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Abstract

Over the past five years the role of epigenetic modifiers in brain development has
become increasingly evident. In this regard, Snf2l, a homolog of the chromatin remodeling
protein ISWI, was shown to have enriched expression in the brain and be important for
neuronal differentiation. Mice lacking functional Snf2] have hypercellularity of the cerebral
cortex due to increased cell cycle re-entry. In this thesis I demonstrate the effects of Snf2l-
ablation on cortical progenitor cells including increased proliferation and cell cycle
deregulation, the consequence of which is a delay in neuronal migration and altered numbers
of mature cortical neurons. This phenotype arises from increased expression of Foxgl, a
winged-helix repressor expressed in the forebrain and anterior optic vesicle. Moreover,
genetically reducing its overexpression rescues the Snf2l-ablated phenotype. Snf2l is bound
directly to a promoter region of Foxgl suggesting that it acts as a repressive regulator in vivo

and is an important factor in forebrain differentiation.
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1.0 Introduction

1.1 Development of the Cerebral Cortex

The cerebral cortex is responsible for many higher brain functions such as perception,
emotion and language, among others, which have evolved in primates (review of association
cortex function in Pandya and Seltzer, 1982). The cortex, which has occupied an increasing
percentage of brain volume throughout vertebrate evolution, is derived from an increasing
cell expansion of the anterior neuroepithelium (Diamond and Hall, 1969).

The nervous system is derived from the neuroepithelium, a compartment of the
ectoderm. During embryogenesis it folds up to form a tube termed the neural tube which is
the basis of the brain and spinal cord of the central nervous system (CNS). At the rostral end
of the neural tube three vesicles (prosencephalon, mesencephalon and rhombencephalon)
represent the beginnings of the forebrain, midbrain and hindbrain, respectively. The
forebrain can be further subdivided into the diencephalon, hypothalamus, retina and
telencephalon (reviewed in Price and Willshaw, 2000) [Figure 1].

Among the first cell types generated from the neuroepithelium of the dorsal
telencephalon are radial glia (RG), which are apparent in the forebrain by embryonic day 10
(E10) in mice (Edwards et al., 1990). These cells are critically important for corticogenesis,
as they are involved in the generation of neuronal and glial cell types in the cortex and direct
radial migration (Noctor et al., 2002; Rakic, 1972). Radial glia can be identified by certain
molecular markers and their unique morphology. They have been defined
immunohistochemically by Pax6 expression (Gotz et al., 1998). They have a long radial
process containing multiple microtubules that terminates in branched endfeet at the pial

surface.



Figure 1. Anatomy and development of the forebrain.

(A) The rostral end of the neurotube forms three vesicles: prosencephalon, mesencephalon
and rhombencephalon. The prosencephalon, or forebrain, gets further regionalized into
telencephalon, diencephalon, optic vesicle (OV), and prospective hypothalamus (PH).
Approximately at E10.5 in the mouse the expanding telencephalon bifurcates dorsally to
form two hemispheres and gets patterned into dorsal telencephalon (DT) and ventral
telencephalon (VT). From Geng and Oliver, 2009.

(B) Lateral view (Left) and coronal section (Right) of adult mouse brain. Black dashed line
on lateral view indicates the location of coronal section shown. OB; olfactory bulb; BG,
basal ganglia; CiC, cingulate cortex; CoC, corpus callosum; LV, lateral ventricle. From Geng
and Oliver, 2009.

