reviewed in (Kouremenou et al., 2020)).

On the other hand, several studies enhanced neurogenesis by deleting certain cell
cycle regulators of expressing cell cycle initiators resulting inenhanced odor
discrimination and faster habituation. For instance, Gregorian et al. showed that
conditional deletion of Pten, an antagonist of phosphatidylinositol-3-kinase (PI3K)
enhances neurogenesis and with the behavioral manifestation in mice of having faster
habituation to novel odors compared to control groups (Gregorian et al., 2009). Bragado
Alonso et al., on the other hand, conditionally expressed Cdk4/CyclinED1 (4D). This
resulted in increased neurogenesis and better discrimination in a challenging task
compared to controls, with no difference in simple task performance (Bragado Alonso et
al., 2019). In addition, research has shown that environmental factors, specifically odor
enrichment, lead to increased survival of adult-born neurons. Rochefort, et al. showed
that odor-enriched environments, where mice are exposed to several aromatic fragrances,
result in increased neuronal survival rate rather than increased proliferation (Rochefort et
al., 2002).

The olfactory bulb is implicated in the progression of neurodegenerative mechanisms
following olfactory dysfunction. This leads to the hypothesis that the OB may be a

suitable model to study neurodegenerative disease. As previously discussed, a large body
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of evidence supports such a hypothesis, as olfactory dysfunction is an early, common
indicator of neurodegenerative disease including Parkinson (PD) and Alzheimer (AD)
(Omais et al., 2018). With that in mind, the olfactory system may offer an alternative
therapeutic intervention target for neurodegenerative diseases and injury.This
underscores the functional significance of olfactory neurogenesis and its modulation by
unraveling regulatory pathways and molecules that contribute to its manipulation for

interventional purposes.

C. Role of Rb in Adult Neurogenesis

1. Overview on the Rb family of pocket proteins

The Retinoblastoma gene (Rb) was first identified as a mutated locus in the
Retinoblastoma eye malignancy (Friend et al., 1986). Rb is a well-characterized tumor
suppressor gene known for its negative regulation of the cell cycle (Goodrich, Wang,
Qian, Lee, & Lee, 1991). Although Rb can interact with over 100 proteins, the most
described is the one with members of the E2F family of transcription factors, and will be
discussed below (Du & Pogoriler, 2006). Following the identification of Rb, two other
members of the Rb family of pocket proteins were identified based on their sequence
similarity with viral oncogenes. These two genes are RBL1 and RBL2 and code for the
pl07 and pl130 proteins, respectively (David Cobrinik, Whyte, Peeper, Jacks, &
Weinberg, 1993; Zhu et al., 1993). The Rb family members share structural properties,
with sequence homology of their small pocket region. The small pocket region includes
two domains A and B, separated by a spacer region. These domains are cyclin fold
domains that allow the small pocket to form a transcriptional repressor. In this small

pocket region lies the conserved sequence homology that allows for the interaction of
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pocket proteins with others having the LXCXE peptide motif. The combination of the
small pocket region with the C-terminal domain forms the large pocket, which mediates
the interaction of Rb family members with E2F.

Although the structures of the pocket domains are well conserved among members of
the family, p107 and p130 appear to have additional sequence similarities between them
compared to Rb (Figure 4). Such features exclusively identified in p107 and p130 small
pocket regions include insertions found in the B domain and longer spacer regions. These
allow for their interaction with cyclin-dependent kinase complexes. Hence, p130 was
shown to interact and form complexes with cyclin A/cdk2 and cyclin E/cdk2 via the
spacer region (Lacy & Whyte, 1997), while p107 uses its p21¢* — related domain to bind
cyclin/cdk2(Zhu, Harlow, & Dynlacht, 1995). Finally, all pocket proteins contain an N-

terminal region that serves to inhibit cyclin-dependent kinases.
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Figure 4: Schematic representation of the Rb family of pocket proteins
structure. A) A common structural feature of RB-family proteins is the small
pocket including the two domains, A and B. The large pocket is the binding
site for E2F transcription factors and viral proteins. B) Differences of open
reading frame structures between pRb, p107, and p130. Compared with Rb,
p107 and p130 possess additional features: the kinase inhibitory site (blue), the
cyclin binding site (grey), and the insertion/spacer in the B-domain of the
pocket. pRb has an additional binding site for cyclin A/cdk2, Cyclin E/cdk2,
and PP1 (red) compared to p107 and p130. Retrieved from (Henley & Dick,
2012)

2. Role of Rb in embryonic development

During embryogenesis, the ventricular and subventricular zones of the developing
neural tube house several types of cycling progenitors. With terminal mitosis taking
place, late progenitors commit to a neuronal fate and give rise to neuroblasts (immature
neurons), which migrate into their appropriate positions in the developing nervous system
(Purves, 2017). This process is called neurogenesis. As neurons form, proper synapses
and axons establish connections/pathways to their targets and half of the neuronal
population naturally undergoes apoptosis (R. S. Slack & Miller, 1996). Studies have
highlighted an essential role for pRb as a master regulator of the G1-S phase checkpoint

during development, as well as in several phases of neurogenesis including progenitor



proliferation, early neuronal commitment, and terminal differentiation, all of which are
closely tied (Egan, Bayley, & Branton, 1989; Ruth S Slack, EI-Bizri, Wong, Belliveau,
& Miller, 1998; R. S. Slack, Hamel, Bladon, Gill, & McBurney, 1993)

pRb plays essential roles beyond cell cycle entry. A number of studies have indicated
a requirement for Rb for normal development of the nervous and hematopoietic systems
and regulation of apoptosis (R. S. Slack & Miller, 1996). Rb null mice exhibit aberrant
mitoses and lack of differentiation markers, indicating that Rb plays a dual role in cell
cycle exit and early neuronal differentiation (E. Y. Lee et al., 1994). Additionally,
histologic analysis of Rb null embryos demonstrates ectopic mitoses and apoptotic cells
in the intermediate zones of the developing neural tubes to which post-mitotic, committed
neurons migrate.

Later evidence showed that Rb regulates the survival of neuronal populations in the
developing telencephalon and cell proliferation in a cell-autonomous manner as Rb
deficient mice exhibit ectopic cell division (K. L. Ferguson et al., 2002). Additionally,
Ferguson et al. exposed a role for Rb in neuronal migration, where Rb mutant mice
generate neuronal populations with defective laminar patterning and radial migration in
the developing cortex (Kerry L. Ferguson et al., 2005). Ghanem et al. showed that
conditional telencephalic loss of Rb leads to E2F-mediated repression of transcription of
DIx1 and DIx2 genes (Ghanem et al., 2012). This establishes a requirement for Rb in the
regulation of differentiation by modulating DIx1 and DIx2, two key genes required for
development of interneurons in the brain. This laboratory recently showed that embryos
carrying the same telencephalic Rb deletion display ectopic proliferation of olfactory
sensory neuronal progenitors, but also their radial migration and maturation (Jaafar et al.,

2016). In this model, loss of Rb leads to abnormal development of the olfactory system
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including the olfactory epithelium and axonal connections with olfactory bub thus

gradually causing olfactory system degeneration.

3. Role of Rb in the aSVZ-OB axis

Orchestrating adult neurogenesis depends on two crucial processes: the maintenance
of quiescent NSCs (QNSCs), and the maintenance of the adult-born neuron population.
Cell cycle-related processes are essential in maintenance of the adult-born neuron
population (Reviewed in (Fong & Slack, 2017)). The first key process lies in the
maintenance of the lifelong pool of gNSCs. Regulation of quiescence is essential to
protect the gNSC pool from premature exhaustion in case of over-activation and
maintains a proportion of differentiated progeny unlike the case of unrestricted
quiescence that leads to insufficient progeny production. The second key process is the
maintenance of the adult-born neuron population through regulation of activated NSCs’
self-renewal, commitment to neuronal differentiation and post-mitotic survival (Fong &
Slack, 2017).

The retinoblastoma protein (Rb) is at the core of cell cycle pathways, acting as a point
of convergence between several cyclins, cyclin-dependent kinases (Cdks) and cyclin-
dependent kinase inhibitors (CKIs) modulating adult neurogenesis and performing
second careers in addition to a role in cell cycle regulation. This laboratory investigated
the role of Rb in the control of neurogenesis in the adult subventricular zone by use of a
Nestin-CreER 2 conditional knockout model of Rb and showed that Rb loss enhances the
proliferation of adult neural progenitor cells (aNPCs) without affecting the self-renewal
capacity of adult neural stem cells (aNSCs). Furthermore, Rb loss does not affect the

migration of neuroblasts along the rostral migratory stream (RMS) nor their terminal
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differentiation into adult-born neurons in the OB. Deletion of Rb, however, causes severe
long-term survival defects, leading to neuronal cell death (Naser et al., 2016).

Interestingly, Rb was shown to be essential in the maintenance of quiescence as Rb
deletions induced cell cycle re-entry in several systems, including adult cortical neurons.
An in vitro study by Andrusiak et al. showed that after induced-conditional deletion of
Rb, mature cortical neurons exhibit clear signs of cell cycle re-entry, DNA damage and
undergo apoptosis (in vivo and in culture). Microarray analysis of primary cultured
cortical neurons reveal a striking upregulation among genes involved in the cell cycle and
in DNA damage repair. Remarkably, the cell death observed was independent of the
classical E2F1-regulated apoptosis, as indicated by statistically insignificant upregulation
of the apoptotic genes Apaf and Puma. These results indicate that the observed neuronal
death following Rb loss was due to alternative pathways to the classical E2F1-regulated
apoptosis and driven by the cell cycle re-entry and DNA damage response (Andrusiak,
Vandenbosch, Park, & Slack, 2012).

To uncover the potential mechanism(s) behind the death of Rb-null OB newborn
neurons, this laboratory recently showed that Rb loss is also associated with cell cycle re-
entry (CCE) and DNA damage in the OB in vivo using Nestin-CreER™ conditional
knockout young mice. Interestingly, in the absence of Rb, a CCE scenario was uncovered
by a significant 16% increase in the numbers of (PCNA+; GFP+) neurons (as well as a
2.5% increase in PCNA+; Ki67+; GFP+ neurons in Rb-knockout mice compared to near-
zero expression in Rb heterozygous control mice. PCNA (proliferating cell nuclear
antigen) was used as a general cell cycle marker while Ki67 was used as an S-G2-M phase
marker. BrdU birth dating studies revealed a near 17-fold increase in the number of

newborn mature neurons attempting CCE upon loss of Rb (YFP+; BrdU+; PCNA+),
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despite the reduction in total number of surviving newborn neurons inside the OB in
comparison with Rb+/- controls. Moreover, signs of DNA damage were detected as a 10-
fold increase in H2A.X expression in adult-born neurons in Rb mutant versus control
mice. This data is consistent with the report described above, confirming that loss of Rb
Is not compatible with long-term survival or maintenance of a post-mitotic state in
newborn OB neurons (Omais et al., 2022).

