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Abstract

Our lab has recently found that E2F3, an essential cell cycle regulator, regulates
the self-renewal capacity of neural precursor cells (NPCs) in the developing mouse brain.
Chromatin immunoprecipitation (ChIP) and immunoblotting techniques revealed several
E2F3 target genes, including the polycomb group (PcG) protein, EZH2. Further ChIP
and immunoblotting techniques identified the neural stem cell self-renewal regulators

6" and Sox2 as shared gene targets of E2F3 and PcG proteins, indicating that E2F3

pl
and PcG proteins may co-regulate these target genes. E2f3” NPCs demonstrated
dysregulated expression of EZH2, p16™**, and SOX2 and decreased enrichment of PcG
proteins at target genes. Restoring EZH2 expression to E2f3"" levels restores p16™<*
and SOX2 expression levels to near E2/3"" levels, and also partially rescues NPC self-

renewal capacity toward E2f3"

levels. Taken together, these results suggest that E2F3
controls NPC self-renewal by modulating expression of p16™** and SOX2 via

regulation of PcG expression, and potentially PcG recruitment.

vi
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Chapter 1 - Introduction

1.1 Neural precursor cells in neurogenesis

1.1.1 Neural stem cells

Neural precursor cell populations consist of neural stem cells and lineage-
restricted progenitor cells (Svendsen et al., 1999). In order for a cell to be considered a
stem cell, in culture, it must be capable of: 1) proliferation 2) self-renewing divisions, and
3) multipotency, i.e., giving rise to multiple types of more specified cell types (Potten and
Loeffler, 1990). Neural stem cells are limited to a neural fate and are thus multipotent,
capable of giving rise to neural tissue: neurons and glial cells (oligodendrocytes and
astrocytes).

Neural stem cells are derived from pluripotent embryonic stem cells and are found
in high concentrations in the subventricular zone (SVZ) found within the ganglionic
eminences (GEs) of the telencephalon in mammals. There they generate progenitor cells,
which proliferate to amplify the neural precursor pool and undergo terminal mitosis
before migrating to the cortex, resulting in a differentiated neuron or glial cell. A
residual population of neural stem cells persists in the SVZ into adulthood. Classical cell
cycle regulators are implicated in directing the proliferation, differentiation, and self-

renewal of neural stem cells during neurogenesis (Y oshikawa, 2000).



1.1.2 Neurosphere assays

Unlike many other cell types, neural stem cells do not express any known
definitive molecular markers. The presence and abundance of neural stem cells must
instead be evaluated by unique functional criteria. This is accomplished by the
neurosphere assay, previously described in detail (Chojnacki and Weiss, 2008). For this
assay, putative neural stem cells are dissociated to a single cell suspension and cultured in
the presence of mitogens (e.g. bFGF) with which only neural stem and progenitor cells
are able to survive long-term (Reynolds and Rietze, 2005). Thus, in these conditions,
only neural stem and progenitor cells will thrive and proliferate clonally, producing a
sphere of cells. If the cell from which this primary neurosphere was derived is a veritable
neural stem cell, the sphere should be made up of not only proliferating progenitors but
also a small number of neural stem cells resulting from self-renewing divisions. The
presence and abundance of neural stem cells in the primary neurosphere is then
determined by its dissociation and culture, again in the presence of mitogens. Any neural
stem cells within the primary neurosphere should give rise to a secondary neurosphere.
Upon removal of bFGF and introduction of differentiation signals, neural stem cells
should also be capable of differentiating to neurons, astrocytes, and oligodendrocytes.

Although the neurosphere assay is an indispensable tool for evaluating the
presence and abundance of neural stem cells, it has limitations. Neural progenitor cells
are also capable of responding to mitogens contributing to sphere formation, and so,
although neurospheres are largely initiated from neural stem cells, the assay does not
unequivocally differentiate stem cells from progenitor cells (Reynolds and Rietze, 2005).

The initiating cell may be further evaluated by its potential to form secondary and tertiary



spheres upon the sphere’s dissociation. This technique allows a greater measure of the
initiating cell’s stemness and function. Alternatively, in order for a neural stem cell to be
identified as such, neurosphere assays must be corroborated by in vivo evidence such as
long-term BrdU labelling or olfactory neurogenesis. For this reason, this thesis will refer

to neural stem and progenitor cells commonly as neural precursor cells (NPCs).

1.2 pRB/E2F in cell cycle regulation

The E2f family is comprised of eight genes, some of which have alternative splice
sites, which encode nine transcription factors known to play important roles in regulating
the cell cycle at multiple points. The progression of the cell cycle from the Gap 1 (G)
phase to the DNA synthesis (S) phase is regulated by the E2Fs through the
phosphorylated state of the retinoblastoma protein (pRB) (Figure 1-1). When pRB is
hypophosphorylated, it binds to E2F family members, preventing the expression of E2F
target genes, and thereby arresting the cell cycle at the G,/S phase checkpoint. In the
hyperphosphorylated state, pRB dissociates from E2F, allowing expression of E2F target
genes, and subsequently allowing the progression of the cell cycle into S phase.
Phosphorylation of pRB occurs through the concerted action of cyclin proteins associated
with cyclin dependent kinases (CDKs). pRB phosphorylation is negatively regulated

during the cell cycle by CDK inhibitors (CDKIs), such as p16™** and p21°".

The nine E2f gene products all possess at least one DNA binding domain through
which they can bind to E2F-regulated promoters (Figure 1-2). E2F1-6 also have a DP

dimerization domain through which E2Fs heterodimerize with one of three dimerization
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E2F
‘ target
! genes

Traditional E2F consensus site

Figure 1-1. The role of E2Fs in cell cycle regulation.

Phosphorylation of pRB by cyclin-CDK complexes allows progression of the cell cycle
from the G phase into the S phase, via E2F-dependent transcriptional activation of pro-
proliferative target genes. Modified from McClellan KA, Slack RS (2007) Specific In
Vivo Roles for E2Fs in Differentiation and Development. Cell Cycle 6:2917-27.
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Figure 1-2. Structural similarity amongst E2F family members contributes to
overlapping functions.

The E2Fs bind to DNA through the highly conserved DNA binding domain (DBD), to
DP through the dimerization domain made up of leucine zipper (LZ) and marked-box
(MB) motifs, and to pocket proteins through the pRB binding domain. E2F6 lacks a pRB
binding domain while E2F7 and E2F8 lack both a pRB binding domain as well as a
dimerization domain. Modified from DeGregori J, Johnson DG (2006) Distinct and
overlapping roles for E2F family members in transcripton, proliferation and apoptosis.
Curr Mol Med 6:739-748.



proteins (DP1, DP2/3, or DP4) to form a E2F-DP complex (Girling et al., 1993; Milton et
al., 2006; Ormondroyd et al., 1995; Zhang and Chellappan, 1995). Heterodimerization
with DP creates functional E2Fs, capable of carrying out transcriptional activities at gene
targets (Krek et al., 1993; Wu et al., 1995). In addition to these domains, E2F1-5 also
possess a transactivation and a pocket protein binding domain through which E2Fs
associate with RB family members; RB, p107, and p130.

The E2F family members can be broadly divided into two groups. E2F1, E2F2,
and E2F3a are transcriptional activators and act to induce apoptosis as well as to promote
cell cycle progression through transcriptional activation of E2F target genes. In wild-
type cells, these E2Fs associate uniquely with pRB and are expressed in a cell cycle-
dependent manner where their highest expression occurs during late G; and early S
phase. E2F3b, E2F4, E2F5, E2F6, E2F7, and E2F8 are transcriptional repressors and are
thought to be necessary for cell cycle exit. E2F3b, E2F4, and E2F5 are expressed
ubiquitously throughout the cell cycle and, although they possess a transactivation
domain, they have been found to be weak activators and seem to instead act as
transcriptional repressors by recruiting RB family members to E2F target genes. E2F4
can associate with all three RB family members while E2F5 has only been shown to
associate with p130. E2F6, E2F7, and E2F8, on the other hand, do not possess a pocket
protein binding domain and so they use alternative methods to repress E2F targets. E2F6
associates with Polycomb group proteins, which repress transcription (Attwooll et al.,
2005; Ogawa et al., 2002; Trimarchi et al., 2001), while the method of repression of E2F7
and E2F8 remains to be fully elucidated. As of now, these two newest discovered

members of the E2F family have been shown to repress transcription and to bind to E2F



targets through their two DNA binding domains independently of DP binding (Logan et
al., 2004; 2005). It has instead been suggested that E2F7 and E2F8 form homo- (Di
Stefano et al., 2003; Logan et al., 2004; Maiti et al., 2005) or heterodimers (Li et al.,
2008) via their DNA binding domains which mimic E2F/DP heterodimers and that these

dimers act to negatively regulate the activity of activating E2Fs (Logan et al., 2004).

Although certain E2F family members have been shown to have distinct roles,
there is functional redundancy between many E2Fs. This is due to a high degree of
conservation of the DNA binding domain between E2Fs. In fact, in vitro, all nine E2Fs
are able to bind to the classical E2F consensus sequence TTT(c/g)(c/g)CGC (Rabinovich
et al., 2008). However, specificity of E2F recruitment has been demonstrated to be
determined not only by the DNA binding sequence, but also by adjacent DNA sequences
which bind cooperating transcription factors (Freedman et al., 2009; Rabinovich et al.,
2008; van Ginkel et al., 1997). This could explain why there is functional redundancy of

E2Fs at some E2F responsive genes, while not at others.

1.3 E2F3 in neurogenesis

1.3.1 The importance of E2F3 in cell cycle regulation and development

The family member E2F3 has been shown to be required for S phase entry as well
as for proper cellular proliferation (Humbert et al., 2000; Leone et al., 1998; Wu et al.,
2001). Furthermore, E2F3 is critical for neonatal viability (Humbert et al., 2000).

Callaghan and colleagues showed by electrophoretic mobility shift assay (EMSA) that, in



wild-type NPCs, pRB mainly associates with E2F3 and that there are only low levels of
free E2F3 bound to DNA. In the absence of pRB, differentiating NPCs show delayed
terminal mitosis while DNA binding activity of free E2F3 was increased resulting in
increased expression of E2F target genes (Callaghan et al., 1999). This indicates that
tight regulation of E2F3 by pRB is required in NPCs for proper control of the cell cycle.
Our lab and others have also demonstrated cell cycle-independent functions for E2F3,
such as regulating neuronal migration (McClellan et al., 2007) and differentiation (Chen
et al., 2007). These findings suggest that strict regulation of E2F3 may be generally
required for cell cycle-independent functions of pRB/E2F. I have thus focussed my

thesis on the role of E2F3 in the developing brain.

1.3.2 E2F3 isoforms

The E2f3 locus was believed to have only one gene product until Leone and
colleagues identified a novel E2F3 product, “E2F3b”, dubbing the original product
“E2F3a”. The E2F3a and E2F3b sequences are expressed from different promoters (Tsai
et al., 2008) and although the sequences are mostly identical, the E2F3b protein lacks the
N-terminal domain found in E2F3a (Figure 1-2). This portion of the N-terminus is
suspected to control accumulation of E2F3a (Adams et al., 2000). The two products also
differ in function. As mentioned above, E2F3a is generally thought to be a
transcriptional activator while E2F3b is generally thought of as a transcriptional repressor
(Adams et al., 2000; Leone et al., 2000). However, E2F3a and E2F3b seem to also have
redundant functions during embryonic development since expression of at least one of the
two isoforms is sufficient for fetal development in the absence of the other E2F

activators, E2F1 and E2F2 (Tsai et al., 2008).



1.3.3 Cell cycle independent functions of E2F3

Our lab has recently found that E2F3 performs unique, cell cycle independent
functions in the brain, including the regulation of neural precursor proliferation and stem
cell self-renewal (McClellan et al., 2009). Specifically, further investigation by primary
neurosphere assays suggests that in the absence of E2F3, there is a significant (p<0.05)
increase in the number of self-renewing NPCs in the embryonic SVZ (Figure 1-3A).
Furthermore, secondary neurosphere assays suggest that these NPCs also have a
significantly (p<0.02) increased capacity for self-renewal (Figure 1-3B). In order to
further investigate the possible mechanism(s) through which this deregulation of neural
precursor populations may be occurring, our lab has performed ChIP-on-chip
experiments to identify target genes of E2F3 in neural precursors (Julian et al., 2013).
Multiple members of several gene families were identified with this technique that may
explain our observed E2f3 phenotype of increased NPCs and NPCs with an increased
capacity for self-renewal. Of note, the E2F3 ChIP-on-chip identified both p/6™** and

Sox2 as putative E2F3 target genes (Figure 1-4).

1.4 E2F3 ChIP-on-chip target genes
1.4.1 p16™***/CDKN2A

p16™5* (also known as CDKN2A) is typically associated with senescence and
aging (Krishnamurthy et al., 2004; Michaloglou et al., 2005). Neural progenitors of the
SVZ in particular display declining function during aging, which correlates with an

increase in p16™* expression (Molofsky et al., 2006). At present, the primary function
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Figure 1-3. E2F3 regulates numbers of neural precursors and their capacity for self-
renewal.

A) E2f37" GE tissue generates increased numbers of neural precursor cells compared to
E2f3"". The averages over 6 wells were calculated. B) E2f3” neural precursor cells have

an increased capacity to self-renew compared to £2f3”". Data courtesy of Dr. KA
McClellan.
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Figure 1-4. E2F3 is enriched at p16™** and Sox2 transcriptional regulatory regions.

ChIP-on-chip for E2F3 was performed using neurospheres derived from GE of E14.5
mice. Schematics represent enrichment of E2F3 binding at the promoter regions of A)
p16™5% and B) Sox2. Areas of E2F3 enrichment are indicated by red peaks. n=3. Julian
et al., 2013. Generated using the UCSC Genome Browser (http://genome.ucsc.edu/).
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of p16™5* appears to be to induce cellular senescence in response to hyperproliferative
or stress signals in order to prevent tumour formation (Gil and Peters, 2006; Kim and
Sharpless, 2006). Although p16™** expression is not always easily detectable in vivo,
stressing cells by placing them in culture has been shown to be sufficient to activate its

expression (Zindy et al., 1997).

6INK4a

pl is an established negative regulator of the cell cycle (Serrano, 1997).

Upon activation of p16™**

expression, pRB is recruited to E2F-regulated promoters,
causing a block of cell cycle progression from G to S phase, preventing further cellular
proliferation (Dahiya et al., 2001). p16™** is thus a tumour suppressor; its expression is
down-regulated in a large proportion of several types of human cancers due to
inactivation of the gene or to point mutations in the gene (Kamb et al., 1994; Nobori et
al., 1994). Epigenetic silencing of p/6™%** has also been observed in multiple forms of

cancer (Esteller et al., 2001). It is thought that the lack of expression of the tumour

suppressor allows cells to cycle without constraint, resulting in tumour formation.

Certain cancers have been shown to exhibit an increase in p16"™~** expression

despite its usual association with tumour suppression (Romagosa et al., 2011). High

6™ 4 expression is often associated with high-grade malignant tumours with poor

pl
prognoses (Arifin et al., 2006; Lam et al., 2008; Milde-Langosch et al., 2001; Steigen et
al., 2008). The inability of high p16™ * levels to impede aberrant cellular proliferation
could indicate that these tumours have an improperly functioning pRB-E2F pathway,

6INK4a

which has been demonstrated to allow tumour cells to bypass the pl senescence

machinery (Lukas et al., 1995).
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1.4.2 SOX2

SOX2 is a transcription factor which is required to maintain pluripotent stem cell
populations (Avilion et al., 2003) and is one of four transcription factors required to
establish pluripotency in induced pluripotent stem cells (Takahashi and Yamanaka,
2006). SOX2 appears to be particularly important for neural stem cells as its expression
is conserved in the developing central nervous system across multiple species (Collignon
etal., 1996). Indeed, its expression has been demonstrated to be required for
maintenance of neural stem cell identity (Ferri et al., 2004). Its expression is maintained
in not only embryonic, but also adult neural progenitors (Bani-Yaghoub et al., 2006;
Brazel et al., 2005; D'Amour and Gage, 2003; Ellis et al., 2004), and can be observed in
postnatal neurogenic regions, namely, the subventricular zone and the dentate gyrus (Ellis

et al., 2004; Ferri et al., 2004).

SOX?2 expression is primarily observed in proliferating neural precursors (Pevny
and Placzek, 2005) and has been shown to maintain these populations and to inhibit
neuronal differentiation (Graham et al., 2003). More recently, radial glial cell
populations, which have increased multipotency and self-renewal capacity compared with
the intermediate progenitor populations, have also been shown to display increased SOX2

expression (Hutton and Pevny, 2011).

Given that our lab has generated data suggesting that, in the absence of E2F3
there is an increase in NPC numbers and self-renewal (Julian et al., 2013), and given the

role of SOX2 in maintaining neural stem cell populations and of p16™** in tumour
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formation when the pRB-E2F pathway is dysregulated, we aimed to further investigate

how E2F3 could potentially regulate expression of p16™~**and SOX2.

1.4.3 Polycomb Group proteins

Several members of the Polycomb Group (PcG) protein family were identified as
E2F3 gene targets (Figure 1-5). PcG proteins have established roles in embryonic
development as well as in differentiation (Bracken et al., 2006; Ezhkova et al., 2009;
Hirabayashi et al., 2009; Pasini et al., 2007; 2004; Sher et al., 2008; Walker et al., 2010;
Yadirgi et al., 2011). More recently, PcG proteins have been suggested to play a role in
the maintenance of various stem cell populations (Juan et al., 2011; Kamminga et al.,
2006; Molofsky et al., 2005; Roman-Trufero et al., 2009; Villasante et al., 2011). The
PcG protein EZH2 has specifically been implicated in preventing hematopoietic stem cell

exhaustion (Kamminga et al., 2006).

PcG proteins have previously been found to function downstream of the pRB-E2F
pathway (Bracken et al., 2003) and their recruitment to the p16™~* locus has been
suggested to be regulated by the truncated isoform of E2F3, E2F3b (Miki et al., 2007).
The p16™** locus is not only a potential E2F3 gene target, but also a well-studied PcG
protein target gene. Similarly, although Sox2, to our knowledge, has not yet been
identified as a PcG gene target, PcG proteins have been shown to bind at the promoters of
several members of the Sox family as well as other key pluripotency genes. The PcG
protein family was therefore an excellent candidate for further investigation of potential
downstream targets of E2F3 that could account for the perturbed regulation of neural

precursors observed with E2F3 loss.
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Figure 1-5. E2F3 is enriched at the promoters of the core PRC2 components.

ChIP-on-chip for E2F3 was performed using neurospheres derived from GE of E14.5
mice. Schematics represent enrichment of E2F3 binding at the promoter regions of
several PRC2 components A) Ezh2; B) Suzi2; and C) Eed. Areas of E2F3 enrichment
are indicated by red peaks. n=3. Julian et al., 2013. Generated using the UCSC Genome
Browser (http://genome.ucsc.edu/).
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Given that the p16™*** and Sox2 genes are potentially bound and regulated by
both E2F3 and PcG proteins, these loci were used to further study the potential role of
E2F3 in PcG protein recruitment to target genes. By comparing the presence of PcG
complexes at these genes both in E2/3"" and E2f3”~ NPCs, the potential influence of
E2F3 on recruitment of PcG proteins to E2F-responsive genes may be further

investigated.