(C) Nissl-stained coronal sections of embryonic day 15.5 (C) and adult brain (D) showing
the location of important structures at each stage. CC, cerebral cortex; CP, choroid plexus;
GE, ganglionic eminence; H, hippocampus; LV, lateral ventricle. Figure adapted from Lagali
et al., 2010.
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The nuclei of RG are located in the ventricular zone, a germinal zone adjacent to the lateral
ventricle (Rakic, 1972). Here they form a pseudo-stratified epithelium where the apical-basal
position of the nucleus is dependent on cell cycle stage (Sauer, 1935). Mitosis occurs at the
apical membrane, primarily with a cleavage plane perpendicular to the ventricular surface
(Noctor et al., 2008). During the early half of corticogenesis most of these divisions are
symmetric producing new radial glia but during the latter half (after embryonic day 16 in
rats) the majority become asymmetric divisions producing intermediate progenitor cells
(IPC), nascent neurons and eventually glial cells (Noctor et al., 2008) [Figure 2A]. Newly-
formed IPCs and neurons use the radial fibres of RG as a guide for migration towards the
cortical plate (Rakic, 1972).

As corticogenesis proceeds, IPCs migrate primarily to another proliferative region
superficial to the ventricular zone, the subventricular zone, but can also be found in the
adjacent regions of the ventricular zone and intermediate zone (Kowalczyk et al., 2009).
IPCs, identified by their expression of Svetl and Tbr2, are a morphologically heterogeneous
population with either a radial or multipolar morphology (Englund et al., 2005; Kowalczyk et
al., 2009; Tarabykin et al., 2001).

The subventricular zone becomes more prominent throughout corticogenesis as the
ventricular zone begins to decrease (Bayer et al., 1991) suggesting that IPCs have played a
significant role in cerebral hemisphere expansion in mammals (Martinez-Cerdefio et al.,
2006). One study suggests that greater than 80% of cortical projection neurons are derived
from this population (Kowalczyk et al., 2009). Intermediate progenitors undergo a finite

number of symmetrical abventricular mitosis to produce either two daughter IPCs



Figure 2. Progenitors and Development of the Cerebral Cortex.

(A) The left panel depicts stem cells in the ventricular zone (VZ), which include radial glia
(RG; dark-blue cells) that undergo symmetric divisions to form two undifferentiated
daughter cells that re-enter the cell cycle. A later stage in development is depicted in the right
panel. Radial glia cells begin to undergo more asymmetrical divisions to result in a
proliferating radial glia cell and either a neuron (N, red cell) or intermediate progenitor cell
(IPC; orange cell) cell. The majority of IPCs go through a finite number of symmetrical
abventricular mitoses to produce either two daughter IPCs (not shown) or nascent neurons
(shown). M, marginal zone; SVZ, subventricular zone; IZ, intermediate zone; and CP,
cortical plate. Open red circles in the CP represent neurons. Figure adapted from
Sockanathan and Gaiano, 2009.

(B) Neurons of the cerebral cortex originate in the germinal region (VZ) adjacent to the
lateral ventricle before migrating through the intermediate zone (IZ) towards the pial surface
(PS). Nascent neurons first settle between layers of the preplate (PP) with subsequent waves
migrating past the earlier-born layer to create a laminar structure with layers 1-6 in the
cortical plate (CP). SP, subplate; MZ, marginal zone. Figure adapted from Gupta et al., 2002.



Asymmetric Division

RG

Symmetric Division

Aclut
<A<y PS

<A< PS
oaw 0000 M

}— EM_Eis—{

E13

Eif

0000




or nascent neurons (Noctor et al., 2008) [Figure 2A].