Additionally, this study revealed distinct requirements for Rb with aging. Unlike the
findings presented above for young mice, Rb is not necessary for the control of neuronal
proliferation and commitment in the SVZ for mid-aged and old-aged mice. Omais et al.,
however, show that Rb is required for the early maturation of neuroblasts in middle and
old-aged mice, with evidence that Rb likely performs a similar function in protecting
against CCE and DNA damage across all age groups studied (Omais et al., 2022). This
distinct requirement for Rb offers a new outlook on the possible roles other cell cycle
proteins may perform, and the combined role(s) of a plethora of regulators for proper
orchestration of adult neurogenesis. These will be examined here, specifically, the

combined roles of the two tumor suppressors Rb and p53.

4. Overview on the roles of p107 and p130 in embryonic and adult neurogenesis

When studying the regulatory network mediating adult neurogenesis, it is important
to consider the roles played by the other pocket proteins, p107 and p130. Unlike the
embryonic lethality observed with Rb deficiency, embryos deficient in either p107 or
p130 develop normally (D. Cobrinik et al., 1996).

Prior studies have examined the role of p107 in regulating expansion of the stem cell

population in the adult mammalian brain. More specifically, Vanderluit et al. have shown
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that p107 negatively controls the self-renewal capacity of stem cells both in vivo and in
vitro, which is in contrast with the role of Rb in the control of the progenitor cell
proliferation in the aSVZ (J. L. Vanderluit et al., 2004). A follow-up study by the same
group revealed that p107 positively regulates neuronal commitment of progenitor cells
into neuroblasts. This has been shown to occur via the repression of the Notch-Hesl
signaling pathway. This establishes a unique role for p107 in adult neurogenesis
(Jacqueline L. Vanderluit et al., 2007).

The role of p130 pocket protein in adult neurogenesis remains the least established of
these proteins. During development, the predominant role for p130 is activation of E2F
and apoptosis, hence implicating p130 in neuronal survival. Expression of pl30-
E2F/P130-E2F4 complexes was diminished in response to apoptotic stimuli. These
complexes are required to promote gene repression by interacting with the chromatin
modifiers, histone deacetylase (HDAC) and Histone-lysine N-methyltransferase
(Suv39H1). Loss of these interactions in mutated fusion proteins E2F4-P130 leads to
neuronal death, therefore implicating P130 in the positive regulation of neuronal survival
(D. X. Liu, Nath, Chellappan, & Greene, 2005).

As summarized by Vanderluit et al., pocket proteins play sequential and
complementary roles during neural development. p107 negatively regulates stem cell
renewal rates and is needed for commitment of progenitors to neuroblasts. As p107 is
downregulated, Rb negatively regulates progenitor cell division and is necessary for

neuronal differentiation and proper migration. Rb expression is downregulated after
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terminal differentiation. p130 predominates at this stage to maintain neuronal survival

(Figure 5, (Jacqueline L. Vanderluit et al., 2007).
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Figure 5: Summary of the complementary roles of Rb family members
during neurogenesis. p107 negatively regulates stem cell self-renewal and
promotes neural progenitor commitment to a differentiated state. After
neuronal commitment, Rb controls cell cycle exit, terminal differentiation
and migration of newly differentiated neurons. In postmitotic neurons, p130
mainly functions to regulate cell survival. Modified from Jacqueline L.
Vanderluit et al., 2007.

Further investigation on the complementary roles of the Rb family of pocket
proteins has shown overlapping functions at the level of cell cycle regulation. In a study
by Sage et al., triple knockout mouse embryonic fibroblasts (TKO MEFs) for the three
Rb pocket proteins demonstrate threefold hyperproliferation by 6 to 8 days in culture
compared to control cultures, indicating exacerbated cell cycle defects compared to Rb
mutant MEFs. The loss of the three pocket proteins leads to loss of G1 control and
immortalizes cultured cells without induction of tumorigenesis (Sage et al., 2000). In line
with previous studies, this study indicates a requirement for several mutations/hits for
transformation to occur, and the loss of several tumor suppressor genes for tumor

formation to occur, reviewed in Omais et al., 2018.
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A recent study in this laboratory investigated the combined roles of the three pocket
proteins in adult SVZ-OB neurogenesis and uncovered the presence of distinct and partial
compensatory roles in specific function(s) of AN. Initially, induced loss of the three
pocket proteins ectopically enhanced SVZ proliferation and further expand the pool of
neuroblasts when compared to single Rb conditional KO and p107-p130 double KO.
More interestingly, the combined loss of the three pocket proteins leads to ectopic
neuroblast migration outside the RMS. TKO brains had a significant 9.97-fold and 11.54-
fold increase in migrating neuroblasts versus THC (triple heterozygous controls). The
enhanced proliferation caused an increased thickness in the RMS, accompanied by
ectopic migration of a significant number of neuroblasts especially in TKO versus
controls towards cerebral cortex, striatum, and corpus callosum. This indicates a
requirement for all three proteins for proper rostral migration and redundant roles in
partial or full compensation for the loss of one or two of the proteins. [(Bejjani & Ghanem,
2020), unpublished data]. Supportive results were obtained in neurosphere cultures,
where other studies in this laboratory were the first to show significantly elevated mRNA
levels of p107 and p130 in the absence of Rb by RT-qPCR [(Halaby & Ghanem, 2018),
unpublished data]. All in all, the Rb family of pocket proteins played distinct and
overlapping functions during adult neurogenesis. Nevertheless, further investigation is
required to reveal how these proteins may partially compensate for the loss of other family

members or play other distinct roles in other aspects of AN.

D. Role of p53 in Adult Neurogenesis

1. Overview on the p53 protein family
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p53 protein is a transcription factor that regulates expression of genes involved in cell
cycle arrest and apoptosis in response to genotoxic damage and cell stress. P53 has
been described as ‘the guardian of the genome’ for its role in the maintenance of cell
integrity. Two other family members, p63 and p73, were found to code for structurally
and functionally similar proteins to those of p53, although not identical. Both p63 and
p73 are primarily required for normal development. P73 is required for proper
neuronal differentiation and the development of the nervous and olfactory systems,
while p63 is required for development of squamous epithelia (Dotsch, Bernassola,

Coutandin, Candi, & Melino, 2010). Additionally, in line with similar structural and

functional products of these genes, p73 activates p53-related genes and thus can

induce apoptosis and suppress growth (Levrero et al., 2000).

The human p53 gene encodes a 393-amino acid protein comprised of three functional
domains: an amino-terminal transactivation domain, a central DNA-binding domain and
a carboxyterminal oligomerization domain. The transactivation domain binds to proteins
that regulate p53 transcription factor activity, specifically in growth suppression (Walker
& Levine, 1996). Additionally, MDMZ2 regulation of p53 (by inhibiting its association
with the transcription machinery) occurs at the amino-transactivation domain. Evidence
from p53-deficient cells subject to genotoxic stress shows that these cells fail to undergo
a G1/S arrest implicating p53 at the DNA damage-induced G1/S cell cycle checkpoint
(Baker, Markowitz, Fearon, Willson, & Vogelstein, 1990). Once p53 is activated, it
activates the Cdk inhibitor p21, which in turn inactivates cyclin-Cdk complexes leading
to pRb hypophosphorylation, E2F inactivation, and cell cycle arrest (Stewart & Pietenpol,

2001).
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The three members of the p53 family share significant homology at the genomic and
protein level. Each contains a transactivation domain, a DNA-binding domain (DBD),
and an oligomerization domain (OD). The DBD shows the highest level of homology in
the three proteins, with 63% and 60% identity between p53, and, p73 and p63,
respectively. This suggests that the three proteins may have overlapping compensatory
functions by binding to the same DNA sequences and transactivating the same promoters
(Levrero et al., 2000). Of note, p63 and p73 have long C-termini, including an additional
sequence at their 3” end, that is not present in p53, which gives rise to differentially
spliced mRNAs translated into several different proteins (shown in Figure 6). At least
six different p73 protein isoforms (a-C) are generated in normal cells, and three different

p63 splice variants that differ in their C-termini (Levrero et al., 2000).
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Figure 6: Schematic Representation of p53 family members. p53 shares
sequence homology with p63 and p73 with varying similarities in the
transactivation domain, DNA binding domain, and oligomerization domain. p63
and p73 have additional sequences at their C terminus where alternative splicing
occurs and produces several protein variants of the two gene products. Retrieved
from (Barton & Pietenpol, 2013)




2. Role of p53 in embryonic development

p53 plays critical roles during central nervous system (CNS) development including
control of cell growth and apoptosis. Studies show that 8-23% of p53 null female mice
display exencephaly or failure of neural tube closure and an outward overgrowth of neural
tissue, a common form of neural tube defects (NTDs). Loss of p53-dependent apoptosis
partially contributes to this phenotype during neural tube development, as indicated by a
slight decline in apoptosis in the p53—/— embryos. Moreover, a significant number of
p53—/— mice evade embryonic lethality, indicating that the effect of p53 is transient, and
its loss can be compensated for (Armstrong, Kaufman, Harrison, & Clarke, 1995; Sah et
al., 1995). Similar to its deficiency, over-expression of p53 causes NTDs, and its
stabilization can lead to developmental brain phenotypes. Pax3-deficient embryos
develop NTDs and exhibit elevated p53 protein expression, yet loss of p53 in the context
of Pax3 loss rescues embryos from NTDs (Pani, Horal, & Loeken, 2002). Also, mice
deficient for Mdm2, and Mdm4 develop hydranencephaly and porencephaly,
respectively, with both phenotypes rescued by p53 loss (Xiong, Van Pelt, Elizondo-
Fraire, Liu, & Lozano, 2006).

Other studies have unraveled important roles for p53 in the regulation of NSC/NPC
proliferation and differentiation. Liu et al. showed that p53—/— embryos express
significantly higher levels of the neuronal markers Tujl at E11.5, E13.5, or E17.5, but
lower levels of the astrocyte marker, Glial Fibrillary Acidic Protein (GFAP) at E17.5 than
wild type embryos, suggesting that p53 negatively regulates neuron differentiation at this
developmental stage (H. Liu et al., 2012). Forsberg et al. also show premature

neurogenesis in p53-/- NPCs, partially due to higher oxidative status and elevated
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PI3K/Akt signaling, suggesting a role for p53 in the negative regulation of NPC

proliferation (Forsberg et al., 2013).