1.5 The function of Polycomb Group proteins

1.5.1 Polycomb Repressive Complex 2

The proteins of which the PcG family is comprised form two distinct protein
complexes, Polycomb Repressive Complex 2 (PRC2), and Polycomb Repressive
Complex 1 (PRC1). The current model suggests that PRC2, composed mainly of
enhancer of zeste homologue 2 (EZH2), suppressor of zeste homologue 12 (SUZ12), and
embryonic ectoderm development (EED), is first recruited to the chromatin-histone
complex at the target gene. EZH2 contains a SET domain, which confers histone
methyltransferase (HMTase) activity (Kuzmichev et al., 2002). Thus, once PRC2 is
recruited to the target gene, it deacetylates and trimethylates histone H3, imparting the
H3K27me3 chromatin mark (Miiller et al., 2002). This histone modification has been
demonstrated by several groups to be associated with an inactive chromatin state (Cao et

al., 2002; Papp and Miiller, 2006).
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Although SUZ12 and EED do not have HMTase activity, they are essential for the
formation of a functional PRC2 (Cao and Zhang, 2004; Pasini et al., 2004). Of particular
interest, EED has recently been shown to be the component responsible for the binding of
PRC2 to pre-established H3K27me3 marks (Margueron et al., 2009; Xu et al., 2010).
PRC2 binding to pre-established H3K27me3 is thought to further stabilize repression by
physically blocking the site from demethylases or activating histone modifications. EED
can also bind to methylated or unmethylated lysine 26 of histone HI (H1K26) (Xu et al.,
2010). Similar to H3K27, H1K26 is methylated by PRC2 (Kuzmichev et al., 2004).
While binding of EED to H3K27me3 activates PRC2 HMTase activity and acts to
propagate the H3K27me3 modification to daughter DNA strands, binding of EED to

H1K26 inhibits HMTase activity of PRC2 (Xu et al., 2010).

1.5.2 Polycomb Repressive Complex 1

Cao and colleagues demonstrated that the deposition of the H3K27me3 mark at
target genes facilitates the recruitment of PRC1 (Cao et al., 2002). PRCI acts to further
stabilize transcriptional repression of target genes. The components of this complex are
more variable but typically include a chromobox homologue (CBX2, CBX4, or CBX8), a
polyhomeotic homologue (PHC1, PHC2, or PHC3), BMI1 or its homologue MEL18, and
a ring finger protein (RING1 or RNF2). It is the chromobox homologue that binds the
H3K27me3 mark, while the polyhomeotic homologue prevents chromatin from being
remodelled by PcG-opposing ATP-dependent remodelling factors (Francis et al., 2001;
Shao et al., 1999). The ring finger proteins contain zinc fingers that are required for the
mono-ubiquitylation of lysine 119 of histone H2A (H2AK119Ub) (Wang et al., 2004)

which has been shown to prevent transcriptional elongation by RNA polymerase 11
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(RNAP) (Zhou et al., 2008). Although the theory that PcG complexes are sequentially
recruited has been well supported, this theory does not always hold true; many gene
targets have been found to be bound by PRC2 alone and lacked H2ZAK119Ub (Ku et al.,
2008). The nucleosomes of these targets were shown to retain the H3K27me3 mark less
well compared to targets bound by both PRC2 and PRC1. There is also evidence of
targets bound only by PRC1 (Schoeftner et al., 2006). These targets also lack
trimethylation of H3K27. Taken together, recent studies demonstrate the complexity of
PRC2 and PRCI1 recruitment and the heterogeneity of this recruitment across different

targets.

1.6 Other Important Histone Modifications

1.6.1 Trithorax Group Proteins

The tritothorax group (TrxG) proteins are thought to antagonize the actions of
the PcG proteins by trimethylating histone H3 at lysine 4 (H3K4me3) and by di- or tri-
methylating histone H3 at lysine 36 (H3K36me2/3) (Beisel et al., 2002; Byrd and Shearn,
2003; Gregory et al., 2007; Schmitges et al., 2011; Tanaka et al., 2007; Yuan et al.,
2011). These histone modifications, contrary to H3K27me3, have been shown to be

associated with active chromatin structure (Santos-Rosa et al., 2002; Xu et al., 2008).

1.6.2 Bivalent domains

Despite the antagonistic nature of H327me3 and H3K4me3, these two histone

modifications can exist at the same PcG target. This creates a bivalent domain. Bivalent
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domains are thought to exist as a method of maintaining plasticity of expression of PcG
target genes in pluripotent cells (Bernstein et al., 2006). The presence of both activating
and repressive histone modifications results in sporadic or low levels of gene expression
and allows the gene to be poised for further activation or repression cues upon
commitment or differentiation of the cell. When this occurs, H3K27me3 may be lost,
resulting in the potential for the recruitment of transcription complexes and gene
activation. Conversely, H3K4me3 may be lost instead, resulting in the potential for
recruitment of more repressive marks and complexes, and subsequent gene repression
(Mikkelsen et al., 2007). Although bivalent domains are typically found at, and
associated with, PcG target genes in embryonic stem cells (Bernstein et al., 2006; Pan et
al., 2007; Zhao et al., 2007), these domains have also been found in more committed cell
types and even in terminally differentiated cells (Mikkelsen et al., 2007; Mohn et al.,

2008).

1.6.3 Histone acetylation

Histone acetylation is also associated with transcriptionally active chromatin and
has been shown to antagonize transcriptional repression by PcG proteins (Tie et al.,
2009). Histones are acetylated by histone acetyltransferases (HATs) and deacetylated by
histone deacetylases (HDACs). Demethylation and acetylation of PcG target genes at
H3K27 has been shown to be associated with a switch from repressed to active chromatin
(Pasini et al., 2010). Histone H3 and H4 acetylation is generally associated with active
chromatin (Szutorisz et al., 2005), and has been demonstrated as being important for
transcriptional activation (Lee et al., 2007). Acetylation of histones H3 and H4 may be

regulated by the presence or absence of H3K4me3 (Guillemette et al., 2011).
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1.7 Recruitment of PcG complexes

In D. melanogaster, PcG proteins are recruited to target genes via a Polycomb
Response Element (PRE) (Simon et al., 1993). PREs are chromatin sites that are
necessary and sufficient for the recruitment of PcG complexes and thus for the repression

of PcG target genes.

In mammals, a PRE unique to all PcG target genes has yet to be identified.
Although a potential vertebrate PRE has been proposed for the mouse MafB/Kreisler
gene (Sing et al., 2009), this element has yet to be identified at other loci. Alternatively,
based on genome-wide ChIP-Seq arrays of several PcG proteins, as well as histone
modifications, Ku and colleagues have suggested that large CpG islands lacking
activating factor motifs are sufficient for the recruitment of both PRC1 and PRC2 in
pluripotent cells (Ku et al., 2008). Given the extent to which PREs have evolved between
D. melanogaster species alone (Hauenschild et al., 2008), a mammalian PRE is likely
quite different from that found in D. melanogaster and quite different between
mammalian species. A mechanism for PcG recruitment in mammals therefore remains

elusive.

1.8 Potential regulation of Polycomb Group proteins by pRB-E2F3

1.8.1 Regulation of PcG genes by hypophosphorylated pRB

The histone methyltransferase £z42 has been previously shown to be a regulatory
target of the pRB-E2F pathway in human fibroblasts (Bracken et al., 2003). Furthermore,

in multipotent stem cells, hypophosphorylated pRB has been shown to bind at the EzA2
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and Suzl2 genes, presumably through E2F (Jung et al., 2010). Interestingly, the authors
also showed that the phosphorylation status of pRB was dependent on HDAC activity.
HDAC inhibitors have been suggested to differently affect G;-specific cell cycle proteins
by decreasing G;-specific CDKs while increasing CDKIs (Mathew et al., 2010),

1" (Noro et al., 2010), preventing the phosphorylation of pRB. Thus, by

specifically p2
inhibiting HDAC activity, pRB became hypophosphorylated. Subsequently, EZH2 and
SUZ12 became downregulated and the abundance of H3K27me3 decreased at the

6"** promoter (Jung et al., 2010). Taken together, these data suggest that upon its

pl
hypophosphorylation, pRb associates with E2Fs at its target genes Ezh2 and Suzl2 and
represses their transcription. Consequently, fewer PRC2 complexes are formed and

6[NK4a

recruited to the p/ promoter.

1.8.2 E(Z) expression is dE2F1 dependent

Further supporting these data, in D. melanogaster, E(Z) (D. melanogaster Ezh2
homologue) protein levels and H3K27me?2 levels decreased in dE2F1 (the activator E2F
in D. melanogaster)-depleted cells (Lee et al., 2010). These authors also co-
immunoprecipitated E(Z) with both RBF (D. melanogaster RB family members)
proteins. They found the interaction to be DNA independent, and suggested a direct

physical link between the two proteins.

1.8.3 pRB binds components of PRC2

The possibility that the recruitment of PcG proteins is regulated by the pRB-E2F3

pathway is further strengthened through the existence of the retinoblastoma-binding

21



proteins 4 and 7 (RBBP4 and RBBP7, respectively). These histone chaperones bind pRB
(Qian et al., 1993) and have been shown to complex with multiple chromatin remodelling
complexes including HDACs (Philpott et al., 2000). Importantly, these proteins have
also been shown to be components of PRC2 (Cao et al., 2002; Kuzmichev et al., 2002;
Tie et al., 2001). Although they are not required for the HMTase activity of PRC2 (Cao
et al., 2002; Pasini et al., 2004), they have been suggested to play a role in the recruitment
of PRC2 to histones H3 and H4 (Song et al., 2008). Given that RBBP4/7 have been
shown to bind both pRB and PRC2, these histone chaperones could act as a link through

which pRB-E2F could associate with PRC2 to potentially regulate its recruitment.

1.8.4 pRB is required for H3K27me3 deposition at p16™%*

pRB has also been shown to have an important function in the deposition and

maintenance of H3K27me3 at p16"**

as well as at other cell cycle genes. Kotake et al.
demonstrated in human fibroblasts that, in the absence of functional RB family proteins,
binding of BMI1 and SUZ12, as well as H3K27me3, is no longer found at the p16™%*

locus, resulting in derepression of p16™<*

expression (Kotake et al., 2007). Similarly,
Blais and colleagues showed in myotubes that knock-down of pRB, specifically, resulted
in decreased H3K27me3 at the promoters of cell cycle regulatory genes, resulting in re-
expression of these genes and re-entry of the cell cycle (Blais et al., 2007). Taken

together, these studies suggest that pRB is required for recruitment of PRC1 and PRC2 as

well as the deposition of H3K27me3 at genes involved in cell cycle regulation.
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1.8.5 pRB associates with E2Fs

While pRB has been shown to have an essential and well supported role in the
recruitment of PcG complexes to target genes, it is important to note that pRB functions
primarily through association with E2Fs at E2F responsive genes (Blais et al., 2007,
Nielsen et al., 2001). Given the established and conserved association between pRB and
E2F family members, we asked how E2F family members could be attributing to the
recruitment of PcG proteins. As mentioned above, Miki and colleagues looked at the role
of E2F3 in the recruitment of the PRC1 complex specifically at the p16™* locus in
MEFs (Miki et al., 2007). By artificially senescing MEFs in culture, the authors
investigated binding at the p76™"** locus. They found that both E2F3 and RING1B bind
at this locus and are both eluted upon senescence. They therefore suggested that E2F3

may be required for PRCI1 to properly repress expression at this locus.

Taken together, PcG proteins have not only been shown to be transcriptionally
regulated through the phosphorylation status of pRB and the presence of activating E2Fs,
but their recruitment has also been suggested to be modulated through direct or indirect
interactions with pRB/E2F. In order to further understand how this may be occurring,

further investigation is necessary.

1.9 Hypotheses

Based on 1) recent studies implicating pRB/E2F in the regulation of PcG protein

expression and recruitment to target genes, 2) chromatin immunoprecipitation (ChIP)-on-
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chip data from our lab (Julian et al., 2013) suggesting that E2F3 is involved in the
transcriptional regulation of multiple PcG proteins in NPCs 3) increased NPC numbers
and self-renewal capacity in the absence of E2F3, and 4) modified recruitment of PcG
protein complexes in the absence of E2F3 and subsequent deregulated expression of PcG

targets, the following hypotheses will be tested:
1) E2F3 regulates NPC self-renewal though regulation of PcG protein expression,
2) E2F3 regulates PcG recruitment to target genes to co-regulate gene expression.

In order to test the first hypothesis, I first examined transcriptional regulation of
various PcG genes by E2F3 in NPCs. This was accomplished by examining recruitment
of E2F3 at genomic sites by ChIP techniques and protein expression by western blot.
NPC self-renewal was then examined in E2/3” NPCs in which PcG protein expression

has been restored to E2f3"" levels using a lentivirus.

The second hypothesis was tested using the key NPC self-renewal regulators

61NK4a

pl and Sox2 as representative gene targets. Binding of both E2F3 and PcG proteins

was first verified at these loci by ChIP experiments, and dysregulation of their expression
was examined in the absence of E2F3 by western blot experiments. Further ChIP
experiments were then used to investigate potential changes in PcG protein enrichment

61NK4a

and histone modifications at the p/ and Sox2 transcriptional regulatory regions in

+/+
" levels

the absence of E2F3. Finally, expression of PcG proteins was restored to £2/3
in E2f3” NPCs using a lentivirus to examine its effect in regulating p16™~** and SOX2

expression in the absence of E2F3.
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Chapter 2 - Materials and Methods

2.1 Mouse colonies

E2F3-/- mice were generated previously by Dr. Gustavo Leone (Leone et al.,
2001) and maintained as described previously (McClellan et al., 2007). E2F3a-/- and
E2F3b-/- mice were also obtained from Dr. Gustavo Leone (Tsai et al., 2008). Genotypes
were verified by PCR as well as by Western blot using an antibody directed against E2F3
(Santa Cruz sc-878) (Figure 2-1). For neurosphere cultures, knock-out embryos and
littermate E2f3"" controls were harvested at embryonic day 14.5 (E14.5). DNA was
extracted from adult ear clips and embryonic tail clips using Extraction (Sigma E7526)
and Tissue Preparation (Sigma T3073) Solutions to extract DNA, and Neutralization B
(Sigma N3910) Solution to neutralize the reaction. Genotyping was performed by
polymerase chain reaction (PCR) using REDExtract-N-Amp' ™ PCR Ready Mix™
(Sigma R4775) and primers designed around the E2/3 locus (Table 1) according to the

manufacturer’s protocol.

2.2 EZH2 Lentivirus

2.2.1 EZH2 plasmid generation

The MIEV-EZH2A plasmid was generously provided by Dr. de Haan (Kamminga

et al., 2006). cDNA of the EZH2 coding DNA sequence (CDS) was amplified by PCR
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E2F3+/+
E2F3a-/-
E2F3b-/-

E2F3a (55kDa)— ‘ -

E2F3b (40kDa){~'. -
HSP70 (70kDa) — -.

Figure 2-1. E2F3 genotyping verified by western blots.

Western blots were performed on protein extracted from E2f3+/ * E2f3a"", and
EZfJ’b'/ “neurospheres derived from GE of E14.5 mice. Equal amounts of protein were

loaded in each lane and probed with an antibody directed against E2F3. HSP70 was used
as a loading control. Data courtesy of LM Julian.
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using primers listed in Table 1. The cDNA PCR fragment was purified with the GFX kit
and a poly-A tail was added by incubation at 70°C with dATPs and Tag DNA
Polymerase. The cDNA product of the tailing reaction was then inserted into the AmpR
domain-containing pPGEM®-T Easy Vector by ligation with T4 DNA Ligase. The
product of the ligation reaction was amplified by transformation with JM109 cells and
screened on LB-AMP plates in order to select for Amp resistant-, and therefore ligation
positive, colonies. Resulting colonies were screened for insertion of the £z42 cDNA
fragment by digestion with Notl. Colonies with successful insertion of Ez22 cDNA were
used to insert the EzA2 CDS into the pLVX-CMV-IRES-ZsGreen vector (Clontech
Laboratories Inc.) to create pLVX-CMV-EZH2-IRES-ZsGreen. The final pLVX-CMV-

EZH2-IRES-ZsGreen was verified by sequencing.

2.2.2 Lentivirus production and live titre

Lentivirus production and titration was modified from the Trono Lab’s previously
described protocol (Barde et al., 2010); 293T cells were transfected with either an empty
pLVX-CMV-IRES-ZsGreen vector or a pLVX-CMV-EZH2-IRES-ZsGreen vector as
well as the pMD2G envelop plasmid, the psPAX2 packaging plasmid, 1.5M NaCl,
Dulbecco’s Modified Eagle Medium (DMEM), and polyethylene imine (PEI).
Supernatants from transfected plates were collected 48 hours post-transfection and
filtered with a 0.45um HV Durapore® low protein binding filter (Millipore
SCHVUO1RE) to remove cell debris. Supernatants were concentrated by
ultracentrifugation with 20% sucrose in a Beckman SW28 Ti swinging rotor at 20,000
RPM for 2 hours at 6°C. The resulting pellet was dried and resuspended in phosphate

buffered saline (PBS). 293T cells were plated at a density of 125,000 cells per well of a
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24 well plate in complete medium; DMEM, 5% fetal bovine serum (FBS), and
antibiotics. The purified lentivirus was serially diluted with DMEM to dilution factors
10'2, 10'4, and 10®. Each viral dilution was added to two wells of 293T cells each. After
48 hours in a humidified incubator at 37°C with 5% CO,, 5-6 fields of green fluorescent
cells were counted with a 20X objective. The mean of the 5-6 fields was used to

determine the infectious viral particles (IVP)/mL with the following calculation;

IVP/mL = (infected cells/field) x (fields/well)

(volume virus (mL)) x (dilution factor)

2.3 Cell culture

All cells were derived from ganglionic eminences dissected from knock-out and
wild-type littermates at E14.5. Cells were cultured according to a modified previously
published protocol (Reynolds and Weiss, 1992). Briefly, tissue was dissociated to a
single cell suspension and grown in stem cell medium; Dulbecco’s Modified Eagle
Medium/F12 (DMEM/F12) supplemented with B27 supplement, antibiotic/antimycotic,
basic fibroblast growth factor (bFGF) (12.5mg/mL), and heparin (2mg/mL). Cells were

maintained in a humidified incubator at 37°C with 5% CO..

2.3.1 Neurosphere assays

Dissociated £2/3"7" and E2f3™" cells from murine E14.5 GE were plated at 5000

cells/well and 6 wells per embryo in 0.5mL stem cell medium per well (Figure 2-2).

28



A B

microdissect telencephalic @ Stem cell transfer a single
neuroepithelium from embryos O Progenitor sphere / well
o, 1
0O o ° fo) dissociate tissue
0 9 -
000 dissociate
3 sphere
v
plate cells 74
5000 celis/well bFGF
l bFGF count # of 2" spheres formed

neurosphere
@ formation _(COUNt # of neurospheres) @ @ @

Figure 2-2. Methodology of primary and secondary neurosphere assays.