The founder neurons of the cerebral cortex first form a structure termed the preplate
that is present below the pial surface (Luskin and Shatz, 1985; Stewart and Pearlman, 1987;
Zecevic et al., 1999). The preplate divides into two separate layers, the subplate and the
marginal zone, when migrating neurons of the cortical plate take their place between them
[Figure 2B]. The subplate layer is a heterogeneous layer of neurons that remains apical to the
cortical plate (Del Rio et al., 2000). This population is transient in higher mammals, where
the few remaining cells become interstitial white matter cells (Kostovic and Rakic, 1990),
but has been shown to persist in rodents (Robertson et al., 2000). The subplate directs
cortical afferents and extending thalamocortical efferents into the more superficial layers of
the cortex (De Carlos and O'Leary, 1992; Ghosh and Shatz, 1993; McConnell et al., 1989).
The superficial layer of preplate origin is the marginal zone which represents layer I of the
cortex. It is populated primarily by Cajal-Retzius cells that are born before the subplate
neurons on embryonic days 10 and 11 in mice (Bayer and Altman, 1990; Garcia-Moreno et
al., 2007). Cajal-Retzius cells have a horizontal orientation in rodents but appear to have an
increasingly complex organization in primates (Zecevic and Rakic, 2001). Many functions
have been elucidated for these neurons: maintaining radial glial identity, orienting the
leading edge of radially migrating neurons, acting as a stop signal for migration and
controlling superficial dendritic maturation (Chai et al., 2009; Chameau et al., 2009; Super et
al., 2000). Most of these functions are performed by the glycoprotein Reelin which is
secreted by the Cajal-Retzius cells and is a hallmark of their identity (Ogawa et al., 1995). As
a demonstration of its importance, Reeler mice which do not produce Reelin have defects in
their cortex where the preplate does not split and cortical lamination is reversed and poorly

organized, which manifests as impaired locomotion and abnormal social behaviour (Alter et



al., 1968; Caviness Jr, 1982; Caviness Jr and Sidman, 1973; Falconer, 1951; Mikoshiba et
al., 1980; Sheppard and Pearlman, 1997). The subplate and marginal zone prepare the cortex
for the migration, differentiation and synaptogenesis of cortical projection neurons of the
cortical plate.

The cortical plate is a mosaic of a variety of neuronal types with different expression
and connection patterns within a laminated 6-layer structure. Aside from layer I, the layers of
the cortex are formed sequentially in an ‘inside-out’ fashion where early born neurons form
the deeper layers and the later born neurons migrate past them to form the more superficial
layers [Figure 2B] (Angevine Jr and Sidman, 1961). Multiple glutamatergic projection
neuron types can have cell bodies residing within the same cortical layer. Projection neurons
can be broadly classified into callosal projection neurons, which extend axons through the
corpus callosum and reside primarily in layers II/III, V, and VI, or corticofugal projection
neurons, which project to subcerebral targets in the thalamus, brainstem and spinal cord with
various types located throughout layers II to VI (reviewed in Molyneaux et al., 2007). These
connections are responsible for effecting the functions of the cerebral cortex, however, there
are other cell types found in the cortical plate that fine-tune and support the function of
projection neurons; interneurons and glial cells. Interneurons are GAB Aergic inhibitory
neurons that form local connections within the cortical plate. Unlike projection neurons that
migrate radially from the dorsal germinal zones, the majority of interneurons arrive in the
cortex via a tangential migration from the ganglionic eminences (Wonders and Anderson,
2005). Their correct localization is dependent on signals from projection neuron subtypes
with which they interact to control firing rates and develop local networks during periods of

developmental plasticity (Corbin and Butt, 2011; Hensch, 2005; Lodato et al., 2011).



Abnormal interneuron function has been shown to contribute to disease states in humans
such as epilepsy and schizophrenia (Benes and Berretta, 2001; Jones-Davis et al., 2009).

As neurogenesis nears completion in the late prenatal period, gliogenesis takes over
to produce astrocytes and oligodendrocytes. Astrocytes and oligodendrocytes are generated
sequentially from the germinal zones, with in vitro evidence suggesting oligodendrocytes are
also produced from progenitors of the basal forebrain (Culican et al., 1990; He et al., 2001;
Parnavelas, 1999; Schmechel and Rakic, 1979). Both of these lineages support neuronal
function of the cerebral cortex. Glial cell differentiation finalizes the differentiation of the
most complex and advanced neural structure of the animal kingdom. While much of the
morphological differentiation has been elucidated, a lot remains to be discovered about the
complex molecular pathways and extrinsic signaling cues that co-ordinate to direct this
process.