3. Role of p53 in the aSVZ-OB Axis

Like Rb, p53 displays second careers, aside from cell cycle control, in various tissues
including the brain. In the embryonic and postnatal brain, p53 is expressed in regions of
active cell proliferation such as the SVZ, providing evidence for its role in controlling
cell division (S. Medrano, Burns-Cusato, Atienza, Rahimi, & Scrable, 2009). One study
has investigated the role of p53 in the initiation of tumor formation in the adult SVZ (Gil-
Perotin et al., 2006). P53 loss was shown to increase proliferation of aNSCs. This, in
addition to rapid differentiation into neuroblasts and oligodendrocytes in vivo and in vitro,
causing enhanced neurogenesis in the OB. Similarly, Meletis et al. showed, in vitro,
increased neurosphere sizes in p53-null cultures derived from aSVZ compared to controls
(Meletis et al., 2006). In the former study, spontaneous p53-independent apoptosis was
coupled to increased hyperplastic proliferation in vitro and in vivo indicating activation
of a possible compensatory pathway in the absence of p53. Supporting results from
Medrano et al.’s showed that, although p53 is important to maintain integrity of the
process of adult neurogenesis, specifically cell proliferation, it is not needed in the adult
brain for regulation of the parallel process of eliminating excess neurons. In summary,
these studies uncovered that p53 negatively regulates aNSCs self-renewal, and
subsequently controls neuronal production in the adult brain, without playing a distinct
role in cell death of post-mitotic neurons, unlike in the developing or injured brain (S.

Medrano et al., 2009; Silvia Medrano & Scrable, 2005). Neither of the two studies
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examined the long-term effects following p53 loss with respect to neuronal maturation

and survival inside the OB.

4. Overview on the roles of p63 and p73 in embryonic and adult neurogenesis

As previously mentioned, p63 and p73 can generate several protein variants by
alternative splicing. Of interest, in NPCs the three dominantly expressed p53 family
members are p53, ANp63, and TAp73. Earlier studies established roles for p53 in
regulating apoptosis and proliferation of NPCs, ANp63 in antagonizing p53-mediated cell
death and promoting survival, as well as TAp73 in promoting self-renewal. A more
recent, comprehensive study showed additional roles for p63 and p73 whereby the two
proteins collectively interact to regulate neurogenesis, albeit by different mechanisms
(Fatt, Cancino, Miller, & Kaplan, 2014). Moreover, p73+/- and wild-type mice had
similar numbers of neurosphere-initiating cells in vitro, a number that was reduced to
64% and 50% in p63+/- and p63+/- and p73+/- compound mice, respectively (Fatt et al.,
2014). All heterozygote genotypes exhibit deficient self-renewal compared to wild-type
controls, with double heterozygotes for p63 and p73 with the most significant deficit in
self-renewal with p53 levels being expressed at wild-type levels. Additionally, p53 loss
was shown to rescue senescence but not DNA damage of neural progenitors in the context
of p63 and p73 haploinsufficiency (Fatt et al., 2014).

Initial findings indicated that p63 heterozygosity caused apoptosis of NPCs and
newborn neurons (Cancino et al., 2013). Further validation came from the study of p63
heterozygote mice showing extensive expression of cleaved caspase 3 (CC-3) in NPCs
when compared with wild-type controls and p73 heterozygote mice (Fatt et al., 2014). In

vivo and in vitro studies show that haploinsufficiency of p73 rescued the previous
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phenotype, therefore, decreasing apoptosis in p63+/- mice. Additional investigation of
the role of p73 revealed that p73 regulates whether there is an apoptotic or senescence
response. p63 and p73 play distinct roles in adult neurogenesis whereby p63 antagonizes
p53-mediated cell death and promotes survival, and p73 promotes self-renewal and

regulates p53-dependent apoptosis and senescence decisions.

E. Combined Roles of p53 and Rb in Adult Neurogenesis

The Rb-E2F and MDM2-p53 are two tumor suppressor pathways that play significant
roles in cell cycle regulation and preservation of cell/genome integrity. E2F1 can induce
apoptosis in p53-dependent or independent mechanisms, in addition to its role in
triggering cell proliferation, therefore performing dichotomous roles and offering direct
crosstalk between both pathways (Polager & Ginsberg, 2009). In fact, several links exist
between these two pathways. The same locus encodes for activators of Rb and p53,
namely INK4A that activates Rb and ARF, which is responsible for p53 activation (Sherr,
2001). With regards to crosstalk, E2F genes are main mediators of such interplay. The
E2Fs play context-specific roles with respect to the level of p53 expression. In cases of
functionally inactive Rb, E2F1 is aberrantly hyperactivated which transactivates
expression of ARF that inhibits MDM2 function and consequently leads to activation and
upregulation of p53. p53 and E2F1 both upregulate pro-apoptotic genes, such as Puma,
Noxa, and Apaf (Moroni et al., 2001; Nakano & Vousden, 2001; Oda et al., 2000). Taken
together, the two previously mentioned pathways of regulation can be considered as a
feedforward loop between E2F1 and p53 in cells where Rb is functionally inactive. In

Rb-deficient cells, it is expected that combined loss of p53 leads to a decrease in apoptosis
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at least partially, and this is due to decreased cooperation between p53 and E2F1 in

mediating apoptosis (Polager & Ginsberg, 2009).

1. Interplay between the Rb/E2F and MDM2/p53 Pathways during brain
development

Initial studies by Macleod et al. attempted to uncover the interplay between Rb and
p53 in the developing brain. Rb null embryos display cell death in aberrantly proliferating
cells that normally become post-mitotic in the central nervous system. Macleod et al.
investigated the involvement of p53 in cell death in the CNS and PNS and show that cell
death is p53-dependent in the CNS but not in the PNS (Macleod, Hu, & Jacks, 1996). In
embryos deficient for Rb and p53, no TUNEL-positive cells are detected indicating a
requirement for p53 in regulation of cell death in the embryonic CNS, consistent with
studies on the ocular lens of mutant embryos. In contrast, cell death in the PNS is
controlled by p53-independent mechanisms as embryos null for Rb and p53 exhibit
higher levels of TUNEL-positive cells versus Rb null embryos, therefore indicating
exacerbated cell death in the absence of p53 with distinct cell death pathway(s) being
activated. The same study also showed, by BrdU labeling, that p53 loss does not restore
normal proliferation. Rather it leads to an exacerbated aberrant proliferation in the CNS
of embryos null for p53 and Rb compared to Rb-null embryos.

Lipinski et al. studied chimeric embryos for Rb in contrast to germline Rb-null
embryos and show a lower extent of apoptosis in chimeras versus germline Rb-null
embryos contributed to by the presence of wild-type cells in the CNS (Lipinski et al.,
2001). This was confirmed by in situ hybridization and gel shift assays that indicate an

elevated expression of p53 in chimeras due to the population of Rb nulls, an indication
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that the decrease in apoptosis is due to compensation from wild type cells. This highlights
the role cell-cell interactions may play in mediating and regulating mechanisms involved

in cell death, cell cycle, and maintenance of neurons in the CNS.

2. Combined roles of p53 and Rb in aSVZ-OB neurogenesis

Considering the specific and critical roles played by Rb and p53 in AN (described
above) and the existence of potential crosstalk between the two pathways during
development, previous work in this laboratory examined the combined roles of both
proteins in AN in vivo and in vitro. Initial studies investigated in vitro the properties of
aNSPCs of the SVZ of young, two-month-old mice carrying p53 and p53 and Rb
deletions.

In vitro studies performed examining the combined roles of Rb and p53 [using double
conditional knock-out mice (dc-KO)], established that the two genes play synergistic
roles in the control of proliferative properties of aNSCs and aNPCs. Their combined loss
further increased numbers of proliferating cells and neuroblasts in the SVZ-RMS, and
adult neurogenesis subsequently increased in the OB compared to single-gene knockouts
(Saliba A & Ghanem N, unpublished data). Moreover, the stem cells self-renewal
capacity was p53-dependent rather than Rb-dependent as indicated by statistically
insignificant differences between the numbers of secondary neurospheres obtained from
dc-KO compared with p53-cKO, consistent with a previous report (Gil-Perotin et al.,
2006). Supportive in vivo investigations indicated that p53 loss did not rescue Rb-null
newborn neuronal death inside the OB, suggesting this death is either partially p53
dependent and/or involves p53-independent apoptotic pathway(s) activation, including

compensatory ones (Saade R & Ghanem N, unpublished data).
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To assess whether cell death in the absence of Rb is mediated by p53 or not, YFP+
cells were collected from the OBs of p53cKO and dcKO mice 4 months post-treatment,
and cells were genotyped to determine whether they carried recombined p53 floxed
alleles. Surprisingly, our results indicated that loss of p53 did not rescue cell death of Rb-
null neurons, given that all recovered YFP+ cells in the OB carried Rb floxed alleles. This
suggests that neuronal apoptosis is likely mediated by p53-independent pathways and/or

is partially dependent on p53 ((Saliba & Ghanem, 2016), unpublished data).

In the adult brain, mature neurons should integrate into active circuits and become
functional in order to be maintained. The inability to integrate and/or the inactivity of
these neurons eventually leads to cell death. In a study by Barrio-Alonso et al., mature
primary cortical cultures were lipofected with TAg (SV40 large T antigen). This
experiment induced cell cycle re-entry (CCE) in neurons by inhibiting Rb and stabilizing
p53, thus preventing E2F1-dependent p53 upregulation and consequent apoptosis. The
study showed that CCE led to around 70% hyperploidy and DNA synthesis followed by
delayed cell death in the cultured cortical neurons. The observed death was nonapoptotic
and not driven by oxidative stress as indicated by insignificant staining with both caspase-
3 and TUNEL assays. This data proposed a new perspective linking abnormal cell cycle
regulation or CCE to synaptic dysfunction in differentiated cells, as indicated by the
noticeable decrease in PSD-95 expression, the latter is a post-synaptic scaffold protein
required for synapse formation (Barrio-Alonso, Hernandez-Vivanco, Walton, Perea, &
Frade, 2018). Although the mechanism behind the observed cell death is a question of
debate, the newly proposed link mentioned indicates a possible role for CCE in inducing

delayed p53-independent cell death mechanism(s).
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F. Rationale, Hypothesis, and Aims

As previously mentioned, adult neurogenesis is a dynamic and ongoing process in
two neurogenic niches inside the adult mammalian brain throughout life: the
subventricular zone and the sub-granular zone/dentate gyrus. This process generates
newborn neurons in the olfactory bulb and the hippocampus, respectively. Nevertheless,
the population of adult neural stem and progenitor cells (aNSPCs) is limited in number
and loses gradually its neurogenic capacity with age. Given the promising potential of
aNSPCs in contributing to the regenerative capacity and plasticity of the aging brain, it is
necessary to study key molecular pathways that may enhance their regenerative
properties. It has now been established that AN is tightly regulated by the cell cycle
machinery in a spatio-temporal manner.