A) Primary neurosphere assay: Ganglionic eminences were dissected, dissociated and
plated at 5000 cells/well. Primary neurospheres were counted after 7 days in vitro. B)
Secondary neurosphere assay: After 7 days, primary neurospheres of 150um +/- 10um
diameter were resuspended to a single cell suspension and plated in a well of a 96 well
dish. Secondary neurospheres were counted after 7 days in vitro. Modified from Weiss et
al., 1996.
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Primary neurospheres were counted after 7 days in vitro. After 7 days in culture, bulk-
plated wild-type and E2f3”" primary neurospheres of 150pm +/- 10pum diameter were
individually plucked and dissociated to a single cell suspension and plated in stem cell
medium in a well of a 96 well plate; 12 spheres per embryo were plated. Secondary

neurospheres were counted after 7 days in vitro.

2.3.2 Lentivirus-infected secondary neurosphere assays

Dissociated 23" and E2f3"" cells were incubated with either LVX-ZsGreen or
LVX-EZH?2 at 37°C with 5% CO; at a density of 1 million cells/mL stem cell medium in
a 24 well plate. Cells incubated without virus were plated in the same way for an
uninfected control. After 3 hours, cells were diluted into SmL stem cell medium in 6¢cm
plates. After 7 days in vitro, green primary neurospheres at 150um +/- 10um diameter
were individually plucked and dissociated to a single cell suspension and plated in stem
cell medium in a well of a 96 well plate; 12 spheres per embryo were plated. Uninfected
primary neurospheres of the same size were also plucked, dissociated, and plated for an

uninfected control. Secondary neurospheres were counted after 7 days in vitro.

2.3.3 Neurosphere differentiation

Neurospheres were induced to differentiate according to a previously published
protocol (Chojnacki and Weiss, 2008). Briefly, neurospheres from E2f37" and E2f3™
embryos at E14.5 were cultured as described above for 7 days. Neurospheres were then
dissociated and plated in 10 or 15c¢m plates in differentiation medium; Neurobasal

medium supplemented with antibiotic/antimycotic, 1% heat-inactivated non-dialysed
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fetal bovine serum (FBS), L-glutamine, 1% N2 supplement, and 2% B27 supplement.
Cells were harvested 1, 3, 5, or 7 days later; medium was removed and Trypl-E was
added to the plates. Plates were incubated at 37°C with 5% CO,; for 3 minutes. Cells
were scraped into a Falcon tube and centrifuged to collect the cell pellet. The pellet was

washed once in 1X PBS and stored at -80 °C.

2.4 Western blots

Passaged wild-type and knock-out neurospheres were harvested after 10 days in
vitro (passage 1, day 3) and protein was extracted using a lysis buffer comprised of
10mM Tris pH 7.4, 150mM NaCl, 0.5% Triton, and ImM EDTA, as well as protease
inhibitors. Protein extracts were quantified by Bradford assay. Western blots were
performed as previously described (Cregan et al., 1999). Briefly, equal amounts of total
protein per sample were electrophoresed through 10% SDS-PAGE and blotted on a
nitrocellulose membrane. Immunoblotting was performed with incubation of primary
antibodies directed against proteins of interest (EZH2, BD Transduction Laboratories
612666; SUZ12, Abcam ab12073; EED, Santa Cruz sc30812; MELI18, Santa Cruz sc-
10744; BMI1, Upstate 05-637; RING1B, hybridoma received from Dr. Jeff Dilworth’s
lab, H3K27me3, Millipore ABE44; SOX2, Santa Cruz sc17320; p16™**, Santa Cruz sc-
1661) for 1 hour at room temperature or overnight at 4°C. Secondary antibodies were
used at 1:2000 for 1 hour at room temperature. GAPDH (Chemicon AB9132) and HSP70
(ABR Bioreagents MA3-028) were used as loading controls. Membranes were incubated

with primary antibodies and subsequently incubated with the appropriate secondary
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antibody for 1 hour at room temperature. Blots were developed by chemiluminescence

according to manufacturer’s instructions (ECL; Amersham Biosciences).

2.5 Chromatin Immunoprecipitation

Neurospheres from wild-type and E2f3"~ embryos at E14.5 were cultured as
described above for 7 days. Neurospheres were subsequently dissociated to a single cell
suspension and infected with either no virus (uninfected), LVX-ZsGreen, or LVX-EZH2.
After 5 or 7 days in stem cell medium, cells were collected and fixed with an 11%
formaldehyde solution for 20 minutes. Resultant cell pellets were either stored at -80°C
or immediately lysed. Cell lysates were sonicated in an ice-cold water bath at 40%
amplitude for 4 minutes pulsing 1second on and 1second off, resulting in chromatin
fragments of approximately 300-400bp. Sheared chromatin with bound protein was
separated from cellular debris by centrifugation. Chromatin immunoprecipitation was
performed as described (Blais et al., 2005). Briefly, chromatin was cleared with either
blocked A/G agarose beads (H3K27me3, H3K4me3, H3Ac, and H4Ac ChIPs) or blocked
protein A magnetic Dynabeads® (SUZ12 and MEL18 ChlIPs) for 3 hours at 4°C. After
removing the beads, a 10% input sample was removed and stored at -20°C. The
remaining sample was incubated with 2ug antibody directed against the protein of
interest (E2F3, Santa Cruz sc-878; SUZ12, Abcam ab12073; MEL18, Santa Cruz sc-
10744; H3K4me3, Millipore 17-614; H3K27me3, Millipore ABE44) or against the
antibody host IgG (normal mouse IgG, Santa Cruz sc-2025; normal rabbit IgG, Millipore

12-370) as a negative control. Antibody-bound chromatin fragments were
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immunoprecipitated with beads. Crosslinks were reversed by incubation with 1% SDS
overnight at 65°C and resulting DNA fragments were isolated and resuspended in 100uL
water each. DNA samples were amplified by Real-Time PCR using the Mx3000P
thermocycler and Quanta SYBR Green Fast mix with low ROX (Quanta 95074-250) as
an internal reference dye to which detection of SYBR Green fluorescence was
normalized. Primers were specifically designed to amplify the promoter of Sox2 and first

6"™%# (Table 1). Immunoprecipitated samples were run alongside a standard

exon of pl
curve derived from serial dilutions of the 10% input samples. Immunoprecipitated
samples and IgG samples were normalized to the standard curve of input samples.
Normalized IgG values acted as a baseline for non-specific binding and were thus

subtracted from the normalized IP values in order to obtain normalized and corrected 1P

values.

33



Gene

Forward

Reverse

Primers for genotyping

E2f3 GTGGCTGGAAGGGTGCCAAG TGAATCATGGACAGAGCCAGG
GATTGATTCTGGGTTGTCAGG

FE2f3a CTCCAGACCCCCGATTATTT TCCAGTGCACTACTCCCTCC
GCTAGCAGTGCCCTTTTGTC

E2f3b TGTTAGACTCGGGGTGCTTT CCCCATTTCCCAAAGTCCTA

AAAGCGCCTTTGAGAGATGA

Primers for Ezh2 cloning

GGGACGAAGAATAATCATGGGCCAGA

TCAAGGGATTTCCATTTCTCGTTC

Ezh2 CTG GATGCC

Primers for ChIP

Ezh2 GTGCGGTACCTCTCAGGAAA GCGGTTAAGACCGTTACCAA
p16™*  |[AAAACTCGATGCCAAAATGG TCGTACCCCGATTCAGGTAG
Sox2 GAGTTCCAGCTTTGCCTTTG GAGTCCTCTGCCCATGTAGC

Table 1. Primers used for genotyping, cloning, and ChIP Real-Time PCR.

Forward and reverse primers used for genotyping purposes to amplify regions unique to
the E2f3, E2f3a, or E2f3b loci, for cloning of the Ezh2 CDS, and for amplifying the Ezh2,
p16™* and Sox2 loci from ChIP products by Real-Time PCR.
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Chapter 3 - Results

3.1 E2F3 regulates NPC self-renewal through transcriptional regulation of
EZH2

3.1.1 E2F3 binds to the promoter regions of PRC2 genes and regulates expression of
EZH2

Our lab has previously demonstrated an increase in both primary and secondary
neurospheres in the absence of E2F3 (Figure 1-3). To initiate my studies, I first verified
these data and was able to confirm the result (Figure 3-1). Dissociated ganglionic
eminences from E2/3” mouse embryos (n=12, where n represents an independent
experiment with 6 replicate wells) were found to produce 1.5-fold more neurospheres
compared to E2f3"" littermate controls (n=14) (p=0.042) suggesting an increase in
numbers of NPCs. A 1.5-fold increase in E2f3"~ over WT littermate control secondary
neurospheres was also observed, although statistical significance could not be determined
due to low n (n=2, where n represents an independent experiment with 12 replicate
wells), suggesting that E2/3” NPCs have an increase in self-renewal capacity. Given that
E2F3 is a transcription factor, we sought to identify downstream target genes of E2F3
that could account for the increased numbers and increased self-renewal capacity of

neural precursor cells.

As discussed briefly above, in order to identify potential E2F3 target genes in
NPCs, our lab performed ChIP-on-chip experiments to identify promoter regions bound
by E2F3 in an unbiased fashion (Julian et al., 2013). Chromatin from E2/3""

neurospheres derived from E14.5 GE tissue from our E2F3a colony (FVBN background) was
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Figure 3-1. E2F3 regulates numbers of neural precursors and their capacity for self-
renewal.

A) E2f37 ganglionic eminences have increased numbers of neural precursor cells
compared to E2f3+/ " controls. Primary neurosphere assays were performed, and the
average number of neurospheres after 7 days was normalized so that all E2/3"" values are
equal to 1. n=14 (E2/3"") n=12 (E2f37"). B) E2f3" neural precursor cells have an
increased capacity to self-renew compared to E2f3+/ i
E2f3""* values are equal to 1. n=2.

. Averages were normalized so that
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sonicated to approximately 200-350bp fragments. After immunoprecipitation with an
antibody directed against E2F3 (Santa Cruz sc-878), resultant isolated chromatin
fragments were hybridized to a DNA microarray (Agilent Technologies). The genome
coverage of the microarray was -5.5kb to +2kb relative to the transcriptional start site of
all known genes in the mouse genome, with probes of 60 nucleotides in length spaced
approximately 200bp apart (resultant probe coverage was approximately 5 probes per kb
of DNA). From these experiments, performed in triplicate, numerous genes were
identified as putative E2F3 targets. We focused on target genes through which E2F3 may
control neural precursor self-renewal. Notably, E2F3 was enriched at the promoter
regions of all three essential core components of PRC2: Ezh2, Suzl2, and Eed (Figure 1-
5). The ChIP-on-chip data demonstrated an E2F3 binding peak centered close to the
transcription start site of each of these three genes, suggesting that E2F3 binds at, or near,
the transcription start site. These findings may suggest a regulatory role for E2F3 at these
genes in NPCs.

To ask if E2F3 is involved in the regulation of expression of these genes in neural
precursor cells, their expression was examined by Western blot using protein extracts
from E2f3"" and E2f3" neurospheres cultured for ten days in vitro. Blots were probed
with antibodies directed against EZH2, SUZ12, and EED, as well as several key members
of PRC1, namely MEL18, BMI1, and RING1B (Figure 3-2A&B). Although ChIP-on-
chip experiments did not demonstrate E2F3 binding at any PRC1 genes, expression of
these PRC1 components was also investigated in order to fully understand the effects of

E2F3 loss on PcG gene expression. A decrease in EZH2 expression was consistently observed in

the absence of E2F3 (Figure 3-2A) while expression of all other examined PcG proteins remained
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Figure 3-2. PcG protein expression in E2F3 deficient neural precursor cells.

Western blots were performed on protein extracted from E2f3

+/+

and E2j3'/ " neurospheres

derived from GE of E14.5 mice. Equal amounts of protein were loaded in each lane and
probed for A) EZH2, and B) other indicated components of PRC2 and PRC1. GAPDH

was used as a loading control.
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constant (Figure 3-2B). These findings further suggest that E2F3 does not
transcriptionally control PRC1 genes and suggest that, despite also binding at the
transcriptional start sites of Eed and Suzl2, E2F3 is involved in the proper transcriptional
control of EZH2 only.

Given that ChIP experiments demonstrated that both E2F3 isoforms bind at the
Ezh2 promoter and that EZH2 expression is dysregulated in the absence of E2F3, I asked
whether the individual E2F3 isoforms differentially regulate EZH2 expression. To
address this question, Western blots were performed with protein extracts from E2f3a™
and E2f3b”" neurospheres, as well as from their respective WT littermate controls (Figure
3-3). EZH2 expression is typically associated with stem cell maintenance and
tumourigenesis, and is thought to be down-regulated upon cellular differentiation, aging,
or senescence (Bracken et al., 2003; Margueron et al., 2008; Suva et al., 2009).
Furthermore, EZH2 expression has specifically been found to decrease upon
differentiation of neural stem cells (Hirabayashi et al., 2009; Sher et al., 2008). I thus
explored how EZH2 expression may be regulated in both proliferating neurospheres (DO0)
and in NSCs one day following induction of differentiation (D1) in order to examine how
EZH?2 may be dysregulated not only in cycling cells, but also in cells that (should) have
been cued to begin to down-regulate EZH2 in order to differentiate. As was observed in
E2f3" neurospheres, E2f3a”" proliferating neurospheres show a decrease in EZH2
expression (n=3) (Figure 3-3A). Interestingly, upon induction of differentiation, EZH2
expression increases compared to E2f3a”". These results suggest that E2F3a activates
EZH2 expression in NPCs but represses it in differentiating cells. Given that E2F3a

expression peaks at the end of G; phase for transcriptional activation of E2F-responsive
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Figure 3-3. E2F3 isoforms differentially affect EZH?2 expression.

Equal amounts of protein extracts from proliferating progenitors (D0) and from one day
post-induction of differentiation (D1) were run on a 10% SDS-PAGE and transferred to a
nitrocellulose membrane and probed for the indicated proteins. WT cells from littermate
controls were compared against A) E2f3a” cells (n=3) and B) E2/3b"" cells (n=3).
GAPDH was used as a loading control.

40



genes (Leone et al., 1998; 2000), a time point at which a cell can decide to either enter or
exit the cell cycle, E2F3a could potentially mediate a balance between self-renewal and
differentiation of NPCs through regulation of EZH2. Conversely, EZH2 expression
increases in E2f3b" proliferating neurospheres and decreases upon differentiation (n=3)
compared to WT neurospheres (Figure 3-3B). These results suggest that E2F3b opposes
the transcriptional regulation of E2F3a, potentially to ensure the tight regulation of

EZH2.

In order to verify our ChIP-on-chip findings, classical ChIP experiments were

++

performed using chromatin from E2/3"" and E2f3" neurospheres from our E2F3 colony
(C57BL6 background). The resulting chromatin fragments were amplified by PCR with
primers designed specifically around the regions identified as potentially bound by E2F3
in our ChIP-on-chip studies. This region is within the EzA2 promoter, which surrounds
the Ezh2 transcription start site from -1095—+48, where 1 is the transcription start site
and <1 is upstream of the transcription start site (Bracken et al., 2003). Figure 3-4A
demonstrates binding of E2F3 at the Ezh2 promoter at -496—-254 in E2f37
neurospheres, which is consistent with our E2F3 ChIP-on-chip experiments. To better
understand how E2F3 may be regulating expression of EZH2, ChIP experiments
designed to evaluate specific binding by E2F3a or E2F3b were also carried out (Figure 3-
4B). Due to structural overlap between E2F3a and E2F3b, there is no commercially
available antibody specific to E2F3b. Thus, to examine binding of the individual
isoforms, neurospheres derived from E2f3a”" and E2f3b” embryos and a pan-E2F3

antibody were used. ChIP experiments using E2f3a”" neurospheres thus specifically

identify binding of E2F3b, while ChIP experiments using E2f3b" neurospheres
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Figure 3-4. E2F3a and E2F3b bind at the Ezh2 promoter.

E2F3 ChIP experiments were performed on A) E2f3"" and B) E2f3a™ and E2/3b™
neurospheres. 10% Input samples diluted to 0.1% and 0.3% were used as standards. IPs
performed with an antibody against E2F3 (IP) were compared against IPs performed with
normal IgG of the E2F3 antibody host (IgG) to gauge antibody specificity. Samples were
amplified by PCR with primers designed around the EzA2 promoter. A PCR product
performed with H,O instead of IP was loaded as a negative control. Images are
representative of 4 separate experiments.
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specifically identify binding of E2F3a. These ChIPs indicate that both E2F3 isoforms

bind at the Ezh2 promoter.

Taken together, these data suggest that expression of EZH2 is directly regulated
by both E2F3 isoforms in proliferating and differentiating NPCs. EZH2 expression is
dysregulated in the absence of either E2F3 isoform, although in an opposing manner. In
proliferating NPCs lacking both E2F3 isoforms, EZH2 expression mimics that which is
seen in E2f3a”" cells. This indicates that E2F3a may play a more predominant role than

E2F3b in the regulation of EZH2 expression in NPCs.

3.1.2 Re-expression of EZH?2 partially restores secondary neurosphere numbers

As discussed above, PcG proteins have been implicated in the maintenance of
stem cell populations. Given that EZH2 expression is dysregulated in the absence of
E2F3, we asked if insufficient levels of EZH?2 could contribute to the increased numbers
of NPCs and their increased capacity for self-renewal observed by neurosphere assays
(Figure 3-1). We thus hypothesized that if we restored EZH2 expression to wild-type
levels in E2f3”"" neurospheres, this may rescue the observed NPC self-renewal defects.
This hypothesis was tested with the use of an EZH2-expressing lentivirus engineered to
over-express EZH2, which was prepared using the MIEV-EZH2A vector generously
provided by Dr. de Haan (Kamminga et al., 2006). The EZH2-expressing virus (LVX-
EZH?2) and a control virus (LVX-ZsGreen) were used to infect primary cells cultured
from the GEs of E2f3"" and E2f3”"" E14.5 mice to assess their ability to overexpress
EZH2. Western blots of protein extracts from these cells 4 days post-infection show that
EZH? is indeed overexpressed and that E2/3"" levels of EZH2 expression are restored in

E2f3" neurospheres (Figure 3-5A). To determine when EZH2 overexpression begins,
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protein extracts from neurospheres were examined by Western blot 1, 3, 5 and 7 days
post-infection (Figure 3-5B). The blot shows that overexpression of EZH2 was not
observed until after day 3 post-infection despite appearance of ZsGreen fluorescence by
day 3 post-infection (Figure 3-5C). Based on these results, it was determined that the
LVX-EZH?2 could be used to attempt a rescue of the increased self-renewal defect

observed in E2F3-/- NPCs.