1.2 Control of Cell Number in the Cerebral Cortex

Many genetic pathways are involved in determining brain size. Misregulation of any
of these can lead to functional and pathological consequences. Both increases and decreases
in cortical size in humans and murine models are caused by the loss of genes that affect cell
death cascades, cell cycle regulation and self-renewal and differentiation pathways.

Cell death is important as a natural refining process during the development of the
nervous system (Buss and Oppenheim, 2004) and can occur as a downstream effect of
developmental aberrations or pathologies. In the cortex, naturally occurring cell death can be
detected in all regions but is more prevalent in proliferating populations during embryonic
development (Blaschke et al., 1998; Thomaidou et al., 1997) and peaks in the post-natal
cortical plate around the first week of life in rats (Ferrer et al., 1994). Many of the transgenic

mouse models that eliminate factors important for developmental cell death have devastating



neuronal phenotypes. The elimination of pro-apoptotic factors caspase-3 (cysteine-aspartic
protease 3), caspase-9, and Apaf-1 (Apoptotic protease activating factor 1) leads to an
overgrowth of the cortex, with exencephaly of the forebrain in the severe cases, due to a lack
of cell death or caspase activation (Cecconi et al., 1998; Kuida et al., 1998; Kuida et al.,
1996; Yoshida et al., 1998). In each of the above mutants, a thickening of the germinal zones
was observed in histological sections (Kuida et al., 1998; Kuida et al., 1996; Yoshida et al.,
1998). An increase in Bromodeoxyuridine labeling is observed in Apaf-1 mutant forebrain
during development which the authors suggest is due to increased survival of proliferative
progenitors (De Zio et al., 2005; Yoshida et al., 1998). Ablating both Bax (Bcl-2 associated
X) and Bak (Bcl-2 antagonist/killer) in mice produces a subtler phenotype where an
enlargement of the brain, thickening of the cerebral cortex and persistence of SVZ progenitor
cells was observed (Lindsten et al., 2003; Lindsten et al., 2000). Before the onset of
neurogenesis, progenitors experience exponential growth and elimination of just three
progenitor cells from the neuroepithelium at this early time point can result in the loss of 192
progenitors after six cell divisions (Haydar et al., 1999). This illustrates the importance of
programmed cell death in defining cell number in the cerebral cortex. However, the
proliferative properties of progenitor cells as they progress through exponential growth and
then into neurogenic divisions can be just as critical.

As neurons terminally differentiate they exit the cell cycle, however, studies show
that fine-tuning the cell cycle also has consequences on cell fate decisions. As neuronal
differentiation progresses the cell cycle lengthens, primarily due to a four-fold lengthening of
the G1 phase (Takahashi et al., 1995). More recent evidence has also found that both apical
and basal progenitors shorten their S-phase length when they become committed to a

neurogenic lineage (Arai et al., 2011).
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The timing and progression of the cell cycle is determined primarily by the CDK
(cyclin-dependent kinase) and cyclin families. Cyclins are expressed in a transient manner
and activate specific CDKs which allows passage through cell cycle check-points such as
cell size, DNA damage and chromosome spindle attachment (Sanchez and Dynlacht, 2005).
Aberrant activity of these groups of proteins has consequences for cell proliferation, genomic
stability and organism survival (i.e. cancer, neurodegenerative disorders) (Malumbres and
Barbacid, 2009; Wang et al., 2009). Evidence that the cell cycle plays a role in cell fate
changes first came from treatment of whole embryo cultures treated with a chemical inhibitor
(olomoucine) of cdk2/CyclinE or A and cdk1/CyclinB which act at G1/S and G2/M
transitions. Olomoucine treated embryos had a G24+M+G1 time that was 2 hours longer than
controls and a premature switch of progenitors from proliferative to neurogenic divisions in
the cortical neuroepithelium (Calegari and Huttner, 2003). This study has been followed by
others that concentrate on specific factors or complexes known to affect cell cycle
progression, particularly those that act during G1 phase due to its known importance in
neurogenesis. Overexpression of cdk4/cyclinD, but not cdk2/cyclinE, increased the
proliferative index of E13.5 cortex and shortened the cell cycle by 10% (G1 phase by 30%).
This shortening was accompanied by an increase in the basal progenitor population of the
subventricular zone, a delay in neurogenesis and a wider cortical surface at post-natal day (P)
0. When the complex was targeted by shRNA the opposite effects were observed (Lange et
al., 2009). Work by Pilaz et al has shown that ectopic expression of cyclin D1 or E1 alone
can induce similar changes. Induction of cyclin activity during the latter half of
corticogenesis (E15) translates to a shift in cell fate where layers 2/3 are favoured (Pilaz et
al., 2009). Presumably, the alteration in progenitor pool observed in transient expression