As described, pRb and p53 are two key tumor suppressor proteins that coordinate cell
cycle control. In summary, pRb negatively controls progenitor proliferation in the adult
SVZ and is needed for the long-term survival of newborn OB neurons (Naser et al., 2016).
More recently, it was uncovered that loss of Rb is directly associated with cell cycle re-
entry (CCE) and accumulation of DNA damage in these neurons first (Omais et al., 2022).
pRb and p53 play primarily additive roles in the control of AN in the SVZ (unpublished
data). Loss of p53 is not compatible with long-term survival of adult-born OB neurons,
nor does it rescue cell death in the absence of Rb (unpublished results). This data suggests
that neuronal cell death is partially dependent or independent of p53.

As detailed in previous sections, one study has investigated the role of p53 in the
initiation of tumor formation in the adult SVZ where its loss increases the proliferation
of aNSCs. Secondary to the observed increase in proliferation of aNSCs, the study

showed rapid differentiation towards neuroblasts and oligodendrocytes in vivo and in
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vitro, causing enhanced neurogenesis in the OB. Similarly, in vitro studies showed
increased neurosphere size in p53-null cultures derived from aSVZ compared with
controls (Gil-Perotin et al., 2006; Meletis et al., 2006)° Of note, spontaneous p53-
independent apoptosis accompanied increased hyperplastic proliferation both in vitro and
in vivo indicating activation of a possible compensatory pathway in the absence of p53.
These results highlight that p53 negatively regulates aNSCs self-renewal, and
subsequently controls neuronal production in the adult brain however. Neither of the two
studies examined the long-term effects following p53 loss e.g., with respect to neuronal
maturation and survival inside the OB.

Considering all of the above, it is essential to uncover whether, like Rb, p53 plays a
direct role in the maintenance of a post-mitotic state in adult-born neurons by inhibiting
CCE and DNA damage.

Hypothesis: p53 may play a role in maintaining the survival of post-mitotic OB
neurons by reducing their susceptibility to events linked to their death including CCE and
DNA damage. To assess this role for p53 in the population of post-mitotic OB neurons
in combination with Rb conditional deletions of p53 alone and in combination with Rb
were induced. The first aim is to assess the role of p53 in maintaining a post-mitotic state
in adult-born OB neurons by assessing whether loss of p53 predisposes adult-born OB
neurons to CCE and DNA damage, thus causing cell death. The second aim will assess
the combined roles of p53 and Rb in maintaining a post-mitotic state in adult-born OB
neurons by examining whether the combined loss of Rb and p53 predisposes further
adult-born OB neurons to CCE and DNA damage, leading to exacerbated cell death.

To address this, immunohistochemistry inside the adult OB of young adult mice (2-

month-old) will be carried out to assess the expression of target cell cycle proteins and
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DNA damage markers, including PCNA, Ki67, and YH2A.X. These studies will be
conducted using p53 single (KO), p53; Rb double inducible knockouts (dc-KO; Nestin-
CreERT2-YFP model), p53+/-; Rb+/- double heterozygotes, Rb-/- mutants, and Rb+/-
controls. Findings of this study will uncover the potential interplay between pRb and p53
pathways in the maintenance of a post-mitotic state (long-term survival) of adult-born

neurons inside the OB.
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CHAPTER 2

MATERIALS AND METHODS

A. Generation of Rb and p53 conditional knockout mice

All animal procedures and experiments were approved and conducted in
accordance with the guidelines of “the Institutional Animal Care and Use Committee”
(IACUC) at the American University of Beirut (AUB).
Temporal and conditional deletion(s) of Rb and/or p53 genes were induced in
2-month-old mice to study the single and combined role(s) of these genes in AN. The
conditional knockout (s) was/were done using the Nestin-Cre-LoxP inducible system and
tamoxifen administration. The Nestin-CreERT2/R26R-YFP mice were obtained from Dr.
Amelia Eisch (University of Texas Southwestern Medical Center, USA). The Cre
recombinase gene is fused to a mutated estrogen receptor, ERT2, and is expressed under
the control of the Nestin gene promoter and enhancer, active in aNSPCs. The estrogen
analog Tamoxifen (TAM) binds to the Nestin-Cre-ERT2 cassette and activates the Cre
enzyme that translocates into the nucleus where it recognizes and removes sequences
flanked by LoxP sites including a stop signal sequence upstream of the yellow fluorescent
protein (YFP) promoter, exon 19 of the Rb gene (Rbflox/flox mice; Marino et al. 2000),
and/or exons 2-10 in p53 (p53flox/flox mice; Marino et al. 2000). Cre recombination,
therefore, induces YFP expression and deletion(s) of p53 alone or in combination with
Rb.

Nestin-CreERT2; Rosa26YFP/YFP transgenic mice were separately crossed with
Rpfloxfflox - p53floxifiox “and Rb;p53 double 1¥fox mice to generate the following desired

genotypes: (Nestin-Cre+/-; YFP+/-; Rb 19¢* ) (Nestin-Cre+/-; YFP+/- ;Rb X+ - p53 flox/+
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), (Nestin-Cre+/-; YFP+/-; Rbf1™/Mox) " (Nestin-Cre+/-; YFP+/-; p53M1o¥flox) “and (Nestin-
Cre+/-; YFP+/- ; Rpflox/flox. p53floxffloxy “After Cre recombination, the generated genotypes
are referred to as follows: Rb+/- , Rb;p53 double heterozygotes (Rb+/-;p53+/- or dHets),
Rb conditional knock-out (Rb-/- or Rb-cKO), p53 conditional knock-out (p53-/- or p53-

cKO), and Rb;p53 double conditional knock-out mice (Rb-/-; p53-/- or dc-KO) mice.

B. Genotyping

Genomic DNA extraction was performed on mouse earpieces, which were incubated
in DNA lysis buffer overnight at 55°c. The next day, phenol-chloroform extraction was
performed on the lysed tissues. After centrifugation, the aqueous layer was transferred to
isopropanol at a 1:1 ratio, and the pellet obtained after centrifugation was washed in 70%
cold ethanol. The final DNA pellet was suspended in 10um pH=8 Tris solution. The
primers used in PCR screening are:

e To screen for the Rb wild-type (wt), and recombined alleles we used Rb-18
forward primer 5’GGCGTGTGCCATCAATG 3’ and Rb-19 reverse primer
5’AACTCAAGGGAGACCTG 3’ that yield 680 bp band for the wt allele, 750bp for Rb
mutant allele, and 320 bp for the recombined allele.
The cycling conditions for this set of primers are 35 cycles of 30 s at 94°C, 30 s at 58°C,
and 60s at 72°C then 10 minutes at 72°C.

e To screen for p53 floxed versus wt alleles we used p53 floxed primers TO08
5’CACAAAAACAGGTTAAACCCA 3’and T009
5’AGCACATAGGAGGCAGAGAC 3’ that yield 288 bp band for the wt allele and 370

bp band for floxed alleles.
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The cycling conditions for this set of primers are 35 cycles of 30 s at 94°C, 30 s at 60°C
and 60 s at 72°C then 10 minutes at 72°C.

e To screen for the Nestin-Cre transgene we used Cre-T2A primer forward 5'
ATTTGCCTGCATTAC CGGTC 3" and Cre-T2B primer reverse: 5'
ATCAACGTTTTCTTTTCG G 3' that yields a 350 bp in the presence of Cre.

The cycling conditions for this set of primers are 32 cycles of 30 s at 94°C, 30 s at 51°C,
and 60 s at 72°C, followed by 10 minutes at 72°C.

e To screen for R26R-YFP alleles we used forward primers
5S’AAAGTCGCTCTGAGTTGTTAT 3°, and 5 GCGAAGAGT TTGTCCTCAACC 3,
and reverse primer 5° GGAGCGGGAGAAATGGATATG 3’ that yields a 310 bp band
for the mutant YFP allele and a 560 bp for the wt allele.

The cycling conditions for this set of primers are 32 cycles of 30 s at 94°C, 30 s at 50°-
61°C, and 60 s at 72°C followed by 10 mins at 72°C.

PCR reactions of a total volume of 25 pl consisted of: 2.5 ul dNTPs (10x), 2.5 ul of
MgCl2 (25nM), 2.5ul of Taq PCR buffer (10x), 0.1ul of each primer (100um) and 1:20

Taq polymerase, complemented with molecular grade water.

C. Tamoxifen Administration

Freshly prepared TAM was administered by oral gavage for four consecutive days
(180 mg Tamoxifen/1kg mouse body weight). Tamoxifen Citrate powder (Abcam
ab120656) is dissolved in 90% sunflower seed oil and 10% DMSO at a final concentration

of 44.78mg/ml.
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D. Tissue Preparation and Cryosectioning

For sacrifice, mice were euthanized with a mixture of 1.5ul/g Ketamine and 0.25ul
Xylazine and then undergo intracardial perfusion with ~20 mL 1xPBS followed by ~20
mL 4% cold paraformaldehyde (PFA). Brains were dissected and fixed overnight in 4%
PFA at 4C. Then, brains were dehydrated through serial sucrose gradients (3 days in 20%
sucrose, followed by 4-5 days in 30% sucrose) for cryoprotection. Finally, brains were
frozen using isopentane at -35°C and, embedded with Tissue-Tek O.C.T. (Surgipath) for
cryosectioning. Brains were sectioned using a cryostat (Leica, CM1850) with a thickness
of 8-10um per section, mounted on adhesion slides (Thermo Scientific, Fisher Scientific,

and Leica), and stored at -80°C.

E. Immunohistochemistry

Frozen sections (-80°C) were removed and warmed up at room temperature for at
least 30 minutes. Slides were washed three times with 1xPBS for 10 minutes to dissolve
the embedding material, then blocked for 1-2 hours in a blocking solution comprised of
1% Bovine Serum Albumin (BSA, Sigma A2153), 5% donkey serum (Abcam ab7475),
0.3% Triton-X (Amresco, M143), and 0.1M PBS. For Ki67 and yH2A.X staining, before
blocking, slides were treated for 10 minutes in a 10mM sodium citrate -antigen retrieval
solution- (8.2% Sodium citrate, 1.8% citric acid, 82% double distilled water, pH=6) at
95°C then washed two to three times for 5-10 minutes in 1x PBS. The slides were then
incubated in primary antibodies prepared in blocking solution at room temperature
overnight. The next day, slides were washed three times in 1x PBS solution to remove

excess primary antibodies, and then incubated with secondary antibodies prepared in
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blocking solution for 1-2 hours. The slides were washed again three times with 1x PBS
and mounted using a (3:1) PBS: Glycerol solution.