In order to adequately observe the effects of EZH2 over-expression on
neurosphere numbers, wild-type levels of EZH2 would have to be reached in E2f3"
LVX-EZH?2 infected NPCs at the onset of neurosphere formation, i.e. in the first 24 hours
after plating. Due to the observed delay in overexpression of EZH2 following LVX-
EZH?2 infection, it was not feasible to use this virus to attempt a rescue experiment in a
primary neurosphere assay. However, it was reasonable to use the virus in a secondary
neurosphere assay, since neurospheres are dissociated and plated for this assay on day 7
post-infection, individual fluorescent primary spheres of standard width were then
individually plucked, dissociated, and plated in single wells in the presence of bFGF.
After seven days, the number of neurospheres per well were counted (Figure 3-6).
E2f37 spheres infected with the control LVX-ZsGreen maintained increased numbers
compared to their wild-type counterparts as observed in the uninfected secondary
neurosphere assay (Figure 3-1). Specifically, £2/3" neurospheres infected with LVX-
ZsGreen displayed a 1.9 fold increase over E2f3"" neurospheres infected with the same
virus. E2f3" spheres infected with LVX-EZH?2, although still in greater numbers
compared to the E2F3+/+ LVX-ZsGreen-infected spheres, displayed a partial rescue,

displaying only a 1.5 fold increase over E2F3+/+ LVX-ZsGreen-infected spheres.
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Figure 3-5. LVX-EZH2 recapitulates E2F3+/+ EZH2 levels.

Neurospheres derived from GE of E14.5 mice were incubated with LVX-ZsGreen, LVX-
EZH2, or no virus (uninfected) for 3 hours before being diluted with stem cell medium.
A) Protein extracts from E2f3’+/ *and E2f3" neurospheres 4 days post-infection were
evaluated for EZH2 (91kDa) overexpression by Western blot; n=3. B) Protein extracts
from E2f3"" neurospheres 1 (D1), 3 (D3), 5 (D5), and 7 (D7) days post-infection were
evaluated for optimal Ezh2 overexpression.: n=1. GAPDH (38kDa) was used as a loading
control. C) Neurospheres infected with LVX-EZH2 and uninfected controls were
evaluated for EZH2 overexpression 3 (D3), 5 (D5), and 7 (D7) days post-infection by
detection of fluorescence; n=2.
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Figure 3-6. Infection with LVX-EZH2 reduces numbers of secondary neurospheres.

E2f3+/ " and E2f3"" GE of E14.5 mice was infected with LVX-ZsGreen as a control or
with LVX-EZH2. After 7 days in vitro, green spheres of 150+10um were individually
plucked, dissociated, and plated in a 96 well dish. After 7 days, spheres were counted.
E2f3+/ " LVX-ZsGreen averages were normalized to 1. Averages over 12 wells are
presented £ SEM. n=2, where n represents an individual experiment with 12 replicate
wells.
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Although a small sample size (n=2) prevented statistical analyses from being carried out,
these results suggest that recapitulating EZH2 expression to wild-type levels may at least
partially restore proper maintenance of self-renewal in E2/3” NPCs.

3.2 E2F3 transcriptionally regulates SOX2 and p16"™**, key regulators of
self-renewal

E2F3 ChIP-on-chip experiments identified numerous potential E2F3 target genes
in proliferating NPCs (Julian et al., 2013). Given the observed increase in NPC numbers
and their increased capacity to self-renew in the absence of E2F3, I investigated the

ChIP-on-chip targets pl6™ "~

and Sox2 as potential regulatory targets of E2F3, as they
have previously been identified as key regulators of neural precursor populations, as
discussed in detail above. Figure 1-4 demonstrates the binding sites of E2F3 at these
gene targets as determined by E2F3 ChIP-on-chip experiments (Julian et al., 2013). By
performing classical ChIP experiments, binding of E2F3 at the first exon of p/6™%* and
at the Sox2 promoter was verified (Figure 3-7). Specifically, E2F3 was shown to bind at
+289—+492 downstream of the p/6™* transcription start site, which overlaps with its
first exon. This first exon has been demonstrated to be a regulatory site for p/6™"*°
transcription (Carragher et al., 2010) and was chosen in order to avoid regulatory regions
of p19* that may be present upstream of p/6™<*. E2F3 was also specifically

demonstrated to bind at -811—-635 upstream of the Sox2 transcription start site, a region

which overlaps with the Sox2 promoter (Wiebe et al., 2000).

I next asked whether E2F3 could be directly regulating expression of these two
genes through its interaction with their regulatory regions. To answer this question,

Western blots were performed to evaluate expression of p16™~** and SOX2 in the
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Figure 3-7. E2F3 binds at the transcriptional regulatory regions of p16™** and
Sox2.

Chromatin was immunoprecipitated with an antibody directed against E2F3. Input
samples along with the immunoprecipitated (IP) sample, and sample incubated with an
anti-rabbit IgG antibody (IgG) were amplified by Real-Time PCR using primers
specifically designed to amplify the transcriptional regulatory regions of A) p16™%*
(n=3) or B) Sox2 (n=4); data courtesy LM Julian. Julian et al., 2013.
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presence and in the absence of E2F3 in proliferating neurosphere cultures. These blots

64 and SOX2 increase in NPCs in the absence

demonstrate that expression of both p1
of E2F3 compared to E2f3"" littermate controls (Figure 3-8). Taken together, ChIP and
Western blot data suggest that E2F3 directly and negatively regulates expression of

p16™%** and SOX2 in proliferating NPCs.

3.3 E2F3 may regulate PcG recruitment to target genes

3.3.1 E2F3 and PcG proteins bind overlapping regions of Sox2 and pl 6"

ChIP-on-chip studies in various cell types have suggested that E2Fs and PcG
proteins may regulate similar families of target genes. E2F3 in particular has been
suggested to play a role in regulating the recruitment of PRC1 to the p16™%* locus in
MEFs (Miki et al., 2007). We sought to determine whether E2F3 regulates the
recruitment of PcG proteins to target genes in neural precursor cells. In order to address
this question, we performed ChIP experiments with antibodies directed against a
component of the PRC2 complex (SUZ12), a component of the PRC1 complex (MEL18),
and the repressive H3K27me3 mark deposited by PRC2. EZH2 would have been used to
evaluate the presence of PRC2 at different loci since it is this component of the complex
that is down-regulated in the absence of E2F3, but no suitable ChIP antibodies directed
against EZH2 were available for these experiments, while ChIP-grade antibodies directed
against SUZ12 were commercially available. Since SUZ12 has been demonstrated to be
required for EZH2 histone methyltransferase activity and for the structural integrity of

PRC2 (Pasini et al., 2004), SUZ12 ChIPs were performed in order to infer the locations
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Figure 3-8. SOX2 and p16™%** expression in E2F3 deficient neural precursors.

Equal amounts of protein extracts from WT and E2f3'/ “neurospheres derived from GE of
E14.5 mice were run on a 10% SDS-PAGE and transferred to a nitrocellulose membrane

and probed for the indicated proteins. GAPDH was used as a loading control. Blots are
representative of 3 separate experiments.
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of PRC2 binding.

To determine whether PRC2 and PRC1 are recruited to the p/6™"** and Sox2
regulatory regions in NPCs, ChIP experiments were first performed with E2/3""
neurospheres. SUZ12, MEL18, and H3K27me3 ChIPs were performed alongside an IgG
control and the resultant chromatin fragments for each ChIP were used to run Real-Time
PCR with primers designed around the p16™%* (Figure 3-9) and Sox2 (Figure 3-10)
transcriptional regulatory regions, the same regions where E2F3 was demonstrated to
bind (Figure 3-7). Each ChIP was performed in triplicate and ChIP IP samples were each
normalized to their input values. Normalized SUZ12 IP samples were enriched at least
3.7 fold over IgG, MEL18 IP samples were enriched at least 8.7 fold over IgG, and
H3K27me3 IP samples were enriched at least 13.1 fold over IgG. Replicates were not
combined, but instead presented individually in Figures 3-9 and 3-10. Although each

ChIP IP was enriched at least 3.7 fold above its respective IgG, considerable variability

between experiments confounded statistical analysis.

This data confirms previous publications, which demonstrate binding of PRC2 (Bracken
et al., 2007; Ezhkova et al., 2009; Kotake et al., 2007) and PRC1 (Bruggeman et al.,
2005; Jacobs et al., 1999; Molofsky et al., 2005) at the p/6™** promoter. Although
indirect connections have recently been made between Sox2 regulation and both PRC2
and PRC1 (Marson et al., 2008; Seo et al., 2011; Walker et al., 2011), to our knowledge
this is the first time direct binding of either PcG complex has been demonstrated at the

Sox2 promoter.
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Figure 3-9. Enrichment of PcG proteins at the pI6™** transcription regulatory

region.

A) SUZ12 (SUZ12 1P), B) MEL18 (MEL18 IP), and C) H3K27me3 (H3K27me3 IP)
ChIPs were performed on E2f3"" neurospheres derived from GE of E14.5 mice. ChIP
was also performed with normal IgG of the SUZ12, MEL18, and H3K27me3 antibody
hosts (IgG) to gauge antibody specificity. Real-Time PCR was performed using primers
designed at the p/6™** transcription regulatory region. SUZ12 IP, MEL18 IP,
H3K27me3, and IgG samples were normalized against a standard curve of input sample
dilutions. Graphs demonstrate results of 3 separate ChIP experiments.
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Figure 3-10. Enrichment of PcG proteins at the Sox2 promoter.

A) SUZ12 (SUZ12 1P), B) MEL18 (MEL18 IP), and C) H3K27me3 (H3K27me3 IP)
ChIPs were performed on E2f3"" neurospheres derived from GE of E14.5 mice. ChIP
was also performed with normal IgG of the SUZ12, MEL18, and H3K27me3 antibody
hosts (IgG) to gauge antibody specificity. Real-Time PCR was performed using primers
designed at the Sox2 transcription regulatory region. SUZ12 IP, MEL18 IP, H3K27me3,
and IgG samples were normalized against a standard curve of input sample dilutions.
Graphs demonstrate results of 3 separate ChIP experiments.
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3.3.2 E2F3 loss affects recruitment of PcG proteins to target genes

Next, we asked whether the absence of E2F3 would disrupt the recruitment of
functional PcG complexes to the regulatory regions of p/6™** and Sox2. In order to
determine if, in the absence of E2F3, functional PRC2 complexes continue to be recruited
to target genes, H3K27me3 ChIP experiments were performed with an antibody against
trimethylated H3K27. These ChIPs indicated that, in the absence of E2F3, the presence
of H3K27me3 decreased by an average of 58.8% at the p16™"* transcriptional
regulatory region (p=0.397) (Figure 3-11C) and by an average of 35.4% at the Sox2

promoter (p=0.012) (Figure 3-11D).

Similarly, MEL18 ChIPs performed with an antibody against MEL18 in E2/3"" and
E2f3" neurospheres demonstrate that in the absence of E2F3, binding of MEL18 to the
p16™* locus decreases by an average of 57.7% (p=0.004) (Figure 3-11A). These data
support previously reported findings (Miki et al., 2007), discussed above, which suggest
that E2F3 may be involved in the recruitment of PRC1 to the p/6"™** locus.
Furthermore, binding of MEL18 was also shown to decrease at the Sox2 promoter in the
absence of E2F3, although to a lesser extent and with greater variability (average
decrease of 19.2%; p=0.227) (Figure 3-11B). These data indicate that, in the absence of
E2F3, the ability of PRC1 to be recruited to, or to remain at, the p/ 6% Tocus is
reduced. Potentially due to a low number of repeats (n=3) and variability between ChIP
experiments, two-tailed t tests did not reach statistical significance for the Sox2 locus.
However, the trend demonstrated in Figure 3-11B suggests that binding of PRCI1 at the

Sox2 locus may also be decreased in the absence of E2F3.
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Figure 3-11. Enrichment of PcG proteins at target genes in the absence of E2F3.

MEL18 (A&B) and H3K27me3 (C&D) ChIPs were performed with E2/3"" and E2/3™
neurospheres derived from GE of E14.5 mice. Real-Time PCR was performed using
primers designed at the A&C) p16™** and B&D) Sox2 transcription regulatory regions.
MEL18 IP, H3K27me3 IP, and IgG samples were normalized against a standard curve of
input sample dilutions. Normalized IgG values were then subtracted from IP values to
account for non-specific binding. Averages of these values are presented + SEM. n=3.
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Although conclusive statements about these results cannot be made due to a lack
of statistical significance, taken together, these results demonstrate a trend that in the
absence of E2F3, the deposition of the repressive H3K27me3 mark compromised at PcG
targets. This defect in H3K27me3 deposition in the absence of E2F3 could subsequently

result in the observed decreased recruitment of PRC1 to these targets.

These results present two possibilities: The first is that E2F3 is required to
activate sufficient transcription of EZH2 for the formation of PRC2 complexes so that
H3K27me3 can be deposited and subsequently recruit PRC1. The second possibility is
that E2F3 is required for the recruitment of PRC2 and/or PRCI1 to target genes

independent of its transcriptional effects on EZH?2.

3.3.3 Restoring E2f3+’ " EZH2 levels in E2f3'/ " NPCs reduces aberrant target gene
expression

To determine if loss of EZH2 in E2f3” NPCs accounts for deregulated p16™** and
SOX2 expression, neurospheres infected with LVX-EZH2 were also examined by
western blot (Figure 3-12). Following overexpression of EZH2 (day 5 post-infection) in
E2f37 cultures, expression of both p16™<** and SOX2 was decreased. These data
indicate that restoring EZH2 expression is sufficient to repress expression of p16™** and
SOX2 in the absence of E2F3. These results also suggest that the increase in SOX2
protein levels and the subsequent increase in primary and secondary neurospheres
observed in the absence of E2F3 can be attributed, at least in part, to insufficient levels of
EZH2. Thus, E2F3 is essential for the regulation of EZH2 in NPCs to ensure the proper

regulation of p16™** and SOX2.
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Figure 3-12. SOX2 and p16™"*" expression upon restoration of EZH2 expression.
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Equal amounts of protein extracts from E2/3"" and E2f3”" neurospheres 5 days post-
infection with LVX-EZH?2 were run on a 10% SDS-PAGE and transferred to a
nitrocellulose membrane and probed for the indicated proteins. Equal amounts of protein
extracts from E2f3"7" and E2f3”" uninfected neurospheres were also loaded for
comparison. GAPDH was used as a loading control. Blot is representative of two
separate experiments.
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Chapter 4 - Discussion

4.1 Summary of results

In summary, I have verified previous data from our lab which suggest that NPCs
from E14.5 E2f3"" GE are found in greater numbers and have a greater capacity for self-
renewal compared to E2f3" littermate controls. I have also validated E2F3 ChIP-on-
chip data from our lab by performing conventional ChIP experiments to demonstrate
binding of both E2F3 isoforms at the £z42 promoter as well as western blot experiments,
which demonstrated that EZH?2 is differentially regulated by E2F3a and E2F3b. In the
absence of both isoforms, EZH2 expression is decreased while expression of two other
E2F3 targets, p16™** and SOX2, is increased. Given the repressive effects of PcG
proteins and the potential result of SOX2 overexpression on regulation of neural
precursor populations, we hypothesized that recapitulation of EZH2 expression to E2f3""
levels may rescue the aforementioned defects observed in NPC regulation. Restoration
of EZH2 was able to at least partly rescue these defects as well as to re-repress p16™

and SOX2 expression, demonstrating that E2F3 controls PcG activity at these loci, in

part, via transcriptional activity of EZH2.

4.2 E2F3 regulates NPC populations

Our lab has previously demonstrated that E2F3 plays an important role in

regulating NPC populations and their capacity for self-renewal; by primary and
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secondary neurosphere assays, E2f3”- NPCs were found to be in greater numbers and to
have an increased capacity for self-renewal, respectively, when compared to E2/3""
NPCs (Figures 1-3 & 3-1). This was a surprising result, since E2F3 has been previously
shown to be required for proliferation in other cell types (Humbert et al., 2000; Leone et
al., 1998), while loss of all three activator E2Fs in MEFs resulted in cell cycle arrest (Wu
etal., 2001). More recently, however, retinal progenitor cells and embryonic stem cells
lacking all three activator E2Fs were reported to be capable of division (Chen et al.,
2009; Chong et al., 2009), indicating that the role of E2F3 in regulation of proliferation
may be tissue-specific. Additionally, Wenzel and colleagues found that, although E2F3
loss suppresses ectopic proliferation in pRB mutant lenses, proliferation does not

decrease below what is observed in WT lenses (Wenzel et al., 2011), indicating that E2F3

may regulate proliferation in a pRB-dependent manner.

In order to better understand how E2F3 may be regulating properties of NPCs,
E2F3 ChIP-on-chip experiments were carried out (Julian et al., 2013). These
experiments demonstrated that E2F3 binds at the promoter region of, and potentially
regulates, multiple genes which have been implicated in neural stem cell maintenance
(Julian et al., 2013). The putative targets p/6™" ", Sox2 and several PcG proteins were of

particular interest.

4.3 E2F3 regulates transcription of EZH?2

Although E2F3 ChIP-on-chip data suggested that E2F3 may regulate all three

core components of PRC2 (Figure 1-5), and data from other labs demonstrated that
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expression of both EZH2 and EED is regulated by E2F transcription factors (Bracken et
al., 2003), EZH2 is the only PRC2 protein to demonstrate dysregulated expression in the
absence of E2F3 in NPCs (Figure 3-2). These data suggest that in NPCs, E2F3 is
required for the proper transcriptional regulation of only EZH2, and not EED or SUZ12.
Given the similar structure and compensatory nature of E2F1-3 (Tsai et al., 2008;
Rabinovich et al., 2008), it is reasonable that E2F1, E2F2, or both, may be compensating
for loss of E2F3 at the Eed and Suz12 loci, therefore preventing their dysregulation in the
absence of E2F3. E2F1 and/or E2F2 may also partially compensate for loss of E2F3 at
the Ezh2 promoter; expression of EZH2 is decreased, but still present, in the absence of

E2F3 (Figure 3-2), suggesting that other activating factors may be present.

EZH?2 had been previously established as a target of the pRB/E2F pathway
(Bracken et al., 2003), and the transcriptional activation of EZH2 by E2F3 has received
much attention in recent cancer studies, as both E2F3 and EZH2 were overexpressed in
aggressive forms of prostate cancer (Stanbrough et al., 2006; Foster et al., 2004). This
indicates that, at least in some cell types, E2F3 may trigger overexpression of EZH2,
resulting in hyper-proliferation or tumours. Although E2F3 is generally considered an
activating E2F, this view does not always hold true; Figure 3-3 demonstrates the different
regulatory effects of the two E2F3 isoforms on EZH2. In Figure 3-3A, EZH2 expression
decreases in the absence of E2F3a in proliferating cells, however, its expression increases
in the absence of E2F3a upon induction of differentiation. This suggests that E2F3a acts
as a transcriptional activator at the £z42 locus during proliferation, but becomes a
repressor during differentiation. Indeed, Chong and colleagues compared proliferating

cells of the gut crypts to the differentiating cells of the gut villi and determined that
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E2F1-3, the classical E2F activators, act as activators only in proliferating cells and
switch to a repressive role upon hypophosphorylation of pRB and induction of
differentiation (Chong et al., 2009). Conversely, Figure 3-3B shows that E2F3b,
generally thought of as a transcriptional repressor, acts as a repressor at the EZH2
promoter only in proliferating cells. Upon induction of differentiation, E2F3b acts as a
transcriptional activator. Although not explored by Chong and colleagues, our data could
indicate that while E2F activators become repressors upon differentiation, the opposite

could be true for E2F repressors.