studies would translate to a more marked change in cortical size in a transgenic animal
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model. Cyclin D2 (cD2) is localized to the subventricular zone and is upregulated at the
transition between radial glia and intermediate progenitor, suggesting unique developmental
functions (Glickstein et al., 2007; Glickstein et al., 2009). Animals that are null for cD2 have
reduced cortical volume and progenitor cell populations due to reduced proliferation. At the
level of the cell cycle, cD2-null progenitors in the VZ have an elongated G1 phase,
consistent with premature cell cycle-exit, and also a shortened S phase (Glickstein et al.,
2009). These studies show that positive or negative changes on cell cycle length due to
manipulation of CDK/Cyclin activity have concordant changes on the renewal/differentiation
balance and cellular output of cortical progenitor cells.

Other components of cell cycle regulatory pathways can also modulate cortical
development. One of the most important downstream targets of G1 phase CDK/Cyclin
complexes is the retinoblastoma tumour suppressor protein pRb. It acts upon terminal
neuronal differentiation and cell cycle exit in neuronal precursors (Slack et al., 1998). When
pRb is conditionally deleted in the neocortex or CNS there are ectopic mitoses present which
leads to a 30% increase in cerebral hemisphere volume at E16.5 or a 27% increase in brain
weight at E18.5 (Ferguson et al., 2002; MacPherson et al., 2003).

Cyclin-dependent kinase inhibitors (CKI) act to titrate the activity of CDK/Cyclin
complexes and play a key role in the development of the nervous system (reviewed in
Cunningham and Roussel, 2001). The CKI p21Cipl is a downstream mediator of
antiproliferative TGF-f signaling in organotypic slice culture (Siegenthaler and Miller,
2005). In vivo, p57<"* is expressed primarily in the VZ earlier in corticogenesis and later co-
localized with select populations undergoing differentiation suggesting a possible
developmental role (Ye et al., 2009). Its overexpression can induce cell cycle arrest and

neuronal differentiation more effectively than p27%"! after in vivo electroporation (Tury et
y p p y
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al., 2011). The effect of removing p57ij2 expression on overall cell number during
corticogenesis remains to be validated. The most studied of the CKIs is p27*"*', where
knock-out animals exhibit increased production of late-born neurons (Fero et al., 1996; Goto
et al., 2004). Overexpression was found to have the opposite effect on layer output due to an

increased probability of cell cycle exit (Mitsuhashi and Takahashi, 2009; Tarui et al., 2005).

There was a trend towards having an elongated G1 phase and cell cycle length; however,

none of the results were statistically significant (Tarui et al., 2005). It is also worth noting

that roles for p27 in neuronal differentiation independent of its cell cycle regulation have

been found which could complicate the interpretations of the above studies (Nguyen et al.,

2006). In Xenopus, p27 is essential for neurogenesis demonstrating that a role in neuronal

development is evolutionarily conserved (Vernon et al., 2003). Overall, many important

regulators of the cell cycle have been found implicated in terminal differentiation and

neuronal output in the cerebral cortex [summarized in Table 1].