The following primary antibodies were used: chicken anti-YFP (1:1000; Abcam
ab13970), mouse anti-PCNA (1:1000, Vector), mouse anti-yH2A.X (1:400, Millipore 05-
636), rabbit anti-Ki67 (1:400, Encor RPCA), rabbit anti-pH3 (1:1000, Millipore 06-570),
and rabbit anti-AC-3 (1:500, Cell Signaling 9664).

The following secondary antibodies were used from Jackson Immunoresearch:

donkey anti-chicken 488, donkey anti-mouse Cy3, and donkey anti-rabbit Cy5/647.

F. Microscopy, cell counts, and statistical analyses

Images were taken on a Leica DM6B upright fluorescent microscope. Cell counts
were performed on an average of 3-6 non-consecutive sections per brain and genotype all
taken at medial levels. All genotypes were studied in at least triplicates or n=3
brains/genotype. The average normalized area for GCL counts was 2.98 mm? whereas
the average perimeter of the GL was 11.5mm. All cell counts and image processing were
performed manually using the ImageJ software. Cell counts were statistically analyzed
on R Studio and Excel using One-way ANOVA and Post-hoc testing, with Tukey tests

for between-group comparisons.
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CHAPTER 3

RESULTS

A. Assessment of adult neurogenesis in the OB in single and compound p53
and Rb knock-out mice

Nestin-CreERT2; Rosa26YFP/YFP transgenic mice were crossed with Rbfio¥/fox)
p53Moxflox “and Rpflox/flox - p53floxflox tq generate the following genotypes: (Nestin-Cre+/-;
YFP+/-; Rb 19" ) (Nestin-Cre+/-; YFP+/- ;Rb 19* ; p53 flo+ ) "(Nestin-Cre+/-; YFP+/-;
Rbfoxfloxy " (Nestin-Cre+/-; YFP+/-; p53M1ofloxy "and (Nestin-Cre+/-; YFP+/- ; Rpflox/flox.
p53Moxfloxy “At 2 months of age, all young adult mice were treated with Tamoxifen (TAM)
by oral gavage for four consecutive days and sacrificed 28 days later. TAM treatment
induces Cre nuclear translocation and allele(s) recombination(s), which activates YFP
reporter gene expression and mediates Rb and/or p53 conditional deletion(s) (Refer to
material and methods for detail). After Cre recombination, the generated genotypes are
referred to as follows: Rb+/-, Rb+/-; p53+/- or dHets (double heterozygotes), Rb-/- or Rb-
cKO (conditional knock-out), p53-/- or p53-cKO, and Rb-/-; p53-/- or dc-KO (double
cKO). Successful Cre recombination was previously verified by PCR analysis of genomic
DNA extracted from sorted green neurospheres derived from aSVZ tissues, using specific
sets of primers to distinguish between floxed and recombined allele(s) for p53 and/or Rb
(Saliba, A. & Ghanem, N., data not shown). Moreover, Western blot analysis on protein
lysates derived from aSVZ cultures confirmed successful Rb deletion (Naser et al., 2016).

To assess the level of adult neurogenesis in the OB in the five genotypes of interest
listed, immunohistochemistry with anti-YFP antibody on brain sagittal sections at medial
level 28 days post-TAM treatment (n=4 of Rb+/-, n=4 of dHets, n=4 Rb-cKO, n=4 p53-

cKO, and n=3 dc-KO) was performed. Newborn OB neurons found in the granule cell
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layer (GCL) and glomerular layer (GL) following Cre recombination were labelled green.
Results show significantly higher levels of neurogenesis in p53-cKO mice and p53+/-
mice compared to the other three genotypes. In the GCL, p53-cKO show 2.78-, 7.52-,
5.26-, and 7.47-fold more YFP+ cells compared to dHets, Rb+/-, dc-KO, and Rb-cKO
per mm?, respectively (p53-cKO: 449+28 vs dHets: 162+9 vs Rb+/-: 60+5 cells vs dc-
KO: 85+3 vs Rb-/-: 60+4, p-values of p=7.9x10* or zero, using one way ANOVA and
posthoc Tukey tests). Remarkably, dHet mice had the second highest count of YFP+ cells
per surface area in the same layer with 2.7-, 1.89-, and 2.69-folds more YFP+ cells
compared to Rb+/-, dc-KO, and Rb-cKO, respectively (dHets: 162+9 vs Rb+/-: 605 cells
vs dc-KO: 85+3 vs Rb-/-: 60+4, p-values of p=5.2x10°, p=7.9x10* p=2.1x107,
respectively Figure 7). Given that Rb+/- mice do not exhibit any abnormal phenotype
compared with wild-type mice (Naser et al. 2016), loss of one p53 allele in dHets mice
led to a dosage-dependent effect during adult neurogenesis inside the OB. Analysis
revealed a slight but not significant increase in the total number of YFP+ cells in dc-KO
compared with Rb+/- and Rb-/- unexpectedly (dc-KO: 85+3 vs Rb+/-:60£5 vs Rb-/-:
60+4, Figure 7). Given that dc-KO mice also had 5.26 fold less YFP+ cells compared
with p53-cKO, data indicates that compound loss of p53 and Rb is not compatible with a
higher level of neurogenesis inside the GCL of the OB.

Consistent with the above data, analysis of the level of neurogenesis inside the GL
revealed similar results. p53-cKO mice show the highest count of YFP+ cells per surface
area followed by dHet mice compared with other genotypes. In p53-cKO, we report 3.79-
, 1.7-, 3.9-, and 3.04-folds more YFP+ cells per mm compared with Rb+/-, dHets, dc-KO,
and Rb-cKO (p53-cKO: 7+0.7 cell vs Rb+/-: 2+0.1 cells, vs dHet: 4+0.4 cells vs dc-KO:

2+0.1 cells vs Rb-cKO: 2+0.2 cells, and p-values of p=0, p=5.1x10® or 0, by one-way
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ANOVA and posthoc Tukey testing). In dHet mice, 2.21-, 2.28-, and 1.78-folds more
YFP+ cells compared with Rb+/-, dc-KO, and Rb-cKO per mm were detected (dHet:
4+0.4 cells vs Rb+/-:2+0.1cells, dc-KO: 2+0.1 cells vs Rb-cKO: 2+0.2 cells, p-values of
p=0.002, p=4.6x10*, and p=0.024 respectively, by one-way ANOVA and posthoc Tukey
testing), confirming a dosage-dependent effect following loss of p53 (Figure 7).
Altogether, results indicate that conditional deletion of p53 is associated with a
dosage-dependent increase in adult neurogenesis in young adult mice. In contrast,
compound deletions of Rb and p53 do not lead to an additive effect compared with single
p53- and Rb cKOs. Rather, it unexpectedly causes a significant decrease in adult

neurogenesis inside the OB.
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Figure 7: Conditional loss of p53 induces a dosage-dependent increase in adult
neurogenesis in the OB. A) Immunostaining with anti-YFP (green) and Hoechst (blue) was
performed on brain sagittal sections inside the OB of Rb+/-,Rb+/-;p53+/- (dHets), Rb-/- (Rb-
cKO), p53-/- (p53cKO), and Rb-/-;p53-/- (dc-KO) young adult mice at 28 days post-TAM.
Insets show higher magnification images of YFP labeled cells in the GL and GCL. B)
Boxplot graphs showing normalized YFP+ cell counts per mm2 of GCL and per mm of GL.
Enhanced neurogenesis is observed for p53cKO and dHets in both regions, indicating a
dosage-dependent effect for p53 loss on adult neurogenesis in the OB. Note that the
compound deletions of Rb and p53 (dc-KO) unexpectedly causes a significant decrease in
neurogenesis. Asterisks indicate statistical significance of posthoc Tukey tests: *p<0.05,
**p<0.01, ***p<0.001. Error bars correspond to the standard error of the mean (SEM). Scale

bar: 100um.
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B. Analysis of cell cycle re-entry (CCE) inside the GCL in single and
compound p53 and Rb knock-out mice

It was previously shown that loss of Rb predisposes adult-born neurons to cell cycle
re-entry (CCE) and DNA damage response (DDR), which ultimately leads to cell death
(Omais et al 2022). To assess whether p53 protects against CCE, like Rb, triple
Immunostaining using antibodies against YFP, PCNA, and Ki67 was carried out. PCNA
is a cell cycle marker that labels dividing cells in all phases of the cell cycle including
G1, whereas Ki67 is just a G2/S/M phase marker. Consequently, triple positive cells
(YFP+PCNA+Ki67+) mark a population of post-mitotic OB neurons that is re-attempting
CCE compared with (YFP+PCNA+Ki67-) or non-dividing cells, and
(YFP+Ki67+PCNA-) or actively dividing cells. In the GCL, results show significantly
more (YFP+PCNA+)/non dividing cells out of total YFP+ cells in Rb-cKO and dc-KO
mice compared with p53-cKO and dHet (Rb-cKO: 4.01% vs dc-K0O:4.3% vs p53-cKO:
0.4% vs dHet:0.86% vs Rb+/-: 2.09%, p=1.2x10"% and p=3.8x10%; Rb-cKO vs dHets and
Rb+/-, and, p=1.2x10"* and p=3.9x10* ; dc-KO vs p53-cKO and dHets, respectively, by
Tukey tests). Similar results were observed when comparing the number of
(YFP+Ki67+)/actively dividing cells among all four genotypes, albeit with lower but
significant difference between Rb-cKO, dc-KO versus p53-cKO and dHet (Rb-
cK0:1.95% vs dc-K0:2.13% vs p53-cK0:0.12% vs dHets:0.14% vs Rb+/-:1.33%,
p=0.024 and p=0.018 for Rb-cKO vs p53-cKO and dHets, and, p=0.0048 and p=0.003
for dc-KO vs p53-cKO and dHets respectively, (Figure 8). Rb-cKO show the highest and
most significant count of triple positive cells (YFP+PCNA+Ki67+) amongst total YFP
cells in the GCL compared to all other genotypes, with almost zero triple positive cells

in p53-cKO and Rb+/- controls (Rb-cK0:2.18% vs dc-KO: 0.97% vs p53-cKO:0.07% vs
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dHets:0.08% vs Rb+/-: 0.67%, p=0.049, p= 8x107°, p=4.2x107°, and p=0.0092 for Rb-
cKO vs the other genotypes respectively). Of note, dc-KO mice showed signs of CCE but
to a lesser extent compared with Rb-cKO (Rb-cK0:2.18% vs dc-KO: 0.97, p-value of
p=0.049) (Figure 8).