As previously discussed, despite previous publications reporting that EZH2
positively regulates stem cell maintenance (Juan et al., 2011; Kamminga et al., 2006;
Molofsky et al., 2005; Roméan-Trufero et al., 2009; Villasante et al., 2011), we have
observed the opposite effect; E2F3-/- NPCs exhibited decreased expression of EZH2
(Figure 3-2) and had an increased capacity for self-renewal compared with E2/3"" NPCs

+/+
! levels,

(Figures 1-3 & 3-1). Furthermore, upon restoring EZH2 expression to E2/3
numbers of secondary neurospheres generated from E2f3” NPCs decreased towards
E2f3"" levels (Figure 3-6). Much has been published regarding dysregulation of EZH2

and subsequent tumour formation due to p16™ -+

repression. Our counter-intuitive
results, however, suggest an additional function for EZH2 in stem cell maintenance
outside of p16™** transcriptional regulation. We have thus demonstrated that the E2F3-

EZH?2 transcriptional regulatory mechanism is important for the proper regulation of

NPC self-renewal.

In separate experiments, our lab has found that E2F3 also regulates NPC self-

renewal through transcriptional control of the essential self-renewal gene Sox2 (Julian et
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al., 2013). Based on our own E2F3 ChIP-on-chip studies (Julian et al., 2013) as well as
previous studies which suggest that E2F3 and EZH2 may have overlapping target genes
(Miki et al., 2007), we next asked whether E2F3 may play a role in recruitment of PcG
proteins to target genes. The genes p16™~* and Sox2 were chosen due to enrichment of
both E2F3 and PcG proteins at these loci, as well as their transcriptional dysregulation in

the absence of E2F3.

4.4 EZH?2 regulates SOX2 expression

Increased SOX2 expression in £2f3” NPCs compared to E2/3"" (Figure 3-8) was
not surprising, given the established positive role of SOX2 in neural stem cell
maintenance (Ellis et al., 2004; Graham et al., 2003); as numbers of NPCs increase and as
the proportion of self-renewing NPCs in a neurosphere increase, one would also expect to
observe an increase in factors that positively govern these cells’ multipotent identity. It
was surprising, however, for our data to indicate that, in addition to E2F3, PcG proteins
also bind at the Sox2 promoter (Figures 3-10). In ChIP-on-chip and classical ChIP
studies performed in embryonic stem cells, the Sox2 promoter has not been reported to be
bound by any PcG protein nor does it have any repressive chromatin marks (Bracken et
al., 2006; Ku et al., 2008; Mikkelsen et al., 2007; Pan et al., 2007; Squazzo et al., 2006;
Villasante et al., 2011; Zhao et al., 2007). Figure 3-10, however, demonstrates the
presence of SUZ12, MEL18, and H3K27me3 at the Sox2 promoter, indicating that both

PRC2 and PRC1 bind at this locus in NPCs.
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Furthermore, recapitulation of EZH2 expression to E2f3"" levels in E2f3" NPCs

is sufficient to restore SOX2 expression to near E2f3"

levels (Figure 3-12). Recent
literature has suggested that SOX2 expression decreases as NPCs become committed and
lose their capacity to self-renew (Hutton and Pevny, 2011). A mechanism for repressing
SOX2 expression must therefore exist. Given ChIP data demonstrating the presence of
PRC2 and PRCI1 at the Sox2 promoter (Figure 3-10), as well as rescue of SOX2

++

expression upon recapitulation of EZH2 E2f3" expression levels (Figure 3-12), PcG
proteins may be at least one method used by the neural precursor cell to repress SOX2
expression. Additionally, Figure 3-6 demonstrates that restoring EZH2 expression to
E2f3"" levels decreases E2f3” NPC self-renewal capacity towards that of £2/3"* NPCs.
Taken together, our data suggest that EZH2 is an important regulator of SOX2 expression

and thus of NPC self-renewal properties, and that its transcriptional regulation by E2F3 is

a key aspect of this function.

4.5 EZH2 regulates p16™“** expression

Increased levels of EZH2 have been found in multiple forms of human cancer (Li
et al., 2010; Pietersen et al., 2008; Rao et al., 2010; Taniguchi et al., 2012; Varambally et
al., 2002), while loss or down-regulation of EZH2 typically results in decreased stem cell
self-renewal (Aoki et al., 2010; Chang et al., 2011; Juan et al., 2011; Luis et al., 2011).
These effects are thought to be due to repression of p16™~* by PcG protein complexes in
stem cells and proliferating precursor cells (Bracken et al., 2007; Ezhkova et al., 2009;

Kotake et al., 2007; Maertens et al., 2009). Typically, increased p16™~** expression is
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indicative of senescence (Michaloglou et al., 2005) and is turned on in response to
cellular stress or oncogenic signals to prevent aberrant proliferation and tumour
formation. As cells age and senesce, expression of PcG proteins decreases, allowing de-

repression of p16™~* and thus preventing further cell cycling.

Our findings are therefore counter-intuitive: in the absence of E2F3, we have
found a decrease in EZH2 expression (Figure 3-2A) and a concurrent increase in p16™<*
expression (Figure 3-8). Since p16™* is a CDKI, its overexpression in E2f3” NPCs
should cause cell cycle arrest (Serrano, 1997). Instead, there are increased numbers of
E2f3"" NPCs compared to E2/3"" NPCs, and these cells have demonstrated an increased
capacity for self-renewal (Figures 1-3 & 3-1). This apparent contradiction could indicate
that this population of cells is receiving hyper-proliferative signals and is simultaneously
increasing its p16™~** expression in attempts to prevent tumour formation. Yet, based on
neurosphere assay data, increased expression of this CDKI in E2/3” NPCs appears to be
insufficient to impede an increase in NPC numbers. An interesting further study would

be to determine if the dysregulation of embryonic NPC populations leads to an eventual

depletion of NPCs in the adult brain.

When considering these data, one must be aware that protein from whole cell
lysates was used to evaluate protein expression levels. Haller and colleagues, however,
have examined both cytoplasmic and nuclear expression levels of p16™~** in
gastrointestinal stromal tumours and have found that tumour progression is associated
with low levels of nuclear and high levels of cytoplasmic p16™* (Haller et al., 2010).

6INK4a

Nuclear pl is thought to regulate the cell cycle (Adams, 2001), while cytoplasmic

p16™5** has no known function as of yet. Still, expression of cytoplasmic p16™** has
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been found to correlate with poor prognosis in several tumour types (Emig et al., 1998;
Evangelou et al., 2004; Milde-Langosch et al., 2001), including high-grade astrocytomas

6™* may be responsible for low

(Arifin et al., 2006). High levels of cytoplasmic pl
levels of nuclear p16™<** due to a negative feedback loop, allowing cells to continue to
proliferate (Haller et al., 2010). A second possibility could be that the cell is attempting
to silence the effects of p16™<* by sequestering the CDKI to the cytoplasm where it
cannot regulate the cell cycle (Evangelou et al., 2004). A third possibility is that
inadequate levels of newly synthesized p16™** are being shuttled into the nucleus after
translation due to defects in nuclear chaperone proteins (Evangelou et al., 2004).
Regardless of the mechanism by which it functions, given the correlation between high

6INK4a

levels of cytoplasmic pl and poor tumour prognosis, the cellular localization of

pl6™ 4 in E2/3"" and E2f3”" NPCs should be evaluated to better understand how

6INK4a

pl overexpression could coincide with increased numbers of NPCs with increased

capacity for self-renewal.

Alternatively, specific defects in the pRB-E2F pathway have been shown to allow
cells to bypass induction of cell cycle arrest despite increased p16™* expression (Lukas
et al., 1996). For instance, cells overexpressing E2F1, E2F2, or E2F3 are capable of
bypassing the cell cycle arrest and entering S phase (Lukas et al., 1996). Although it has
not yet been fully examined, the absence of E2F3 may cause an up-regulation of other
cell cycle proteins. Expression levels of other E2Fs and many other important cell cycle
genes remain to be evaluated. Additionally, other E2Fs may demonstrate compensatory
binding at specific genomic sites in the absence of E2F3, regardless of a potential

dysregulation in their expression. If, and how, changes in expression of cell cycle
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proteins contribute to the observed increase in primary and secondary neurospheres

(Figures 1-3 & 3-1) remains to be elucidated.

4.6 PcG protein enrichment changes in the absence of E2F3

In order to further elucidate the repressive effects of PcG proteins at both Sox2

as well as the potential role of E2F3 in this process, ChIP experiments were
carried out with antibodies directed against either MEL18 or H3K27me3. Enrichment of
MEL18 at both p/6™%* and Sox2 decreased in the absence of E2F3 compared to E2f3",
although to a lesser extent and with greater variability at the Sox2 promoter (Figures 3-
11A&B). Enrichment of H3K27me3 also decreased at these target genes in the absence
of E2F3, although to a lesser extent and with greater variability at the p/6™"* regulatory
region (Figure 3-11C&D). Given that PRC1 is thought to be recruited to target genes
following the deposition of H3K27me3 by PRC2 (Cao et al., 2002), decreased
trimethylation of H3K27 would explain the decreased binding of PRC1 observed in the
absence of E2F3. These results suggest that PRC2 has decreased ability to trimethylate

H3K27 at the p16™** and Sox2 transcriptional regulatory regions in the absence of

E2F3.

Decreased enrichment of PRC1 and PRC?2 at these target genes in the absence of
E2F3 could result from several possibilities: first, down-regulation of EZH2 expression
in the absence of E2F3 may limit the number of functional PRC2 complexes, leading to a

global decrease in H3K27 methylation. Secondly, E2F3 may be required for proper
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recruitment of PRC2, and subsequent recruitment of PRC1, to the p16™"*** and Sox2
genes. It is important to note that these two possibilities are not necessarily mutually
exclusive. In order to further explore these two possibilities, E2f3"" and E2f3" NPCs
were infected with a lentivirus that overexpresses EZH2 (LVX-EZH2). The resultant

+/+

E2f3" neurospheres not only exhibited EZH2 expression restored to near E2f3"" levels,

6INK4a ++

but also demonstrated p1 and SOX2 expression levels that approached E2f3

levels (Figure 3-12). This finding suggests that restoring EZH2 expression to E2/3""
levels in NPCs lacking E2F3 is sufficient to re-repress pl6™~** and SOX2 expression.
Therefore, the dysregulation of p16™** and SOX2 in the absence of E2F3 appears to be

largely due to the transcriptional effect of E2F3 on EZH2.

However, since increased capacity for self-renewal in E2/3” NPCs is not
completely rescued upon restoration of EZH2 expression (Figure 3-6), this indicates that
E2F3 contributes to regulation of neural precursor populations independently of its
transcriptional effects on EZH2 expression. E2F3 could have transcriptional effects on
other genes essential for proper regulation of NPC self-renewal. Furthermore, a potential
role for E2F3 in recruiting PcG proteins to target genes cannot be ruled out. Despite
restoration of EZH2 expression, in the absence of E2F3, proper recruitment of PcG
proteins to target genes may remain dysregulated. Further studies are required to
examine the effects of restoring EZH2 expression in E2f3” NPCs on PcG recruitment to

target genes.
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4.7 Future Directions

Although restoring E2f3"" EZH2 expression levels in £2f3" NPCs is sufficient to
largely rescue dysregulated expression of p16™~* and SOX2, it remains insufficient to
rescue the increased capacity for self-renewal of E2/3” NPCs. By comparing our E2F3
ChIP-on-chip data to PcG ChIP-on-chip or ChIP-Seq data from other labs, a large overlap
between gene targets is observable. One possible explanation for this observation is that
E2F3 plays a role in recruiting PcG proteins to its gene targets. To further explore the
potential role of E2F3 in regulating recruitment of EZH2, it is important to elucidate
whether recruitment of PcG proteins is dysregulated in the absence of E2F3. In order to
do this, enrichment of multiple PcG gene targets would have to be examined both in the
presence and in the absence of E2F3. This could be accomplished by performing a series
of ChIP-on-chip or ChIP-Seq experiments in parallel with antibodies directed against
components of both PRC1 and PRC2 as well as the repressive H3K27me3 histone
modification deposited by EZH2. Of course, we would have to account for the decreased
expression of EZH2 in E2f3” NPCs. This would be accomplished by using the LVX-
EZH?2 virus to restore E2/3"" EZH2 expression levels to E2f3” NPCs. We could
therefore examine changes in EZH2 recruitment in the absence of E2F3, independent of
the effects of E2F3 on EZH2 expression, on a large scale. Using microarray data, it
would also be possible to examine the resultant changes in gene expression in the absence

++

of E2F3 as well as changes when EZH2 expression has been restored to E2f3 " levels.

Another aspect of this research that warrants further investigation is the effect of
dysregulated EZH2 expression on differentiation of E2/3” NPCs. A role for PcG

proteins in differentiation of various tissues has been well established (Bracken et al.,
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2006; Sher et al., 2008; Hirabayashi et al., 2009; Sher et al., 2012). Specific to
differentiation of neural precursor cells, EZH2 expression levels have been demonstrated
to influence cell fate choices. Sher and colleagues demonstrated that EZH2, which is
highly expressed in proliferating NPCs, shows markedly decreased expression upon
differentiation to neurons, is completely repressed upon differentiation to astrocytes, but
remains highly expressed upon differentiation to oligodendrocytes (Sher et al., 2008).
Additionally, NPCs lacking EZH2 have been shown to have an increased neurogenic
phase with a resulting delayed astrogenic phase, indicating a temporal regulatory role for
EZH?2 (Hirabayashi et al., 2009). Given that we have demonstrated dysregulated
expression of EZH2 in the absence of either E2F3 isoform upon induction of
differentiation (Figure 3-3), potential effects of E2F3 loss on differentiating NPCs should

be examined by differentiation assay.

It would also be interesting to explore the possibility of rescuing any potential
dysregulation of differentiating E2/3” NPCs by restoring EZH2 to E2f3™" expression
levels. As previously discussed, several groups have suggested that EZH2 expression
fluctuates throughout proliferation and differentiation to regulate cell fate choice of NPCs
(Sher et al., 2008; Hirabayashi et al., 2009). However, upon differentiation, PcG
complexes have been shown to dissociate from target genes which are only activated
during differentiation, but remain consistently bound to target genes that are activated
during proliferation and repressed during differentiation (Bracken et al., 2006). The latter
group of target genes continue to be expressed during proliferation, despite PcG protein

binding at these sites. Thus, restoring E2/3”" expression levels of EZH2 in E2f3” NPCs
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during proliferation may be sufficient to correct potential dysregulation of differentiation

in these cells.

4.8 Conclusions

The work presented in this thesis has verified previous findings from our lab,
which suggest that in the absence of E2F3, numbers of NPCs increase along with their
capacity for self-renewal. It also supports previous work done by Bracken and
colleagues, which demonstrates that expression of EZH2 is regulated by the pRB-E2F
pathway (Bracken et al., 2006). Furthermore, this work has demonstrated a novel
function for E2F3, specifically the transcriptional regulation of EZH2 in regulating NPC
self-renewal (Figure 4-1). Additionally, I have demonstrated that both E2F3 and EZH2
bind at the transcriptional regulatory regions of two key regulators of stem cell
populations; p6™** and Sox2 (Figure 4-1). E2F3 appears to regulate expression of
these target genes through transcriptional regulation of EZH2. However, a role for E2F3
in recruiting PcG proteins to target genes cannot be refuted as of yet and will require
future investigations to further explore this possibility. The implications of these findings
contribute to the on-going research of how expression and recruitment of PcG proteins is
regulated, both spatially and temporally, as well as which target genes E2F3 and PcG
proteins regulate to control stem cell functions. Elucidation of these mechanisms will be
essential in the design of future cancer therapeutics aimed at correcting dysregulation of

PcG proteins.
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Figure 4-1. Model of the role of E2F3 and PRC2 in regulating target gene
expression.

In E2f3"" NPCs, E2F3 binds at the Ezh2 promoter, activating expression of EZH2. Both
E2F3 and PRC2 can then bind at the transcriptional regulatory regions of target genes
with the resulting effect of repressing target gene expression. In the absence of E2F3
(E2f37), EZH2 expression is downregulated and enrichment of PRC2 at target genes is
decreased, resulting in derepression of target gene expression, such as p16™<* and
SOX2.
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stanol-enriched diet had the greatest deposition of plant sterols or plant stanols,
respectively. It was demonstrated that the concentration of cholesterol in the kidney was
not affected by either of the enriched diets, but was however affected by whether or not the
rat was hypertensive. We then inspected the blood pressure as well as the expression of
RAS genes in the kidney by qRT-PCR. Diastolic blood pressure was highest in hypertensive
rats, although expression of angiotensin Il type 1 receptors was highest in the kidney of
normotensive rats, suggesting a downregulatory effect of angiotensin II on the expression of
ATi receptors.
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SUMMARY

The mechanisms through which cell cycle control and cell fate decisions are coordinated in
proliferating stem cell populations are largely unknown. Here, we show that E2{3 isoforms,
which control cell cycle progression in cooperation with the retinoblastoma protein (pRb), have
critical effects during developmental and adult neurogenesis. Loss of either E2f3 isoform disrupts
Sox2 gene regulation and the balance between precursor maintenance and differentiation in the
developing cortex. Both isoforms target the Sox2 locus to maintain baseline levels of Sox2
expression, but antagonistically regulate Sox2 levels to instruct fate choices. E2f3 mediated
regulation of Sox2 and precursor cell fate extends to the adult brain, where E2f3a loss results in

defects in hippocampal neurogenesis and memory formation. Our results demonstrate a novel

mechanism by which E2f3a and E2f3b differentially regulate Sox2 dosage in neural precursors, a

finding that may have broad implications for the regulation of diverse stem cell populations.
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INTRODUCTION

Stem cell fate decisions, such as self-renewal, precursor cell maintenance and commitment to
differentiation, have critical outcomes for embryonic development, tissue maintenance, tumour
suppression and regeneration. Cortical development depends on a precisely regulated balance of
self-renewal within stem cell-like apical precursors (APs), production of rapidly proliferating
basal progenitors (BPs) and differentiation of post-mitotic neurons (Englund et al.,2005; Farkas &
Huttner, 2008; Hutton & Pevny, 2011) (Fig. 1A). Identifying mechanisms that control this
balance can inform our understanding of developmental neurogenesis and, more broadly, reveal
stem cell biological principles extending to embryonic stem cell (ESC) differentiation, tumour

formation, and tissue regeneration.

The pluripotency factor Sox2 is an established regulator of neural precursor proliferation, self-
renewal and differentiation during development, and is also required for maintenance of adult
stem cell populations in many different tissues (reviewed in Sarkar & Hochedlinger, 2013). Over-
expression of Sox2 in both mouse and chick embryonic NPCs results in maintenance of the
Sox2+ population and defective neurogenesis (Bani-Yaghoub et al., 2006; Graham et al., 2003).
Conversely, loss of function of Sox2 in neural precursors leads to precursor loss and reduced or
aberrant differentiation, depending on the tissue type and degree of Sox2 loss (Cavallaro et al.,
2008; Favaro et al., 2009; Ferri et al., 2004; Graham et al., 2003; Miyagi et al., 2008; Taranova,
2006). Taken together, these studies reveal that the function of Sox2 is strongly influenced by
dosage, thus fine tuning of transcription from the Sox2 locus is crucial for the generation of the
correct proportion of precursors versus differentiated cell types. Interestingly, a recent study finds

that the Cyclin-dependent kinase inhibitor 1A (p21) binds a Sox2 enhancer region to regulate
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Sox2 expression and adult neurogenesis, linking cell cycle regulation with Sox2-mediated control

of neural stem cell (NSC) expansion (Marqués-Torrejon et al., 2013).