Table 1. Cell Cycle Regulators in the development of the Cerebral Cortex

Cell Cycle Role in Forebrain Development Reference
Regulator
cdk4/cyclin D Controls cell cycle length, Glickstein et al., 2009;
proliferation index, neurogenesis Lange et al., 2009; Pilaz
timing and cortical volume et al., 2009
cdk2/cyclin E1 Effects self-renewal/differentiation Pilaz et al., 2009
decision in cortical progenitors, helps
determine early to late-born neuronal
fate ratios
pRb Determination of terminal Ferguson et al., 2002;
differentiation, cerebral hemisphere MacPherson et al., 2003;
volume Slack et al., 1998
p21°P! Mediates antiproliferative TGF-f3 Siegenthaler and Miller,
signaling 2005
p27Klpl Controls cell cycle length and Fero et al., 1996; Goto et
terminal differentiation, helps al., 2004; Mitsuhashi and
determine early to late-born neuronal | Takahashi, 2009; Tarui et
fate ratios, essential for neurogenesis | al., 2005; Vernon et al.,

13




in Xenopus 2003

p577P Induces cell cycle arrest in the Tury et al., 2011; Ye et
ventricular zone al., 2009

Cell output of the cerebral cortex is controlled by both the speed and type of cell
division (Caviness Jr et al., 2003). Several important pathways interact to balance self-
renewal with differentiation, and pattern the forebrain. Among these are the well studied Wnt
(Wingless), Shh (Sonic Hedgehog), and TGF-3 (Transforming Growth Factor-f)/BMP (Bone
Morphogenetic Protein) signaling cascades. Each of these morphogens is secreted from
different signaling centers and was identified foremost for their role in patterning of the
embryo. Early in embryogenesis, Wnts are responsible for early establishment of the
anterior-posterior axis and later are secreted from the cortical hem and are required
specifically for the proliferation of hippocampal progenitors (for a complete review of Wnt
signaling in neural development see Freese et al., 2010). Wnt ligands interact with frizzled
and lipoprotein receptor-related protein (LRP) 5/6 coreceptors at the cell surface and the
resulting cascade stabilizes f-Catenin so it can act as a coactivator of the TCF/LEF (T-Cell
Factor/Lymphoid Enhancer Factor) family of transcription factors (MacDonald et al., 2009).
Aside from its patterning roles, the canonical Wnt signaling pathway is important for control
of growth of the dorsal telencephalon. In a dual role, earlier progenitors are encouraged to
expand and self-renew whereas intermediate progenitors in the upper SVZ undergo neuronal
differentiation in response to Wnt activity (Chenn and Walsh, 2002; Hirabayashi et al., 2004;
Munji et al., 2011). Consequently, in vivo electroporation of Wnt3a or transgenic expression
of a stabilized form of B-Catenin results in expansion of progenitor populations and
increased cortical surface area, sometimes accompanied by gyrations or neuronal