The above data indicate that, unlike loss of Rb, p53 deletion does not induce CCE
one-month post-treatment, and there is no dosage dependence on p53 in protection against
CCE, unlike the effect seen earlier during adult neurogenesis. The CCE phenotype

observed in dc-KO mice compared with Rb-/- is therefore due to loss of Rb in this context.
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Figure 8: Unlike loss of Rb, conditional deletion of p53 does not lead to CCE in the GCL
A) Triple immunostaining on brain sagittal sections showing YFP (green), PCNA (red), and
Ki67 (blue) in Rb+/-, dHets, Rb-cKO, p53-cKO, and dc-KO mice. Insets indicate double or
triple labelled cells shown in high magnification. B) Boxplot graphs showing the % of
(YFP+;PCNA+) cells, (YFP+;Ki67+) cells, and (YFP+PCNA+Ki67+) cells out of the total
YFP+ population in the GCL, respectively. p53 loss is not associated with CCE and does not
mediate a dosage dependent effect on CCE inside the GCL compared to Rb-cKO and dc-KO.
Hence, compared with Rb-cKO, CCE detected in dc-KO is rather due to Rb loss. Asterisks
indicate statistical significance of posthoc Tukey tests: *p<0.05, **p<0.01, ***p<0.001. Error
bars correspond to the standard error of the mean (SEM). Scale bar: 50um.
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C. Analysis of CCE inside the GL in single and compound p53 and Rb knock-
out mice

To assess whether p53 is also necessary for protecting against CCE in the GL, co-
staining for YFP, PCNA, and Ki67 was conducted. Analysis uncovered that, as seen in
the GCL, the numbers of double-positive (YFP+Ki67+) cells and (YFP+PCNA+) cells
are significantly higher in Rb-cKO mice compared with the other four genotypes.
Between 4.85- and 10.64-fold more (YFP+PCNA+) out of total YFP cells in Rb-cKO
compared with dcKO, dHets, and p53-cKO were detected (Rb-cKO: 16.13% vs Rb+/-
:8.65% vs dc-KO: 3.33% vs dHets:2.12% vs p53-cK0:1.52%, p=0.098, p=4.5x10%,
p=5x10", p=5.3x10" for Rb-cKO vs the four genotypes, respectively). Similarly, cell
quantification revealed between 3.73- and 16.88-fold more (YFP+Ki67+) out of total
YFP in Rb-cKO compared with Rb+/-, dcKO, p53-cKO,and dHets (Rb-cKO: 12.4% vs
Rb+/-:3.24% vs dc-KO:1.57% vs dHets:0.74% vs p53-cK0:0.88%, p=0.0072, p=6.6x10"
4 p=,1.1x10"*, and p=2.7x10* for Rb-cKO vs the other genotypes, Figure 9). Unlike in
the GCL, no significant difference in the size of those two populations in dc-KO when
compared with dHet and p53-cKO mice were detected. There were very low or close to
zero counts of triple positive cells (YFP+PCNA+KIi67+) with no significant difference
among all genotypes, despite a slight increase in Rb-cKO mice (Rb-cKO: 4.02% vs Rb+/-
:2.27% vs dc-KO:0.79% vs dHets:0.15% vs p53-cK0:0.55%, Figure 9).

These findings indicate that in the GL, p53 loss is not associated with CCE similar to
what was seen in the GCL. Unlike in the GCL, Rb-cKO mice do not display a significant
sign of CCE in the GL compared with other genotypes. This suggests that newborn
neuronal susceptibility to CCE is different in both layers, particularly following loss of

Rb.
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Figure 9: Conditional loss of p53 does not induce CCE in the GL of the OB. A) Triple
immunostaining on brain sagittal sections: YFP (green), PCNA (red), and Ki67 (blue) in Rb+/-,
dHets, Rb-cKO, p53-cKO, and dc-KO mice. Insets indicate double or triple labelled cells shown
in high magnification. B) Boxplot graphs show the % of (YFP+; PCNA+) cells, (YFP+;Ki67+)
cells, and (YFP+PCNA+KIi67+) cells out of the total YFP+ population in the GL, respectively.
p53 loss is not associated with CCE and does not mediate a dosage dependent effect on CCE
inside the GL. Unlike in the GCL, Rb-cKO mice do not display significant signs of CCE in the
GL indicating distinct susceptibility of newborn neurons to CCE in the GL vs the GCL,
especially in the context of Rb loss. Asterisks indicate statistical significance of posthoc Tukey
tests: *p<0.05, **p<0.01, ***p<0.001. Error bars correspond to the standard error of the mean

(SEM). Scale bar: 100um.
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D. Assessment of DNA damage response (DDR) inside the GCL in single and
compound p53 and Rb knock-out mice

Given that p53 plays a central role against DNA damage and accumulation of
mutations as ‘the genome keeper’, its role in this context during adult neurogenesis inside
the OB was assessed. Previous studies show that phosphorylation of H2A.X is an
indicator of DNA damage response (Oshikawa 2013, Andrusiak 2012) and its expression
does not overlap with the mitotic marker phospho-histone 3, pH3 in apoptotic neurons
(Oshikawa 2017). Triple-stained brain sagittal sections using antibodies against YFP,
yH2A. X, and pH3 revealed that (YFP+yH2A . X+PH3-) cells accumulate DNA damage
and do not progress further in the cell cycle, whereas (YFP+ yH2A. X+ PH3+) cells are
those carrying accumulated DNA damage but have progressed into the M phase.

In the GCL, results show clear signs of DDR in Rb-KO mice and dc-KO mice
compared with the other genotypes as indicated by the higher cell counts of
(YFP+yH2A.X+PH3-) cells out of total YFP cells in those mice. Hence, Rb-KO carried
3.47- and 7.15-folds more (YFP+yH2A.X+) cells compared with dHets and p53-cKO,
respectively (Rb-cKO:1.7% vs dHets:0.49% vs p53-cK0:0.24%, p=0.002 and p=9.1x10"
%). Between 2.65- and 10.94-fold more cells in dc-KO compared with Rb+/-, dHets, and
p53-cKO were detected (dc-KO:2.6% vs Rb+/-:0.98% vs dHets:0.49% vs p53-cKO:
0.24%, p=4.9x10° or 0). Surprisingly, DDR in p53-KO mice was not detected as
previously hypothesized. Of note, no triple-positive cells (YFP+yH2A.X+PH3+) (zero
or less than 1)were detected in all studied genotypes, indicating the absence of
progression into the M phase in the context of DDR (Figure 10).

The data presented here indicate that DNA damage is observed in Rb-/- and dc-

KO but not p53-cKO. It is concluded that DDR response in dc-KO is likely attributable
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to Rb loss, especially since no DNA damage is observed in p53-cKO mice. The

association of DDR with Rb loss is consistent with a previous study (Omais et al. 2022).
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Figure 10: Unlike loss of Rb, conditional deletion of p53 does not lead to DDR in the
GCL of the OB. A) Triple immunostaining on brain sagittal sections : YFP (green), yH2A.X
(red), and pH3 (blue) in Rb+/-, dHets, Rb-cKO, p53-cKO, and dc-KO mice. Insets indicate
double or triple labelled cells shown in high magnification B) Boxplot graphs show the % of
(YFP+yH2A.X+pH3-) cells, (YFP+pH3+) cells, and (YFP+ yH2A.X +pH3+) cells out of the
total YFP+ population in the GCL, respectively. p53 loss is not associated with DDR inside
the GCL compared to Rb-cKO and dc-KO. Hence, DDR in dc-KO mice is likely associated
with Rb loss. Asterisks indicate statistical significance of posthoc Tukey tests: *p<0.05,
**p<0.01, ***p<0.001. Error bars correspond to the standard error of the mean (SEM). Scale
bar: 50um.
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E. Assessment of DNA damage response DDR inside the GL in single and
compound p53 and Rb knock-out mice

Next, DDR was assessed following conditional deletion(s) of p53 and/or Rb in the
GL. Using the same experimental approach by triple labeling for YFP, yH2A.X, and pH3
of brain sagittal sections.

Results show clear signs of DDR inside the GL in Rb-KO mice but not dc-KO
compared with other genotypes. This is indicated by the significantly higher cell counts
of (YFP+yH2A.X+PH3-) cells out of total YFP cells found in the absence of Rb alone.
Rb-cKO carried 1.7-, 6.6-, 7.5-, and 15.94-fold more triple positive cells compared with
Rb+/-, dHets, dcKO, and p53-cKO, respectively (Rb-cK0O:28.4% vs Rb+/-:16.7% vs
dHets:4.3% vs dcK0:3.8% vs p53-cK0:1.8%, p=0.013 and 0). Unlike in the GCL,
47.55% of YFP+yH2A. X+ progressed into the M phase in Rb-cKO as manifested by a
significantly high number of triple positive cells (YFP+yH2A.X+PH3+) detected in these
mice compared with other genotypes (with very low or no labeled cells: Rb-cK0:13.5%
vs Rb+/-:0% vs dHets:0.68% vs dcKO:0% vs p53-cK0:0.13%, with the same near-zero
p-value of p=1x10"") (Figure 11).

Altogether, this data highlights the presence of a distinct DDR phenotype in the GL
versus the GCL. Thus, unlike in the GCL, dc-KO mice do not show DDR in the GL but
only Rb-cKO mice do. Also, significant progression into the M phase in the latter mice
despite the DDR was noted, which was not the case in the GCL. Finally, p53 loss was not
associated with DDR in either layer, suggesting the presence of distinct dynamics and
molecular mechanisms controlling DDR and cell cycle progression in the GL versus the

GCL.
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Figure 11: Newborn neurons in the GL display distinct DDR upon the conditional loss
of p53 and/or Rb. A) Triple immunostaining of brain sagittal sections showing YFP (green),
yH2A.X (red), and pH3 (blue) in Rb+/-, dHets, Rb-cKO, p53-cKO, and dc-KO mice. Insets
indicate double or triple labelled cells in high magnification B) Boxplot graphs show the % of
(YFP+yH2A.X + pH3- cells), (YFP+pH3+) cells, and (YFP+ yH2A.X +pH3+) cells out of
the total YFP+ population in the GL, respectively. p53 loss is not associated with DDR inside
the GL unlike in Rb-cKO. Contrary to the GCL, dc-KO mice do not display signs of DDR
here, and, in Rb-cKO, 47.55% of YFP+H2AXx+ cells progress into the M phase (refer to triple
labeled cells). These results indicate distinct dynamics regulating DDR in the GL vs GCL
following loss of p53 and Rb. Asterisks indicate statistical significance of posthoc Tukey
tests: *p<0.05, **p<0.01, ***p<0.001. Error bars correspond to the standard error of the
mean (SEM). Scale bar: 50pum.