Previous evidence suggests that the cell cycle machinery plays a key role in regulating the
proliferative expansion and self-renewal capacity of neural precursor cells (NPCs) (Nishino et al.,
2008; Ruzhynsky et al., 2007; Vanderluit et al., 2004). However, how specific cell cycle
regulatory proteins function in this context remains poorly defined. The Retinoblastoma pocket
protein (pRb) family controls cell cycle progression by binding and inhibiting the E2f family of
transcription factors. E2fs are classified into the ‘activator’ subclass, which drive proliferation
and transcription, and the ‘repressor’ subclass, which are thought to repress gene transcription by
modifying chromatin structure through association with pocket proteins (Asp et al., 2009). Earlier
work has reported that E2f3 is the most highly expressed E2f family member in wild type and
pRbD deficient neural precursors (Callaghan et al., 1999); suggesting that it may be an important
regulator of NPC functions. Understanding how the £2f3 gene functions to regulate the cell cycle
is not entirely straightforward, as the two isoforms (£2f3a and E2f3b) expressed from its locus
have identical domains important for DNA binding, transactivation and pocket protein binding,
and only have unique N-termini. Mice lacking both isoforms die perinatally due to cardiac defects
(King et al., 2008), while those deficient in either isoform are fully viable (Danielian et al., 2008;
Tsai et al., 2008), suggesting functional overlap. Tissue and cell type specific analysis of pRb and
E2f knockout mice suggest that E2f3a is generally a potent activator of transcription and
proliferation, while E2f3b weakly induces proliferation and promotes differentiation (Asp et al.,
2009; Chong et al., 2009; Danielian et al., 2008) but whether individual E2{3 isoforms make a

distinct contribution to developmental and adult neurogenesis is currently unknown.
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Here, we use mouse models deficient for either E2f3 isoform to reveal that E2f3a and E2f3b
antagonistically regulate Sox2 expression in NSCs. In E2f3b null animals, where E2f3a is the
dominant isoform, we find that E2f3a represses Sox2 in co-operation with the pRb family
member p107, reduces precursor self-renewal and promotes differentiation. Conversely, in E2{3a
null animals, where E2{3b is the dominant isoform, we find that E2f3b activates Sox2 expression
by recruiting RNA Polymerase II to its promoter, which leads to increased self-renewal and
precursor expansion at the expense of differentiation. Knock-down of Sox2 in E2f3a deficient
NPCs restored basal levels of self-renewal. Importantly, we find that adult E2f3a null mice have
impaired neurogenesis and a reduced capacity for hippocampal-dependent contextual learning,
underscoring how the antagonism between E2f3 isoforms is conserved to regulate adult

neurogenesis and affect memory formation.
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RESULTS

E2f3 Isoforms are Expressed in Neural Precursor Cells

E2f3 is a potent cell cycle regulator and a highly expressed E2f family member in NPCs

(Callaghan et al., 1999; Mcclellan et al., 2007), suggesting a potential role for E2f3 in this cell

type. Interestingly, we observed that expression of both E2{3 isoforms is enriched in NPCs but

reaches negligible levels by day 5 of differentiation in vitro (Fig. 1B, S1A-B), pointing to a

regulatory role for both isoforms within the proliferating precursor pool. We asked if E2f3

isoforms play an important role in regulating neural stem and progenitor cell fate decisions by

examining mouse lines deficient for £2f3a and E2f3b (Chen et al., 2007; Tsai et al., 2008).

E2f3a and E2f3b Deficiency Impacts NPC Fate Decisions in an Opposing Manner

We first asked if loss of E2f3 isoforms impacts NPC fate decisions by performing a neuronal

commitment assay. Mice were given a single BrdU injection and were sacrificed 24 hours later to

visualize BrdU+ cells that had exited the cell cycle and initiated differentiation. There were

visibly fewer BrdU+ cells migrating into the subventricular zone (SVZ) and intermediate zone

(1Z) of E2f3a-/- mice, but more BrdU+ cells in these regions in E2f3b knock-outs (Fig. 1C-D),

suggesting a differential commitment to neurogenesis. Newly committed cells that have

undergone terminal mitosis can be identified by double labeling with BrdU and differentiation

markers, including BIII-tubulin (TuJ1) and Doublecortin (DCX). These BrdU positive cells are

also negative for the proliferation marker Ki67. E2f3a-/- mice exhibited a significant reduction in

newly committed cells that co-labeled for BrdU/Tujl (Fig. 1E) or BrdU/DCX (Fig. S1C), and

cells that were negative for Ki67 (BrdU+/Ki67-) (Fig. S1D). In contrast, these same experiments

revealed that E2f3b deficient brains contain significantly more committed cells (Fig. 1F, S1E-F).

These results were further supported in vitro by quantification of newly committed cells in
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neurosphere cultures induced to differentiate. Here again, E2f3a deficient NPCs exhibited a

reduction in differentiation, while E2f3b deficient precursors had an increase in differentiating

cells (Fig. 1G-H). Deficiency of either E2f3 isoform does not lead to compensatory expression

changes of other pRb/E2f family members (Fig. S1G-J), demonstrating specificity of E2f3

isoform dependent phenotypes. Thus, deficiency of E2f3 isoforms impacts neural precursor fate

decisions in distinct ways, where E2f3a loss reduces, but E2f3b deficiency increases,

commitment to a neuronal fate.

To determine if E2f3 isoforms are similarly required to regulate the size of the neural

precursor pool in an opposing manner, we quantified the number of proliferating NPCs

during forebrain development by performing a 2 hr BrdU incorporation (S phase) and

phospho-histone H3 (PH-H3) (M phase) immuno-staining. E2f3a loss resulted in an

expanded neural precursor pool (Fig. S2A&C), specifically affecting the Sox2+ stem-like

APs in the VZ (Fig. 2A, 2C, S2E), culminating in a 38% in the size of this population by

E17.5 (Fig. 2A). Alternatively, loss of E2f3b resulted in an average 25% decrease in

precursor numbers throughout development (Fig. S2B&D), again specifically affecting

Sox2 expressing stem-like APs (Fig. 2B&D, S2F). Concomitant with the expanded

precursor population in E2f3a-/- brains, the neuronal output at birth was significantly

reduced (e.g., a 24% decrease in later born neurons, layers I-III) (Fig. S3A). In contrast,

neuronal output was increased in E2f3b knock-outs (Fig. S3B). Thus, E2f3a and E2f3b

are differentially required to regulate both the expansion of the AP population and their

commitment to a neuronal fate.
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E2f3 is Expressed in Stem-like Sox2+ Apical Precursors

The impact of E2f3 isoforms on cell fate decisions within the AP population suggests that E2{3 is

expressed in Sox2+ precursors. Using an N-terminal E2f3a specific antibody, we detected E2f3a

protein within NPCs in the ganglionic eminence (GE), a ventrally located tissue that gives rise to

inhibitory interneurons (Wonders & Anderson, 2006), as well as the VZ/SVZ surrounding the

lateral ventricle (Fig. S4A-B). Importantly, E2f3a co-localizes with a subset of Sox2 expressing

cells in the GE (Fig. S4C) and the dorsal cortex (Fig. 2E, G-H) (also marked by Pax6 (Fig. S4D)).

Conversely, little E2f3a co-localization was found in committed basal progenitors, which express

Tbr2 (Fig. 2F-H), or in Tujl+ neurons (Fig. 2H). Quantification of cells co-labeled with E2f3a

and cell cycle phase markers revealed that E2f3a is highly enriched in S phase, where 83% of

E2f3a+ cells co-expressed BrdU following a 2hr pulse (Fig. S4E-G). E2f3a expression in S phase

precursors supports a role in NPC fate decisions, as a recent study suggests that fate decisions in

the developing brain are controlled by gene expression patterns during S phase (Arai et al., 2011).

Thus, E2f3a is expressed predominantly in Sox2+ self-renewing precursors.

E2f3a is Required for Regulation of NSC Self-renewal

We asked next if E2f3 isoforms modulate the self-renewal capacity of the stem cell-like AP

population. Loss of E2f3a increased the number of primary and secondary neurospheres

generated by both cortical and GE-derived NPC populations by 1.4 to 2 fold at E14.5 (Fig. 2I)

and E17.5 (Fig. S4H). Loss of E2f3b, however, showed no effect (Fig. 2J, S41). To ask if E2f3a

deficiency may affect the mode of AP cell division, we measured the orientation of mitotic

spindle poles in control and E2f3a deficient brains. APs undergo mitosis at the apical surface of

the lateral ventricle and the orientation of the mitotic spindle pole and cleavage furrow during

cytokinesis has been linked with the resulting fate of daughter cells (Das & Storey, 2012; Farkas
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& Huttner, 2008; Godin et al., 2010) (see Supplemental data for detailed methods). In E2{3a

knock-outs, we observed 1.5-fold more APs with a cleavage angle within the vertical 75-90°

range, associated with symmetric (self-renewing) cell divisions (Fig. S4J-K). In contrast, there

was a corresponding 2.7-fold decrease in the number of divisions within the 0-15° range,

suggesting a reduction in asymmetric, differentiative cell divisions. These results suggest that

E2f3a deficient brains exhibit an increased proportion of AP cells undergoing symmetric cell

divisions, consistent with our in vitro studies showing enhanced neural precursor self-renewal.

Opposing Regulation of the Sox2 Gene by E2f3 Isoforms

To identify target genes through which E2f3 isoforms regulate NPC properties, we performed a
genomic ChIP-on-chip screen to identify E2f3 binding sites and associated target genes in NPCs
(Julian et al., in preparation). From three independent samples of wild-type, E2f3a-/- and E2f3b-/-
E14.5 GE neurospheres, we identified the gene encoding the pluripotency factor Sox2 as a
potential target of E2f3 (Fig. 3A). Enrichment levels for E2f3 at the Sox2 promoter were
comparable in wild-type, as well as E2f3a and E2f3b deficient cells, indicating that both isoforms
bind this locus. Previous studies have shown that changes in Sox2 expression can have dramatic
effects on the maintenance and differentiation capacity of neural precursor populations, where
elevated Sox2 leads to expansion of the precursor pool and impaired neurogenesis, and decreased
Sox2 results in loss of NPCs and dose-dependent defects on neurogenesis (Bani-Yaghoub et al.,
2006; Graham et al., 2003; Pevny & Nicolis, 2010; Taranova et al., 2006). As precursor numbers
and neurogenesis are disrupted in E2f3a and E2f3b deficient brains, Sox2 was a strong candidate
to account for these biological effects. We first validated by conventional ChIP that E2{3 binds to
the Sox2 promoter, at an enrichment level comparable to that of previously established E2f3

target genes (Fig. 3B). An E2f consensus motif (CTTCCCGC) was identified within the center of
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the E2f3 binding peak, 371bp upstream of the transcriptional start site (TSS) (Fig. 3A), and is
conserved in the murine and human genomes. This E2f3 bound region is transcriptionally
responsive to E2f3 activity, as indicated by a 2-fold increase in luciferase activity from a Sox2
promoter fragment (800bp upstream to 285bp downstream of the Sox2 TSS) following co-
transfection of a full length E2f3 construct (Fig. 3C-D). Furthermore, point mutations within the
E2f consensus motif reduced Luciferase activity by 50% (Fig. 3C-D), demonstrating a functional

E2f consensus site at 371bp upstream of the Sox2 TSS.

To determine if E2f3 isoforms regulate Sox2 levels in vivo and in vitro, we measured Sox2
protein levels in GE-derived tissue and cultured neurospheres, as NPCs from this region are
predominantly Sox2+ (Fig. SS5A-B). We show that E2f3a and E2f3b regulate Sox2 expression in
a reciprocal manner. Specifically, E2f3a-/- neurospheres and GE tissue exhibited a 2.3 and 6-fold
increase, respectively, in Sox2 levels (Fig. 3E-F). In contrast, E2f3b-/- neurospheres and GE
tissue express Sox2 at 40% and 30% of wild-type levels (Fig. 3G-H). These results suggest an

opposing role for E2{3 isoforms in the regulation of the Sox2 gene.

E2f3a Represses NSC Self-renewal through Sox2 Regulation

To directly determine if E2f3a represses self-renewal by regulating Sox2, we asked if

Sox2 knockdown could rescue the enhanced self-renewal phenotype observed in E2{3a

deficient cultures. E2f3a+/+ or E2f3a-/- neurospheres were infected with a bicistronic
lentivirus expressing GFP and one of two shSox2 or scrambled control sequences.
Importantly, each shSox2 construct reduced Sox2 expression in E2f3a-/- cells to a level

comparable to GFP infected wild-type cells (Fig. 4A-B). shSox2 mediated knockdown of
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Sox2 in E2f3a-/- cultures restored neurosphere numbers (Fig. 4C-D) and self-renewal

capacity (Fig. 4F) back to basal levels. To ask whether elevated Sox2 can account for the

increased self-renewal in E2f3a-/- precursors, we over-expressed Sox2 in wild-type
cultures (Fig. 4F). Sox2 over-expression in E2f3a+/+ precursors increased self-renewal
(Fig. 4G) and correspondingly decreased neurogenesis (Fig. 4H) to levels observed in
E2f3a deficient cells. Furthermore, over-expression of Sox2 in E2f3a-/- precursors, which
already express elevated Sox2, did not further increase neurosphere numbers. Thus,
E2f3a functions to maintain Sox2 levels below a specific threshold, beyond which

precursor self-renewal and cell fate decisions are markedly disrupted.

E213 Isoforms Recruit Distinct Transcriptional Co-factors to the Sox2 Promoter

To determine the mechanism by which E2f3a and E2f3b antagonistically regulate Sox2
expression we identified the regulatory factors recruited to the Sox2 locus by each isoform. First,
we confirmed that both isoforms bind the Sox2 promoter, within a 200bp region surrounding the
conserved E2f motif (‘US’, upstream binding site) and at the transcriptional start site (TSS), as
E2f3 enrichment is similar in wild-type, E2f3a-/- and E2f3b-/- neural precursors (Fig. 5A).
Consistent with E2f3b as an activator of Sox2 expression, in E2f3a-/- cells, where only the E2{f3b
isoform is present, we observed enrichment of RNA Polymerase II (Pol. II) at and beyond the
TSS (Fig. 5B) and the trimethyl-H3K4 (H3K4Me3) chromatin modification (Fig. 5C), as well as
a decrease in trimethyl-H3K27Me3 (Fig. 5C). Each of these changes are associated with
transcriptional activation, demonstrating that in the absence of E2f3a, Sox2 expression is elevated
due to an increased ratio of bound E2f3b/Pol. II complexes. Conversely, binding of the repressive
pocket protein p107 was significantly enriched in the absence of E2f3b, where only E2f3a is

present, and was decreased in E2f3a-/- cells (Fig. 5D). These findings show that E2f3a functions
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as a repressor at the Sox2 promoter by recruiting p107. Supporting this conclusion, GE tissue
from p107 deficient animals exhibited a 2.2-fold increase in Sox2 levels compared to wild-type

controls (Fig. 5E).

The percentage of precursor cells in each cell cycle phase was not altered by E2f3a or E2f3b
deficiency (Fig. S6A&B), thus the changes in binding enrichments we observed in E2f3 isoform
deficient cells could not be explained by disrupted cell cycle dynamics, but truly to altered
enrichment of these factors. We show that Sox2 expression is regulated by E2f3 isoforms in an
opposing manner, whereby E2f3a recruits the transcriptional repressor p107, and E2f3b recruits
activator complexes to the promoter. This reveals a novel mechanism for regulation of the

pluripotency factor Sox2, through the cell cycle effectors E2f3a and E2F3b.

A Common Mechanism of E2f3a-mediated Sox2 Regulation in Embryonic and
Adult NSCs

The requirement for controlled Sox2 expression in NSCs extends from development to
adulthood (Cavallaro et al., 2008; Favaro et al., 2009; Ferri et al., 2004; Pevny & Nicolis,
2010), thus we hypothesized that E2f3-dependent Sox2 regulation is also important in
adult NSCs. To evaluate the role of E2f3a in the adult we generated animals containing
two modified E2f3 alleles: one floxed allele and a second E2f3a deficient allele (E2f3-

flox/3a-). To induce acute removal of E2f3a, cultured SVZ precursors from adult E2{3-

flox/3a- animals were infected with a Cre expressing lentivirus, which removes E2f3a but
leaves E2f3b intact (Fig. 6A). As with embryonic E2f3a-/- precursors, Cre infected cells

exhibited increased neurosphere self-renewal (Fig. 6B), and were impaired in their ability
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to generate neurons (Fig. 6C). Importantly, these self-renewal and neurogenic changes
were accompanied by increased Sox2 expression (Fig. 6D). Furthermore, absence of
E2f3a reduced enrichment of E2f3 (Fig. 6E) and pl107 (Fig. 6F), and significantly
increased recruitment of RNA Polymerase II (Fig. 6G), at the Sox2 promoter. Thus,
NSCs maintain a common mechanism of E2f3a dependent Sox2 regulation from

development to adulthood.

Loss of E2f3a Disrupts Neurogenesis and Cognitive Function in the Adult Brain

Given that E2f3a regulates Sox2 in both embryonic and adult NSCs, we asked if absence

of E2F3a had a functional consequence in the adult brain. We first evaluated the levels of

neurogenesis in E2f3a+/+ and E2f3a-/- adult brains in two distinct neurogenic regions,
the SVZ and the dentate gyrus (DG) of the hippocampus, where neurogenesis is required,
respectively, for olfactory function and hippocampal memory formation. As determined
by NeuroD1 and DCX staining, the number of committed neurons was significantly
decreased by 35% in the SVZ (Fig. 6H) and 31% in the DG (Fig. 6I-J), revealing an
impairment in adult neurogenesis that has further progressed since late stages of
development. We also found that E2f3a-/- mice are significantly impaired in their ability
to learn and remember the association between an aversive experience and environment
in the classical fear conditioning paradigm (Wehner & Radcliffe, 2004). In this test,
animals are trained to acquire a learned response to an aversive stimulus (foot shock) that
is associated with a specific environment (context) and a tone (cue). Following training,
animals are tested for their ability to have learned that the context or cue is associated

with the aversive stimulus by measuring their freezing behaviour during exposure to each
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condition. E2f3a-/- mice exhibited a significant 45% decrease in freezing behavior
associated with amygdala and hippocampal-dependent contextual learning (Marin-Burgin
& Schinder, 2012), while freezing associated with amygdala-dependent cue learning
(Wehner & Radcliffe, 2004) was decreased more subtly by 21% (Fig. 6K). The reduced
freezing in E2f3a-/- versus control mice was not due to differences in the unconditioned
freezing behavior, as assessed during training and before tone presentation in the cue trial
(Fig STA&B), nor to differences in foot shock threshold (Fig. S7C). These results suggest
that E2f3a influences the formation of associative memories, and its loss reveals defects
in at least two telencephalic structures, with the most severely affected function
(contextual learning) being that which is influenced by adult neurogenesis (Marin-Burgin
& Schinder, 2012). Thus, E2f3a is required to regulate neural precursor maintenance and
neurogenesis in both the embryonic and adult brain, and this role significantly impacts

cognitive function.
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DISCUSSION

This study presents two key discoveries. First, we show that E2f3 isoforms play opposing roles in
regulating the balance between neural precursor self-renewal and differentiation during
developmental neurogenesis. Loss of E2f3a leads to neurogenic defects in adulthood,
underscoring the importance of E2f3 in mediating fate choices in both embryonic and adult
NSCs. Second, we report a transcriptional mechanism by which E23 isoforms antagonistically
regulate levels of Sox2 expression. Alteration of Sox2 expression by loss of either E2{3 isoform
shifts the equilibrium between precursor expansion and differentiation, thereby affecting

downstream generation of cortical neurons and ultimately cognitive function.