65



F. Analysis of apoptotic cell death inside the OB in single and compound p53
and Rb knock-out mice

It was previously shown that in Rb-cKO mice, CCE is coupled to DDR, which
ultimately leads to neuronal cell death in the OB (Naser et al. 2016 and Omais et al. 2022).
To assess whether apoptosis is responsible for the loss of newborn post-mitotic neurons
inside the OB, we co-stained for YFP and the apoptotic marker, active caspase 3 (AC-3).
Analysis revealed very low counts of (YFP+AC-3+) double-positive cells in both OB
layers (less than 3 cells in total) in all genotypes studied, which precludes statistical
analysis. The total number of AC-3+ cells in each layer was assessed instead. First, in the
GCL, a clear and significant increase in apoptotic cell death in Rb-cKO compared to the
four other genotypes was noted (Rb-cKO: 4.6+1.2 cells vs dcK0O:1.2+0.32 cells vs
p53cKO: 1.1 +0.25 cells vs Rb+/-:1.63+0.63 cells vs dHets:0.75+£0.35 cells, p=0.008,
p=0.003, p=0.033, and p=7.4x10", respectively Figure 12). This data is expected and
consistent with previous results showing significant CCE and DDR in the absence of Rb
(Figures 8 and 10, Omais et al 2022). No difference in apoptotic death in p53-cKO mice
compared with dc-KO, dHet, and Rb+/- was detected.

In contrast, in the GL, we report resistance against cell death in all genotypes, except
Rb+/- mice, as indicated by the total numbers of AC-3+ cells scored in this layer (Rb+/-:
4+1.4 cells vs Rb-cK0:0.67+0.24 cells vs dc-K0O:0.89+0.31 cells vs p53cK0:0.64+0.20
cells vs dHets: 1.58+0.38 cells, p=3.9x1073, p=8.2x1073, p=2.2x1073, and p=0.041,
respectively, by posthoc Tukey testing) (Figure 13). In Rb-cKO mice, this finding could
be explained by the fact that a high percentage of cells with DDR damage (47.55%) are

capable of progressing to the M-phase (Figure 11). In conclusion, the presented data
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suggest that different regulatory mechanism(s) control(s) the survival of newborn neurons

in both layers.
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Figure 12: Unlike loss of Rb, deletion of p53 does not contribute to increased apoptotic
cell death in the GCL. A) Double immunostaining of brain sagittal sections: YFP (green),
and AC3 (blue) in Rb+/-, dHets, Rb-cKO, p53-cKO, and dc-KO mice. Arrowheads indicate
double labelled cells. B) Boxplot graphs show the % of YFP+AC3+ cells and the absolute
cell count of AC3+ cells in the GCL. p53 loss is not associated with apoptotic cell death
inside the GCL unlike the phenotype seen with Rb-cKO mice. Consistent with previous
results on CCE and DDR, Rb-cKO display significant levels of apoptotic cell death versus all
other genotypes. Asterisks indicate statistical significance of posthoc Tukey tests: *p<0.05,
**p<0.01, ***p<0.001. Error bars correspond to the standard error of the mean (SEM). Scale
bar: 25um
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Figure 13: The GL exhibits higher resistance to apoptotic cell death compared with the
GCL in the absence of Rb and p53. A) Double immunostaining of brain sagittal sections:
YFP (green), and AC3 (blue) in Rb+/-, dHets, Rb-cKO, p53-cKO, and dc-KO mice.
Arrowheads indicate double labelled cells. B) Boxplot graphs show the % of YFP+AC3+
cells and the absolute cell count of AC3+ cells in the GCL. p53 loss is not associated with
apoptotic cell death inside the GL. Rb+/- display significant levels of apoptotic cell death
versus other genotypes. Asterisks indicate statistical significance of posthoc Tukey tests:
*p<0.05, **p<0.01, ***p<0.001. Error bars correspond to the standard error of the mean
(SEM). Scale bar: 25um.
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CHAPTER 4

DISCUSSION

A. p53 negatively regulates the rate of OB neurogenesis in a dosage-dependent
manner

We have previously shown that Rb regulates adult neurogenesis in the OB by
negatively controlling progenitor cell proliferation in the aSVZ and is required for the
long-term survival of newborn OB neurons (Naser et al., 2016). Recently, we uncovered
a critical role for Rb in protecting against CCE and DDR in post-mitotic OB interneurons
in both young and aged mice (Omais et al., 2022). This study is novel as it examines a
potential role for p53 alone, and in combination with Rb, in the maintenance of a post-
mitotic state as well as protection against DNA damage in newborn neurons inside the
OB.

We induced single and compound deletion(s) of both proteins and assessed the
phenotypes inside the OB 28 days later. We found that p53 negatively regulates the rate
of OB neurogenesis, however p53-cKO mice displayed a significantly higher level of
neurogenesis marked by the total number of YFP+ cells in the OB compared with other
genotypes (refer to summary in Figure 14). These results are consistent with previous
findings from two studies investigating the role of p53 in tumor formation and control of
aNSPCs inside the aSVZ. They also show that loss of p53 leads to increased cell
proliferation in the aSVZ and accelerated neuronal differentiation in vitro and in vivo
(Gil-Perotin et al., 2006; Meletis et al., 2006). A subsequent study revealed that combined
deletions of p53 and the cell cycle inhibitor p27(kipl) enhance self-renewal and
proliferation inside the aSVZ further, suggesting non-redundant roles for these proteins

(Gil-Perotin et al., 2011). When assessing and comparing the role(s) of p53 and/or Rb,
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two complementary studies previously performed in our laboratory showed that the two
proteins play non-redundant roles in the control of AN in the aSVZ. p53 negatively
regulates self-renewal in stem cells as previously shown, while Rb plays a similar role in
progenitor cells. Their compound deletions led to additive effects on stem/progenitor cell
proliferation both in vivo and in culture. Loss of p53 alone only was associated with
accelerated migration and subsequent differentiation along the RMS-OB axis (Figure 14,
Saade R & Ghanem N, unpublished data, and, Saliba A & Ghanem N, unpublished data).

This current study reveals a dosage-dependent effect associated with loss of p53,
given that dHets or (Rb+/-; p53+/-) had the second highest number of YFP+ cells (after
p53-cKO) compared with Rb+/- (equivalent to wild type), Rb-/- mice and even Rb-/-;p53-
/- mice. While there is no dose-dependent effect following the loss of Rb (Naser et al.,
2016), the previous finding is in line with other studies showing a similar effect for p53
loss in different contexts. An earlier study on the role of p53 in cancer showed that mice
carrying a single null p53 allele (p53+/-) had a higher tumor incidence rate compared with
wild-type mice (Venkatachalam et al., 1998). In fact, a recent study assessed the
attenuated tumor-suppressive phenotype of p53 in the human cancer Li-Fraumeni
Syndrome (LFS) and uncovered that mouse knockout models for p53 haploinsufficiency,
or heterozygosity, have a four-fold decrease in basal p53 mMRNA expression compared to
wild type p53 mice. The decreased expression resulted in deficient p53 function
characterized by attenuated p53 stress responses and reduced G1 arrest and apoptosis
(Lynch & Milner, 2006). With regards to adult neurogenesis, a recent study on the
dosage-dependent effect of p53 showed that an extra copy of normally regulated Ink4/Arf
and p53 enhanced NSC pool maintenance and sustained neurogenesis at later lifetime

stages of aging mice. The result indicates that p53 plays a role in regulating AN as an
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extra copy of Ink4a/Arf and p53 inhibits the exhaustion of the NSCs pool and the decline
in neurogenesis in both the OB and DG (Carrasco-Garcia, Arrizabalaga, Serrano, Lovell-
Badge, & Matheu, 2015). This is supportive of our observations that p53 loss would
enhance OB neurogenesis, and that the regulation of AN is dependent on the dose under
which p53 functions.

Unexpectedly, our results that dc-KO showed a lower level of neurogenesis,
compared with p53-cKO and dHets, and slightly higher (but not significant) than in Rb-
cKO mice. This finding may be linked to a severe compromise in the survival of newborn
neurons following loss of both proteins, as four months post-TAM treatment, loss of p53
did not rescue cell death of Rb-/- neurons according to previous observations (Saliba A
and Ghanem N, unpublished data). This suggests that neuronal cell death in the OB in the

absence of Rb is either p53-independent or only partially dependent on it.
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Figure 14: Summary of the roles of Rb, p53, and the combined roles of p53 and Rb
along the SVZ-OB axis. We and others have characterized the roles played by Rb and
p53 in the control of SVZ-OB neurogenesis. Studies have shown that p53 and Rb
negatively regulate stem cells’ proliferation and progenitors’ proliferation in the SVZ,
respectively (refer to text for references). In the case of p53, this regulation affects
neuronal migration and differentiation as well as the rate of AN inside the OB. In this
study, we show that p53 controls AN in a dose-dependent manner. However, unlike Rb,
p53 does not seem to protect newborn ON neurons against CCE and DNA damage at
least in the short term (28 days post-deletion as highlighted in red). Both proteins are
required for long-term neuronal survival inside the OB.
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B. Unlike Rb deletion, p53 loss does not lead to CCE in newborn neurons
inside the GCL