Based on our findings and previous reports of E2f3 isoform expression patterns (Adams et al.,
2000), we predict that E2f3a is predominant during S phase, while E2f3b is expressed throughout
the cell cycle. Thus, at different phases of the cell cycle, E2f3a and b isoforms dynamically fine-
tune Sox2 expression levels. We present a model of E2f3-dependent Sox2 regulation in which
both E213 isoforms, in a see-saw like fashion, regulate levels of Sox2 in proliferating NSCs to
ensure the proper balance of precursor expansion and differentiation (Fig. 7A). When E2f3b is
lost, E2f3a/p107 mediated repression is not balanced by E2f3b mediated activation, leading to
lower Sox2 levels and increased neurogenesis at the expense of precursor expansion (Fig. 7B).
Conversely, E2f3a deficiency leads to activation by E2{3b that is not balanced by E2f3a mediated
repression, resulting in elevated Sox2 levels and, consequently, increased precursor self-renewal
at the expense of neurogenesis (Fig. 7C). This functional model illustrates the requirement for a
balance between E2f3a and E2{3b transcriptional activities to maintain the correct dosage of Sox2

in stem and progenitor cells.
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Although E2f3a/b and p107 are highly expressed in neural precursor cells, these proteins become
rapidly down-regulated as cells undergo differentiation. Uncovering other mechanisms by which
long-term repression of Sox2 is maintained as cells differentiate will therefore be important.
Notably, a recent study has shown that the Cyclin-dependent kinase inhibitor (CKI) p27 is
required for repression of Sox2 during differentiation of pluripotent stem cells (Li et al., 2012).
p27 is recruited to the Sox2 SRR2 enhancer and functions in a complex together with p130 and
E2f4 to silence Sox2 expression during differentiation. As the pocket protein p130 is highly
expressed in differentiated cells and plays a key role in long-term silencing of cell cycle genes, it
may well play a crucial role in silencing Sox2 in post-mitotic neurons. Another recent study
demonstrated that the CKI p21 represses Sox2 expression in adult NSCs (Marqués-Torrejon et al.,
2013). In adult NSCs it has been shown that p21 represses Sox2 through the SRR2 enhancer, and
its loss results in excessive Sox2 expression and precursor exhaustion. This exhaustion, however,
is preceded by an initial expansion of the precursor pool (Kippin et al., 2005; Marqués-Torrejon
et al., 2013). In E2f3a deficient embryonic and adult NSCs, we found that elevated levels of Sox2
over-expression lead to increased self-renewal; however, it is also possible that E2f3a deficient
NSCs may exhaust with time, following extended passaging in vitro or with advanced animal age.
It is also conceivable that E2f3 may participate in the recruitment of p21 to its SRR2 enhancer
binding site. However, given that the E2f3 and p21 binding sites have been identified in distinct
regulatory domains of the Sox2 gene, and E2f-independent mechanisms of p21 recruitment to
Sox2 have been suggested (Marqués-Torrejon et al., 2013), it is likely that they regulate Sox2
expression by distinct mechanisms. Examining these questions will be an important focus for
future studies, and will contribute to our understanding of molecular events underlying Sox2 gene

silencing in differentiating cells.
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Through our identification of Sox2 as a functional target gene of the pRb/E2f pathway in neural
precursors, we have linked the cell cycle machinery with pluripotent gene regulation in a
biologically relevant context. E2f dependent regulation of Sox2 has clear functional consequences
in the developing brain, however we suggest that this may be a common feature of stem cell
regulation and the pluripotent state, as both Sox2 and pRb/E2f proteins are expressed in diverse
tissue specific, pluripotent, and cancer stem cell populations (Arnold et al., 2011; Galderisi et al.,
2006; Pevny & Nicolis, 2010). In addition, the pRb binding proteins RBBP4 and RBBP9 have
recently been implicated in regulation of the pluripotent state in human stem cells, and E2f motifs
were identified in the promoters of key pluripotency factors, including NANOG, POUSFI,
FOXD3 and SOX2 (O'Connor et al., 2011). ChIP based experiments have further demonstrated
that E2fs are found at the promoters of a large number of pluripotency related genes (Chen et al.,
2008; O'Connor et al., 2011), although direct functional consequences for these interactions have
not previously been described. In conclusion, these studies point to the possibility that E2fs may
regulate other pluripotency factors in addition to Sox2, and support the idea that E2f3 dependent
Sox2 regulation is a fundamental mechanism in tissue specific, tumourigenic and pluripotent stem

cell populations.
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EXPERIMENTAL PROCEDURES

Mouse models

Germline £2f3a and E2f3b null mice were originally generated by G. Leone and were maintained
on an FVBN background (Chen et al., 2007; Tsai et al., 2008). Animal experiments were
approved by the University of Ottawa’s Animal Care Ethics Committee, which abides by the
guidelines of the Canadian Council on Animal Care. E2f3-flox/E2{3a- mice were generated by
crossing E2f3a-/- mice with E2f3-flox/flox animals maintained on an SV129 background. p107
deficient mice were generated as previously described (LeCouter et al., 1998). All Adult mice

analyzed were 2 months of age or older.

Neural precursor cultures

Neural precursors were obtained by dissection of the ventral (GE) or dorsal (cortex) telencephalic
tissue of developing embryos; neurosphere and in vitro differentiation assays were performed as
previously described (Vanderluit et al., 2004), with exception for the lentivirus experiments.
Here, neural precursors were plated at a density of 5 cells/ul 7 days post infection, and the
number of regenerated neurospheres were counted after 6 days in culture. All neurosphere assays

were performed on 4-7 independent samples, from at least 2 separate experiments.

Western blotting, Immunohistochemistry, Cell Counts, Primers and Antibodies

Details are described in Supplemental Experimental Procedures.
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Statistical Analysis

All statistical comparisons in this study were performed using an unpaired two-tailed t test, with

differences considered significant with a p value of <0.05 (*), ** p<0.01, *** p<0.001.

Lentiviral infections

shRNA Lentiviral expression constructs were obtained from Open Biosystems and include a
scrambled control (Cat. #RHS4346), shSox2-1 (clone ID 153337) and shSox2-2 (153339)
plasmids. Neurosphere cultures were infected with lentiviral particles at a multiplicity of infection
(MOI) of 30. For Sox2 over-expression, the Sox2 coding sequence was sub-cloned into the MCS
of an IRES-GFP backbone, viruses were produced and neurospheres were infected at an MOI of
5. For Cre expression experiments, GFP or Cre coding sequences were sub-cloned into the NCS

of a pWPXLD plasmid, and cells were infected at an MOI of 10.

Luciferase Reporter Assays

Reporter assays were performed in HEK-293T cells as previously described (Andrusiak et al.,
2011). E2f consensus site mutagenesis was performed using the QuikChange Site-Directed

Mutagenesis Kit and primer design software from Stratagene.

Chromatin Immunoprecipitation

ChIP analysis was performed as previously described (Andrusiak et al., 2011) in proliferating
neurospheres, except that immuno-complexes were captured using protein A Dynabeads. RT-

PCR was used to quantify ChIP enrichment values. Each experiment was performed on at least

107



three independent samples. ChIP-on-chip experiments were performed as previously described

(Liu et al., 2010).

Fear Conditioning Analysis

Details are described in Supplemental Experimental Procedure
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FIGURE LEGENDS

Figure 1. E2f3 Isoforms are Differentially Required for Neuronal Commitment

(A) Cortical development depends on a finely controlled balance of apical precursor (AP) cell
proliferation, self-renewal and differentiation. APs can divide symmetrically to expand their
population, or asymmetrically to generate one AP and a neuron, glial cell or basal progenitor
(BP). BPs generate neurons through asymmetric divisions. VZ = ventricular zone; SVZ = sub-

ventricular zone; CP = cortical plate.

(B) Immunoblot for E2f3 in cultured neurospheres induced to differentiate over 5 days. Both
E2f3a and E2f3b are expressed in proliferating neurospheres (Day 0), but expression is decreased
as differentiation progresses (days 1, 3, and 5). GAPDH was included to ensure equal protein

loading.

(C-D) BrdU staining in E14.5 coronal sections following a 24 hour BrdU pulse, to identify cells
that have exited the cell cycle. Fewer BrdU+ cells are observed in the E2f3a-/- SVZ/IZ, while

more BrdU+ cells are apparent in E2f3b-/-. IZ = intermediate zone; CP = cortical plate.

(E&F) Sections described in panels C-D were immuno-stained for BrdU and Tuj1. The number of
BrdU+/Tujl+ cells was quantified within a defined area through the SVZ/IZ (arrows identify
examples of quantified cells). Results are expressed as a percentage of E2f3a+/+ average values

+/- SEM (n=4).

(G&H) Neurospheres were expanded in vitro and upon first passage were cultured in
differentiation media on poly-L-ornithine coated dishes for 3 days, PFA fixed and immuno-
stained for Tujl and DAPI. E2f3a-/- possesses fewer Tujl+ cells; E2f3b-/- has more Tujl+ cells.

Results are presented as the percentage of DAPI+ cells expressing Tujl +/- SEM (n=4).

For panels E-H, (¥*p<0.05, **p<0.01). Scale bars = 50um. See also Figure S1.
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Figure 2. E2f3 Isoforms are Differentially Required for Regulation of NPC numbers and

Self-renewal

(A&B) PH-H3 staining in E17.5 coronal sections, to label mitotic cells. PH-H3+ cells were
quantified along the dorsal surface of the lateral ventricle in either the VZ or SVZ, and numbers
were normalized to a defined ventricular length (500um). Quantification demonstrates an

expansion in E2f3a-/- and a decrease in E2f3b-/- specifically in the VZ (n=4).

(C&D) Quantification of Sox2+ and Tbr2+ cells within the dorsal cortex at E17.5 demonstrates

an increased number of Sox2+ cells in E2f3a-/-, and fewer Sox2+ cells in E2f3b-/- (n=4).

(E) Co-localization of E2f3a (green) with Sox2 (red) in the dorsal cortex (E14.5).

(F) Lack of co-localization between E2f3a (red) and the basal progenitor marker Tbr2 (green) in

the dorsal cortex (E14.5).

(G) Quantification of the percentage of all E2f3a+ cells/ section in the dorsal cortex (E14.5) co-

expressing Sox2, Pax6, Tbr2 or Tujl (n=3).

(H) Quantification of the percentage of Pax6, Sox2, or Tbr2 expressing cells/ section in the dorsal

cortex (E14.5) that also express E2f3a (n=3).

(I&J) Increased number of primary and secondary neurospheres in E2f3a-/- precursors derived
from both GE and dorsal cortex (CTX) (I); E2f3b knock-outs generate the same number of
neurospheres as wild-types (J). Included in the right side of each figure are phase contrast images

of neurospheres from the indicated genotypes (n=5-7).

For all panels, results are presented as mean +/- SEM (*p<0.05, **p<0.01, ***p<0.001). Scale

bar = 100um. See also Figures S2-4.
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Figure 3. E2f3 Isoforms Regulate Sox2 Expression in an Opposing Manner

(A) Binding peak profiles for E2f3 from E2f3a+/+, E2f3a-/- and E2f3b-/- ChIP-on-chip
experiments, generated with UCSC Genome Browser (http://genome.ucsc.edu/). E2f3 binding
peaks extend throughout the proximal promoter region and the TSS. An E2f consensus motif was

identified at 371bp upstream of the TSS.

(B) RT-PCR analysis of E2f3 ChIP experiments shows E2f3 binding at the Sox2 promoter with a
similar enrichment value as for other known E2f targets. Plotted is the mean from at least three

independent experiments +/- SEM (n=4).

(C) Model for Luciferase experiments. E2f3 dependent activity was tested from a Sox2 promoter
fragment covering -800bp to +285bp relative to the TSS. For E2f consensus site mutation, 5 core

nucleotides were replaced with Adenine.

(D) E2f3a drives Sox2-Luciferase activity. Mutation of the E2f consensus motif reduced E2f3

mediated transcription by 50% (n=4-6).

(E&G) Immunoblot for Sox2 from cultured E2f3a (E) or E2f3b (G) neural precursors or GE

tissue. GAPDH and mtHsp70 were included as protein loading controls.

(F&H) Quantification by densitometry of immunoblots shows that E2f3a knock-outs express

significantly more Sox2 (F), while E2f3b knockouts have lower Sox2 levels (H).

For all quantifications, data are plotted as mean +/- SEM (*p<0.05, **p<0.01, ***p<0.001). See

also Figure S5.
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Figure 4. Regulation of NSC Self-renewal by E2f3a is Sox2-dependent

(A-B) Immunoblot analysis (A) and densitometry quantification (B) of Sox2 expression in
cultured GE neurospheres (E14.5) 5 days post infection (p.i.) with scrambled (Scr) control or sh-

Sox2 lentiviruses (n=3). mtHsp70 was included as a measure of protein loading.

(C) Representative images of GFP positive neurospheres 7 days p.i. Scale bar = 200um.

(D&E) Infected cultures were plated immediately for primary neurosphere assays (D) and one
week later were used in secondary neurosphere assays (E). Neurosphere numbers are restored in

E2f3a knock-outs following Sox2 knock-down (n=4).

(F) Immunoblot demonstrating increased Sox2 expression in neurospheres infected with a Sox2

expressing lentivirus compared to GFP infected cells, 4 days p.i.

(G) Cells were plated 7 days p.i. for secondary neurosphere assays. Sox2 over-expression in wild-

type cells increases self-renewal (n=3).

(H) E2f3a+/+ and E2f3a-/- neurospheres were cultured in differentiation media on poly-L-
ornithine plates 7 days p.i. and were fixed and stained for Tujl/ DAPI after 6 days. The
percentage of DAPI+ cells that express Tujl were quantified. Sox2 over-expression inhibits

neuronal differentiation in vitro. Scale bar = 50um (n=3).

Significance was determined for all samples compared to E2f3a-/- (panels B, D&E) or E2f3a+/+
(panels G&H) cells infected with control virus. All data are presented as the mean +/- SEM

(*p<0.05, **p<0.01).
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Figure 5. E2f3 isoforms recruit distinct transcriptional co-factors to the Sox2 promoter

(A-D) ChIP was performed in E2f3a-/-, E2f3b-/- and wild-type (both E2f3a+/+ and E2f3b+/+)
GE derived neurospheres using antibodies against E2f3 (A), RNA Polymerase I (B), H3K4Me3
and H3K27Me3 (C), and p107 (D). Chromatin enrichment was quantified by RT-PCR using
primers designed to amplify 200bp regions centered on either the upstream conserved E2f motif
or the TSS of the Sox2 promoter. For all panels we have plotted values for the specific antibody

IP with IgG values subtracted (n=3-5).

(E) Immunoblot analysis and densitometry quantification of p107+/+ and p107-/- GE tissue

shows a significant increase in Sox2 levels in the absence of p107 (n=3). See also Figure S6.

Data for all panels are plotted as the mean +/- SEM (*p<0.05, **p<0.01).

Figure 6. E2f3a Regulates Sox2, Neurogenesis and Cognitive Function in the Adult Brain

(A) Immunoblot showing loss of E2f3a, but not E2f3b, in E2f3-flox/E2f3a- adult SVZ precursors
4 days after Cre infection. Results were quantified by densitometry, using mtHsp70 as a loading

control (n=4).

(B) Infected cells were plated for neurosphere assays 7 days p.i. and regenerated neurospheres
were counted 6 days later. Cre infected cells generate more neurospheres than controls. Image to
the right shows GFP expressing neurospheres infected with either control (GFP) or GFP-CRE

virus 7 days p.i. (n=7).

(C) Neurospheres were plated in differentiation media on poly-L-ornithine coated dishes 7 days

p.i. and were fixed and stained for Tujl/DAPI after 6 days. The percentage of DAPI+ cells
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expressing Tujl was quantified. Cre infected cells have a reduced capacity to generate neurons

(n=5).

(D) Elevated Sox2 in Cre versus GFP infected E2f3-flox/E2f3a- adult precursors (5 days p.i.),

quantified by densitometry, using mtHsp70 as a loading control (n=3).

(E-G) RT-PCR analysis of ChIP assays for E2f3 (E), p107 (F) and RNA Polymerase II (G) in

GFP or Cre infected E2f3-flox/E2f3a-/- precursors (n=4).

(H-L) Neurogenesis was measured in the adult brain by quantifying the total area of DCX
staining along the SVZ (n=4) (H), and the number of NeuroD1+ or DCX+ cells in the DG of the

hippocampus (n=3) (I-J).

(K) E2f3a-/- mice spent 45% and 21% less time freezing in the context (p=0.015) and after the
auditory cue (p=0.047), respectively, following fear conditioning training (n=18 for E2f3a+/+,

n=13 for E2{3a-/-).

For all panels, data are presented as mean +/- SEM. Scale bar = 100um for panels B, H & J and

25um for panel C (*p<0.05, **p<0.01, ***p<0.001). See also Figure S7.
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Figure 7. Model of E2f3 Function: E2f3 Isoforms Regulate Sox2 Transcription in an

Opposing manner to Direct NSC Fate Choice

(A) In wild-type conditions, E2f3b activates and E2f3a represses sox2 transcription, allowing for
dynamic fine-tuning of Sox2 levels. This fine-tuning maintains the proper balance between

neurogenesis and expansion of the NPC pool.

(B) In the absence of E2f3b, E2f3a/p107 mediated repression dominates and reduces Sox?2 levels,

thereby increasing neurogenesis at the expense of precursor expansion.