We had shown that Rb is required for the long-term survival of newborn OB neurons
(Naser et al. 2016), a role primarily mediated by protecting against CCE and DNA
damage accumulation in young and old mice (Omais et al. 2022). In Rb-cKO, we report
a significant increase of 16% and 2.5% in the numbers of PCNA+ cells and (PCNA+;
Ki67+) double-positive cells out of total YFP+ cells compared to near-zero counts in
Rb+/- controls (Omais et al., 2022). In contrast, in this study, p53-cKO mice show
low/basal levels of (YFP+PCNA+) cells and (YFP+Ki67+) cells in the GCL, with
remarkably near zero counts of (YFP+PCNA+Ki67+) cells compared with Rb-cKO.
Unlike the loss of Rb, conditional loss of p53 does not induce CCE, at least 28 days post-
TAM treatment. Protection against CCE may be dependent on the spatio-temporal
context and/or compensatory mechanisms by other cell cycle proteins. In fact,
immortalized neuron-like cell lines derived from the murine neocortex, p53 alters the
ability of the cells to re-enter the cell cycle. Hence, in non-permissive conditions, p53-/-
neuron-like cells continue to proliferate and actively cycle, whereas p53+/- cells stop
dividing. The former cells were resistant to death after treatment with ethanol (Miller,
Peter, Wharton, & Wyllie, 2003). A possible explanation for lack of CCE in p53cKO
could be attributed to compensation by other cell cycle regulators that mediate stringent
control over the cell cycle in post-mitotic neurons. Two such regulators are Rb and E2F1
These proteins interplay with p53 in cell cycle control and cell death (Polager & Ginsberg,
2009). Wang et al. established that E2F1 acts as a cell cycle suppressor in mature CNS
neurons (cerebellar granule neurons) during development. E2F1 null mice, however,

display signs of CCE and active DNA replication starting after post-natal day 10 (Wang,
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Wang, & Herrup, 2007). The finding that CCE is not directly initiated in the absence of
E2F1 until later stages may also be applicable to loss of p53 and is worth examining in
the future. Also, there could be potential compensatory role played by E2F1 in the
absence of p53 2- and 4-months post-TAM treatment. The compensation for p53 loss
may be mediated by p63 and p73. In a study assessing the possible compensatory role for
TAp63 in response to genotoxic stress in p53-deficient cancer cells, the absence of p53
and TAp63 knockdown promote cell cycle progression through G2 in addition to
inducing a p53-independent repair mechanism after doxorubicin-induced DNA damage.
This study establishes a role for TAp63 in regulating the cell cycle and DNA damage
responses in compensation for p53 loss (Yao & Chen, 2010).

Another potential explanation for the absence of CCE in p53-cKO mice is
compensation by Rb, given that dc-KO mice display signs of CCE but to a lesser extent

than to Rb-cKO mice (Figure 8).

C. The GL exhibits distinct susceptibility to CCE with the conditional
deletion(s) of p53 and Rb

Similar to the GCL, no sign of CCE in p53cKO inside the GL, was detected which
indicates that p53 is not necessary for the protection against CCE at least 28 days post-
deletion. Moreover, our results show resistance to CCE in newborn neurons in the GL in
all genotypes studied, including Rb-cKO (Figure 9). This data indicates that cell cycle
control (maintenance of post-mitotic state) in the GL is subject to different dynamics
compared with the GCL. First, Rb-cKO newborn neurons are able to re-enter the cell
cycle in the GCL but not the GL as shown here (Figures 8 and 9) and in recent published

work (Omais et al., 2022). Second, newborn neurons in dc-KO mice do not show any
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tendency for CCE in the GL unlike the phenotype reported in the GCL (Figure 9). One
possible explanation for the distinct phenotypes observed in the GL vs GCL is that
interneurons in the GL are biochemically different than those in the GCL, and different
subtypes of adult-born neurons are produced by AN in the two layers as previously
described in the introduction (p21, B.1). The surrounding environment, glomeruli
composition and structure may also play a role in regulating neuronal response and
susceptibility to altering cell cycle dynamics (Bagley, LaRocca, Jimenez, & Urban,
2007). Indirect observations from prior studies indicate a significantly higher resistance
to neuronal cell death in the GL compared with GCL, where a higher turnover rate is
consistently reported (Naser et al. 2016, Omais et al. 2022 and unpublished data). Such
differences may also be linked to separate functional roles played by GL interneurons,
which are a synaptic hub that mediates communication between glomeruli and forms the
primary relay network collecting olfactory information between sensory neurons
(olfactory epithelium) and mitral cells which are the principal projection cells in the OB
(Lledo & Valley, 2016). This may impose a strict regulation and control of post-mitotic
maintenance in the GL interneurons. In conclusion, future studies should examine the
cell-autonomous and/or non-autonomous factors that may contribute to the distinct

properties of the GL versus the GCL.

D. p53loss is not associated with DDR in newborn neurons of the GCL

We did not identify any sign of DDR in newborn neurons inside the GCL in p53-cKO
compared to Rb-cKO and Rb+/- mice (Figure 10). This observation is rather surprising
and counterintuitive given that p53 is viewed as ‘the guardian of the genome’ and master

regulator of DDR during development and other contexts. The fact that dc-KO mice
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display similar DDR as the one seen in Rb-cKO, indicates that such a phenotype is linked
to the loss of Rb and not exacerbated following the loss of p53. Near zero levels of triple
positive (YFP+H2AX+PH3+) cells in all studied genotypes indicates that
(YFP+H2AX+) neurons accumulate DNA damage and eventually undergo apoptosis in
the absence of Rb. This is in line with previous findings (Oshikawa, Okada, Tabata,
Nagata, & Ajioka, 2017). Similarly, an earlier study in mice suffering from ischemic
injury reported that p53 attenuation protected neurons from DNA damage following
ischemic insult and more than in p53 homozygous mice (Crumrine, Thomas, & Morgan,
1994). The above findings conflict with other studies where p53 is well established as an
important regulator of DDR. A study showed that “super p53” mice with overexpressed
p53 protein have an enhanced response to DNA damage and do not develop tumors when
p53 overexpression is under tight regulation (Garcia-Cao et al., 2002). Another study
induced cell cycle re-entry in primary hippocampal neurons in culture by generating a
t1EK2 chimeric protein resulting from the fusion of an isoform of Cyclin E having higher
oncogenic potential to Cdk2. This manipulation led to S-phase entry followed by p53-
dependent apoptosis in these neurons. In contrast, blocking p53 expression in t1EK2
neurons inhibited CCE-induced apoptosis. P53-null neurons expressing t1EK2
accumulated more DNA damage compared to p53-/- neurons only (Walton et al., 2019).

While these results do not show DDR in the absence of p53 at one-month post-
deletion, this may not be the case after longer survival periods of 2-4 months later, and
therefore need to be addressed in the future. Future studies should explore possible
alternative pathways and downstream targets that control DDR response inside the GL

other than the ATM-P53 pathway.
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E. The GL displays distinct dynamics of DDR following the conditional loss of
p53 and Rb

Like in the GCL, p53-cKO do not accumulate DNA damage inside the GL at 28 days
following p53 loss, but this may not be true at later survival periods. Moreover, Rb-cKO
mice show a pronounced DDR response in the GL as seen in the GCL.

In the GL, almost half of (YFP+H2AX+) neurons in Rb-cKO progress into the M-
phase (47.55%; triple positive); this is contrary to the GCL phenotype and previous
reports denying M phase entry in damaged neurons (Figure 10 and 11,(Omais et al.,
2022; Oshikawa et al., 2017)). Walton et al. show that p53-/- cells expressing t1EK2
undergo CCR and accumulate DNA damage but are inhibited from progression into the
M phase, in accordance with similar findings in cortical neurons (Oshikawa et al. (2017).
This can be reversed with Weel inhibition followed by the activation of CyclinB1/Cdk1
activity at the G2/M checkpoint causing a large proportion of these cells (68.6%) to
proceed into the M-phase, (Walton et al., 2019). The expression and function of several
cell cycle-related proteins must be altered for M phase entry to proceed, and therefore
several insults in the GL are required for cell cycle abrogation. The nature of these
proteins remains unknown of Rb-cKO mice.

Two scenarios may arise after M-phase entry. Neurons may complete cell division,
which has been reported to happen earlier in a small subset (Walton et al., 2019), or they
can exit the M-phase without cell division, maintaining their viability (Walton et al.,
2019). Whether is true in the case of Rb-cKO neurons in the GL and whether these
neurons stay indeed alive and functional in the long term is a question to be answered.
This can be assessed by assessing physiological functionality. AIS integrity studies or

synaptic functionality by PSD-95 staining can be used, as previously done by Barrio-
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Alonso et al. to show that CCE leads to synaptic dysfunction and cell death (Barrio-

Alonso et al., 2018).

F. The GL is more resistant to cell death than the GCL

p53-cKO mice do not accumulate dead cells as indicated by insignificant numbers of
AC3+ cells detected in both the GCL and GL of the OB (Figures 12 & 13).Unlike Rb
loss, p53 deletion does not trigger apoptotic cell death inside the OB at 28 days post-
deletion. Also, we report that Rb-cKO had significantly lower numbers of AC3+ cells in
the GL compared with the GCL, again highlighting distinct dynamics regulating survival
and maintenance of post-mitotic state in the GL versus the GCL. The above results
reported at 28-days post-TAM are consistent with previous findings showing the absence
of major survival defects following the loss of p53 and combined loss of p53 and Rb at
the same age [(Saade & Ghanem), unpublished data]. At 4 months post-TAM, we
previously established that both Rb and p53 are required for the long-term survival of
post-mitotic adult-born neurons as neuronal survival is severely compromised in p53-
cKO and dc-KO mice after this period. This indicates that p53 loss does not rescue from
neuronal cell death of Rb-/- neurons and is required for long-term neuronal survival
((Saliba & Ghanem), unpublished data).

Of note, we may have underestimated the extent of cell death using YFP+/AC-3+
staining because apoptotic cells may degrade rapidly as the epitope(s) of the
corresponding proteins have a short expression window for detection. We suggest using
other cell death detection methods in the future to further validate our results. TUNEL
assays can be used to detect cell death in early phases of apoptosis, unlike AC3, that is

expressed later on. Another method to screen for cell death markers and targets involved
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in the phenotypes described is by utilizing Proteome Profiler Assay Kits. These Kits are
commercially available and can be customized to detect specific protein expression of
target apoptotic genes acting downstream of p53 as well as other pathways. Finally, deep
RNA sequencing using material from sorted newborn neurons can provide a more
comprehensive study of the differentially expressed genes in each genotype identifying
molecular pathways, not only mediating cell death but also regulating the distinct
responses reported in the GL vs the GCL. Once identified, the expression of potential
candidate genes can be validated further by RT-PCR at the mRNA level and western
blotting for protein expression.

In conclusion, we uncover that, unlike Rb, p53 does not play a major role in
protecting newborn post-mitotic OB neurons from CCE and DNA damage at least in the
short term. This may not be the case after longer survival windows. We demonstrate
distinct dynamics for the GL versus GCL in terms of CCE, DDR, and resilience to cell
death in response to the loss of p53 and/or Rb. Future studies should aim at uncovering
the molecular pathways and target genes that mediate the results described here. This is
essential to understand how to manipulate key molecular targets to optimize brain
plasticity and regeneration, especially since OB pathology is implicated in the

progression of several neurodegenerative diseases.
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