(C) In the absence of E2f3a, E2f3b mediated activation is unbalanced by E2f3a repression, thus

increasing Sox2 levels and promoting NPC expansion at the expense of neurogenesis.
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FIGURE 2
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FIGURE 3
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FIGURE 4

A B

sh-control  sh-Sox2-2

®
7
[
o)
=
[N
BN
(2]
7
&
Q
3
=
=
S

E2f3a+/+
E2f3a-/-
E2f3a+/+
E2f3a-/-
E2f3a+/+
E2f3a-/-
E2f3a+/+
E2f3a-/-

Sox2 |

e

. * *

1 1. 3

0

sh-control sh-control shSox2-1 shSox2-1 shSox2-2 shSox2-2
E2f3a+/+ E2f3a-/- E2f3a+/+ E2f3a-/- E2f3a+/+ E2f3a-/-

mtHsp70 |— — — —| h~‘_‘

Sox2 expression/WT sh-control
i
wv

C D E
E2f3a+/+  E2f3a-/-

160
Serctl o 120
@ 140 g
o 2100
2120 [
| 100 W scl-ctl 8 o * R W scl-ct!
g *k **I shSox2-1 2 oL :[ shSox2-1
shSox2-1 9 80 x I shSox2-2 ;60 I shSox2-2
x T ]
8 60 T ]
5 § 40
2 40 g
shSox2-2 * 50 * 20
0 0
E2f3a+/+ E2f3a-/- E2f3a+/+ E2f3a-/-
F G
MOI5 *
o % o 300 * %
O 8 250 I *
g I
Sox2 - g 200 s I
E 150 W £2f3a+/+
2 100 £2fsa/-
x
MtHSP70 | ——— s 50
g o
= GFP Sox2 GFP Sox2

GE neurospheres | Cortical neurospheres

H
- 40
2 W E2f30e/ E2f3a+/+ +GFP E2f3a-/- +GFP  E2f3a+/+ +Sox2
w 30 * * E2f3a-/- .
£ S Tuj1/ DAPI 'y
$ 20
o
3
@ 10
?.3 ,
x o .- -

GFP Sox2

122



FIGURE 5
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FIGURE 6
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FIGURE 7
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Supplemental Information

Opposing Regulation of Sox2 by Cell Cycle Effectors E2f3a&b in Neural Stem Cells

Lisa M Julian, Renaud Vandenbosch, Catherine A Pakenham, Matthew G Andrusiak, Angela P
Nguyen, Kelly A McClellan, Devon S Svoboda, Diane C Lagace, David S Park, Gustavo E
Leone, Alexandre Blais, and Ruth S Slack
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Figure S1. Expression pattern of pRb/E2f family members in wild-type and E2f3a/b
deficient neural precursors. Quantification of newly committed DCX+ and Ki67- cells in
vivo. Related to Figure 1.

(A) Immunoblot for E2f3 in cultured neural precursors (neurospheres) (n.p.) and GE tissue at
E14.5. Actin was used as a protein loading control. Arrows indicate the bands for E2f3a and
E213Db, * denotes a non-specific band.

(B) Immunoblot for E2f3 in GE and dorsal cortex tissue (Ctx) at E14.5 and E17.5, and whole
telencephalon at E10.5, demonstrating that both isoforms are expressed at different
developmental stages and in telencephalic proliferative zones. mtHsp70 was included as a loading
control.

(C-F) Pregnant mothers received an IP injection of BrdU at gestation day E13.5, embryos were
sacrificed 24 hours later and their brains were sectioned coronally and processed for immuno-
staining. The number of newly committed neurons in the dorsal cortex were identified as those
cells expressing both BrdU and doublecortin (DCX), an immature neuronal marker.
BrdU+/DCX+ cells were quantified within a defined area through the SVZ/IZ of wild-type and
knock-out E2f3a (C) and E2f3b (E) mice. Additionally, the number of newly committed cells that
were no longer cycling were identified as BrdU+/Ki67- cells (D&F) (n=4). Results are presented
as a percentage of the wild-type average +/- SEM (¥p<0.05, **p<0.01).

(G) Immunoblot for E2f3 from E14.5 cultured neurospheres, demonstrating that expression
of the other E2f3 isoform is not changed when the other isoform is absent. * non-specific
band. mtHsp70 was included as a loading control.

(H) Immunoblot in neural precursor cultures from the indicated genotypes for pRb and E2f family
members demonstrates a lack of compensatory expression changes in the absence of E2f3a or
E2£3b. mtHsp70 and Actin were included as loading controls.

(I&J) Electrophoretic mobility shift assays demonstrate that DNA binding by other E2fs is not
highly deregulated in the absence of E2f3a (I) or E2{3b (J).
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Figure S2. PH-H3 immuno-staining and 2 hour BrdU pulse in E2f3a and E2f3b knock-outs
at additional time-points. Related to Figure 2.

(A-D) Quantification of BrdU+ (A&C) or PH-H3+ (B&D) cells in the dorsal cortex following a
2hr BrdU pulse in E12.5, E14.5 and E17.5 sections from E2f3a (A&C) and E2{3b (B&D) wild-

type and knock-out mice. BrdU and PH-H3 expressing cells were quantified throughout both the
VZ and SVZ.

(E&F) Quantification of the number of PH-H3+ cells in the VZ and SVZ separately demonstrates
that at E14.5 precursors in the VZ of E2f3a-/- mice are already expanded compared to E2f3a+/+
(E), and that VZ precursors are the only population affected in E2f3b-/- mice (F).

Results are presented as the mean number of cells per ventricular length of 500um (PH-H3) or
750um (BrdU) +/- SEM (*p<0.05, **p<0.01) (n=4). Scale bars = 100um.
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Figure S3. Neuronal Qutput in E2f3a-/- and E2f3b-/- new-born cortex. Related to  Figure
2.

Brain sections at post-natal day 1 were stained for layer VI Tbr1+ neurons (early born), layer III-
V FoxP1+ neurons, and layer I-11I Satb2+ neurons (late born) to identify neuronal output in the
new-born brain.

(A) In E2f3a-/- brains, the number of Tbr1+ neurons was decreased by 13%, FoxP1 by 18%, and
Satb2 by 24, demonstrating that later born neurons are more reduced than early born neurons
when E2f3a is absent (n=3).

(B) In E2f3b-/- brains, Tbr1+ neurons were increased by 15%, and FoxP1 and Satb2 were each
increased by 13% (n=3).

Results are presented as the average number of positive neurons from 3 sections per animal over a
600um ventricular length +/- SEM. Scale bars = 50um.
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Figure S4. E2f3a is expressed in S phase apical precursors in vivo. Analysis of self-renewal
defects by neurosphere assay at E17.5, and mitotic spindle pole analysis. Related to Figure
2.

(A) Immunohistochemistry (IHC) using an N-terminal E2f3 (red) antibody at E14.5 demonstrates
expression of E2f3a in a subset of cells in the VZ/SVZ within the dorsal cortex, and the GE.

(B) IHC for E2f3a at E18.5 in wild-type and E2f3a deficient brain sections demonstrates
specificity of E2f3a detection around the lateral ventricle (L V) by our antibody.

(C) IHC for E2f3a (green) and Sox2 (red) in the GE at E14.5 shows that E2f3a is also expressed
in ventral telencephalic Sox2+ precursors.

(D) Pax6 was used as an independent marker of apical precursor cells. IHC demonstrates co-
labeling between E2f3a and Pax6 in the dorsal cortex.

(E) IHC for E2f3a and PH-H3 in the E14.5 dorsal cortex, indicates no expression of E2f3a in
mitotic cells (Ven = ventricle).

(F) Brain sections that received a 2hr BrdU pulse were stained for BrdU and E2f3a, and were
imaged along the dorsal cortex.

(G) Quantification of E2f3a+/BrdU+ cells. The number of E2f3a expressing cells per section that
also express BrdU was quantified. The majority (89%) of E2f3a+ cells co-express BrdU and are
therefore in S phase. Results are presented as averages +/- SEM (n=3). Scale bars for panels A-F
is 100um.

(H&I) Primary and secondary neurosphere assays were performed at E17.5 from wild-type and
knock-out E2f3a (H) and E2f3b (I) neurosphere cultures derived from both the GE and dorsal
cortex (Ctx). Again, as with E14.5 neurosphere assays, E2f3a deficiency leads to increased
neurosphere numbers and self-renewal, while E2{3b loss has no effect. The data is presented as
mean +/- SEM (n=4).

(J) Orientation of the mitotic spindle pole has been linked to asymmetric versus symmetric
divisions due to the segregation pattern of cell fate determinants. Vertical cleavage planes (60-
90°) are associated with symmetric divisions, and horizontal (0-30°) and intermediate (30-60°)
cleavage planes correlate with asymmetric divisions. Chromatin was visualized by DAPI, and
lines were drawn to trace the apical surface of the lateral ventricle (LV) (yellow line) or through
sister chromatids to mark the cleavage furrow (white line). The smallest angle between them was
calculated. Scale bar = 10um.

(E) Spindle pole angle measurements were collected for over 460 cells per genotype from 3
separate animals. The percentage of all cells measured that fell within specific angle ranges was
calculated. E2f3a loss results in a greater percentage of vertical cleavage planes (associated with
symmetric divisions), and a lower percentage of horizontal cleavage planes (correlated with
asymmetric divisions). Mean values +/ SEM is shown.
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Figure SS. GE precursors in vivo and in vitro virtually all express Sox2. Related to Figure 3.

(A) E14.5 brain sections were stained for DAPI and Sox2 and the ganglionic eminence (GE) was
imaged. The structure shown in the image is representative of the GE tissue that is obtained in our
dissections and that was used in our Immunoblot analysis. Quantification of the percentage of
DAPI+ cells that are also Sox2+ shows that 95% of E2f3a+/+ and 97% of E2f3a-/- GE cells in
vivo express Sox2, and there is no significant difference between genotypes. Results are presented
as the mean +/- SEM for n=4. Scale bar is 100um.

(B) In neurosphere cultures derived from E14.5 GE dissections, 97% and 98% of cells from
E2f3a+/+ and E2f3a-/- cultures, respectively, express Sox2.

Results are presented as the mean, and error bars representing the range of values, for n=2. Scale
bar is 100um.
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Figure S6. Loss of E2f3 isoforms does not alter cell cycle dynamics. Related to Figure 5.

(A) Actively proliferating neurosphere cultures were fixed, stained with DAPI and prepared for
flow cytometry. The number of cells in G1 and S phases of the cell cycle was determined based
on 2N and 4N DNA, respectively, as determined by DAPI fluorescence.

(B) The percentage of cells in G1 or S phases was similar in E2f3a and E2f3b control and
knockout neural precursors. Data shown is the mean +/- SEM (n=4).
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Figure S7. Baseline freezing for context and cue experiments and shock threshold are
unchanged between genotypes. Related to Figure 6.

(A) Mice were placed in the fear conditioning apparatus for two minutes before the first foot
shock was administered, and the percent of time spent freezing was measured and reported as
baseline freezing relevant to the context. E2f3a+/+ and E2f3a-/- mice exhibit similar baseline
freezing levels, and baseline levels were significantly lower than post-training contextual freezing
levels (data not shown) (E2f3a+/+: p=4.06x10"; 24-fold decrease).

(B) Following fear conditioning training and prior to cue testing, mice are placed in a second
novel environment and the percent of time spent freezing during a 3 minute duration was
recorded. This represents the pre-tone or baseline for the cue testing; E2f3a+/+ and E2f3a-/- mice
exhibit similar freezing levels, and baseline levels were significantly lower than post-tone cue
testing freezing levels (data not shown) (E2f3a+/+: p=1.39x10""*;8.4-fold decrease). Data for
panels A&B is presented as mean +/- SEM (n=18 for E2f3a+/+, n=13 for E2{3a-/-).

(C) E2f3a+/+ and E2f3a-/- mice were exposed to gradually increasing levels of foot shock
intensity to determine their relative shock thresholds. Shock threshold was identified when the
mouse exhibited vocalization concurrent with movement two consecutive times at the same shock
level. There is no difference in shock threshold between genotypes. Data is presented as mean +/-
SEM (n=10 for E2f3a+/+, n=7 for E2f3a-/-).
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SUPPLEMENTAL EXPERIMENTAL PROCEDURES

Immunohistochemistry and Western blotting

For immunohistochemistry, tissue was treated and sectioned as previously described (Mcclellan
et al., 2007). Before antibody incubation, antigen retrieval was performed by heating sections at
95°C for 30 minutes in DAKO retrieval solution, followed by 25 minutes at room temperature.
For BrdU incorporation, pregnant mice were given a single IP injection of 50mg/kg BrdU and
were harvested 2 hours later to visualize cells in S phase, or 24 hours later for commitment
assays. Prior to immunostaining, antigen retrieval was performed followed by incubation in 2N
HCIl at 37°C for 30 minutes and neutralization in 0.1M Na borate, pHS.5, for 15 minutes at room
temperature. Protein isolation and Western blots were performed as previously described
(Andrusiak et al., 2011). Additionally, lysed samples were sonicated for 3 x 10 seconds at 25%
intensity, and debris was spun down. Quantification was performed using ImagelJ software and at
least 3 independent sets of control and knockout material were included for these experiments.

Cell counts, measurements

For PH-H3 and short-term BrdU counts, brightly labeled cells in the VZ/SVZ were quantified
along a ventricular length of 500 or 750um. The number of E2f3a+ cells co-stained with Sox2,
Pax6, Tbr2 or BrdU were quantified in the dorsal cortex along a ventricular length of 500um.
Sox2 and Tbr2 were quantified along the entire dorsal cortex, and cortical layer markers were
counted over a ventricular length of 600um. For commitment assays, co-labeled cells (or
BrdU+/Ki67-) were quantified along a ventricular length of 375um, throughout the width of the
SVZ/1Z. NeuroD1 and DCX were quantified in every 12" (40um) section throughout the rostral
caudal length of the DG and the number of positive cells from all sections was multiplied by 12 to
obtain the estimated cell number per DG. For SVZ counts, every 6th coronal section (14

um) from the most rostral crossing of the corpus callosum to the third ventricle (crossing of the
anterior commissure) was stained for DCX. The DCX+ area was measured using ImageJ, and the
area from all sections combined was multiplied by 6 to obtain the estimated DCX+ area per SVZ.

Antibodies

Antibodies against the following proteins were used in this study: PH-H3 (Millipore, 06-570),
BrdU (Accurate Chemicals, OBT0030), DCX (Santa Cruz, sc-8066), pIII-tubulin (Tuj1) (J L
Vanderluit et al., 2007), E2f3a (NeoMarkers, MS-1063-P1), Sox2 (sc-17320), Tbr2(Abcam, AB-
23345), Pax6 (Covance, PRB278P) and Ki67 (Cell Marque, SP6), E2f3 (pan-E2£3) (sc-878),
p107 (sc-318), H3K4Me3 (Millipore, CS200580), H3K27Me3 (ABE44), RNA Polymerase 11
(Covance, MMS-126R), mtHsp70 (Thermo Scientific, MA3-028), E2f1(sc-193), E2f5 (sc-
1083x), pRb (BD, 554136), p130 (sc-317), and NeuroD (sc-1086).
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Primers

Primers used for ChIP analysis on the Sox2 promoter:

Upstream Forward primer: 5’-CAGAAACAATGGCACACCAC-3’

Upstream Reverse primer: 5’-CAAGACGACAGCTCCTTTCC-3’

TSS Forward primer: 5’>-CCCATTTATTCCCTGACAGC-3’

TSS Reverse primer: 5’-CTCTTCTTTCTCCCAGCCCTA-3’

Primers for amplification of the Sox2 promoter fragment (-800bp to +285bp):
Forward primer: 5°-GCCTTTGCACCCTTTGGATGG-3’

Reverse primer: 5’>-CGCGGAGATCTGGCGGAGAA-3’

Primers for Poly-A mutagenesis of E2f consensus motif in Sox2 promoter fragment:
Forward primer: 5’>-TTGCCCCACCCTGGCCCCAGCTAAAAACGCCCCATCCACC-3’

Reverse primer: 5°-GGTGGATGGGGCGTTTTTAGCTGGGGCCAGGGTGGGGCAA-3°

Mitotic Spindle Pole Analysis

To quantify the orientation of the mitotic spindle pole, E14.5 cortical sections were stained with
DAPI to visualize chromatin and cells undergoing anaphase were imaged along the apical surface
of the lateral ventricle. Using Imagel, one line was drawn to trace the surface of ventricle and a
second line traced the cleavage furrow, bisecting the spindle poles. The smallest angle formed
between the two intersecting lines was calculated. At least 460 anaphase cells were measured for
each genotype, and the final data combines measurements from 5 distinct rostral-caudal levels in
3 different animals. Protocol adapted from (Godin et al., 2010).

Fear Conditioning Analysis

Fear conditioning experiments were performed according to (Villasana et al., 2009), with few
modifications. Briefly, on training day (day 1) mice were placed in an Ethovision PhenoTyper
clear box (Noldus Information Technology, North America) for 2 minutes, and were given a 30
second, 90 dB tone co-terminating in a 2 second, 0.45 mA foot-shock delivered twice with a 1
minute inter-stimulus interval. On day 2 (~24 hours after training), the contextually conditioned
fear testing was performed by placing the mice back into the same fear conditioning apparatus
(context) for a total duration of 6 minutes. On day 3 (~48 hours after training), cue conditioned
fear testing was performed to measure the amount of freezing in a new context, as well as
freezing occurring in the new context with a tone that was previously paired with a foot shock
during training. The new context consisted of the same type of apparatus, however the mice were
placed into a different box than the one they were trained in, and the conditions for testing were
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modified by changing the interior shape of the apparatus, removing white noise from the testing
room, adding the odor of vanilla, changing lighting conditions, changing floor and wall texture,
and using a different handling technique to place mice into the box. For cue testing, the mice
were allowed to freely explore for 3 minutes before re-exposure to the fear conditioning tone for a
duration of 3 minutes. During training and context and cue testing, the duration and percent of
time spent freezing (immobile) was recorded using Ethovision 8 XT video tracking system as
previously described (Pham et al., 2009). To exclude potential effects of anxiety-like or
locomotor behavior contributing to differences in freezing behavior, immobility was also
analyzed during the first 2 minutes of fear conditioning training occurring on Day 1 prior to the
tone/shock exposure, as well as during cue testing on Day 3 prior to tone exposure. Statistical
analysis was performed using SPSS Version 19 and outliers were removed prior to analysis
comparing E2f3a+/+ (n=18) and E2f3a-/- (n=13) animals using a two-tailed unpaired t-test
(*p<0.05).

Foot Shock Sensitivity Analysis

Shock sensitivity/ threshold analysis was performed as previously described (Klemenhagen et al.,
2005). Briefly, mice were placed into the fear conditioning apparatus for 2 minutes followed by a
1 second foot shock at 0.05mA which was gradually increased in intensity by 0.05mAs. Mice
received 2 exposures to each shock level with a random inter-stimulus interval ranging from 30 to
60 seconds. The intensity required for each mouse to flinch, move, jump and vocalize was
recorded by an observer (who was blind to genotype) and the test was stopped when shock
threshold was achieved as indicated by the mouse moving accompanied by either jumping or
vocalization in response to the same shock intensity for two consecutive exposures. Statistical
analysis was performed using SPSS Version 19 and outliers were removed prior to analysis
comparing E2f3a+/+ (n=10) and E2f3a-/- (n=7) animals using a two-tailed unpaired t-test
(*p<0.05).

Electrophoretic Mobility Shift Assay

Electrophoretic mobility shift assays (EMSAs) were performed on total protein extracts from

E2f3a-/-, E2f3b-/-, or wild type control cultured neural precursor cells, as previously described
(Mcclellan et al., 2007).

Flow Cytometry

Proliferating neurosphere cultures were harvested, triturated, fixed in 1%PFA for 1hr at 4C, and
in 70% EtOH at 4C overnight. Cell pellets were washed with 1XPBS and resuspended in lug/ml
DAPI for 30 minutes at room temperature. Cells were analyzed for DNA content using a Dako
MoFlo Legacy Flow Cytometer (Beckman Coulter) and Dako Summit Software v4.3. Cell cycle
analysis was performed using MultiCycle analysis software.
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