heterotopias (Chenn and Walsh, 2002, 2003; Munji et al., 2011; Woodhead et al., 2006). Wnt
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and TGF-f signaling use cross-talk to finely tune their activity and are able to co-regulate the
expression of important developmental genes (Chesnutt et al., 2004; Falk et al., 2008; Guo
and Wang, 2009). The TGF-p family of ligands, which includes BMPs, are important for
dorso-ventral patterning of the neural tube and in the dorsal telencephalon are expressed at
the dorsal midline, where the choroid plexus fails to develop in its absence (Chesnutt et al.,
2004; Hébert et al., 2002). To initiate the TGF-B/BMP cascade, intracellular dimerization of
ligands is required to produce a mature signaling molecule. They are recognized by a
heterotetramer of Type I and II receptor subunits. Once bound, the receptor complex
phosphorylates Smadsl1, 5 and 8 which then associate with Smad4 and translocate to the
nucleus to act as transcriptional regulators (Zeng et al., 2010). Components of TGF-3 and
BMP signaling are found in the cerebral cortex during both development and postnatally and
control differentiation timing in neural precursor cells (Miller, 2003; Panchision et al., 2001;
Sun et al., 2011; Tomoda et al., 1996). TGF-f1 is able to induce the differentiation of
cultured radial glia into astrocytes and in organotypic slice cultures it decreases proliferating
ventricular zone cells and increases the proportion of cells exiting the cell cycle by 20%
(Siegenthaler and Miller, 2005; Stipursky and Gomes, 2007). This is accomplished via
increased expression of the CKI p21 (Siegenthaler and Miller, 2005). The in vivo function of
the other TGF-p isoforms (2 and 3) were examined via double knock-out mice and found to
have increased proliferation and a decrease in neuronal output (Vogel et al., 2010). The
evidence available suggests TGF-f signaling plays a general role in control of terminal
differentiation of cortical progenitors. Studies examining BMP function have also identified
a primarily anti-proliferative role for this signaling pathway separate from its patterning
abilities. BMP4 stops cell division and can induce co-expression of Nestin, a progenitor cell

marker, with GFAP (Glial Fibrillary Acidic Protein) in rat neural stem cell cultures (Sun et
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al., 2011). Similarly, BMP7 exposure in vivo induced premature differentiation of radial glia
into astrocytes and increased the transition from radial glia to intermediate progenitor
(Ortega and Alcdntara, 2010)). Another ligand, BMP2, preferentially induces neuronal
differentiation and decreases proliferation in vitro (Mabie et al., 1999). The variety of BMP
ligands expressed in the forebrain affect specific cell types and offer clues as to how one
signaling pathway can precisely control multiple differentiation processes. Using different
isoforms to control differentiation also extends to the level of BMP receptors. Panchision et
al propose that BMP Receptor Type IA (BMPR-1A), which is expressed in all proliferative
populations of the neural tube, promotes proliferation and induces expression of BMPR-1B.
When BMPR-1B activity meets a certain threshold it induces terminal differentiation
(Panchision et al., 2001). The complexity and redundancy of the BMP pathway make it
difficult to precisely define its function in the control of self-renewal and differentiation but
the Sonic Hedgehog (Shh) pathway has been studied in vivo with the aid of many good
transgenic models. Shh is a morphogen secreted from the ventral side of the neural tube and
counteracts the dorsal signaling of Wnt and BMP via mutual inhibition (Guo and Wang,
2009; Huang et al., 2007; Ulloa et al., 2007; Ulloa and Marti, 2010). Secreted Shh binds the
transmembrane protein Patched (Ptc) and stops its inhibition of G-protein coupled receptor
family member Smoothened (Smo). Downstream of Smo activation, the transcriptional
regulation controlled by Shh is mainly mediated by the three mammalian Gli transcription
factors. Glil acts only as an activator and is transcriptionally activated by the other Gli
proteins. Gli2 and 3 can be processed to become repressors by proteasomal digestion of their
C-terminal domain. In the absence of Shh ligand, the Gli transcription factors are
phosphorylated by PKA which leads to bTrCP binding and targeting to the proteasome. Glil

and Gli2 tend to be completely degraded but the repressor form of Gli3 is released and is free
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to repress target genes. While the mechanisms are not completely understood, when Smo is
activated by hedgehog signaling it stops Gli activator degradation and causes the release of
the suppressor Sufu allowing Gli translocation to the nucleus (for reviews see Ayers and
Thérond, 2010; Cohen Jr, 2010; Ingham et al., 2011). Complete knock-out of Shh in murine
embryos results in severe patterning defects and demonstrates the requirement for Shh
signaling in development and/or maintenance of the midline structures of the brain (Chiang
et al., 1996). Later in the telencephalon, Shh is required for ventral fate specification
specifically for interneuron marker expression in the medial ganglionic eminence (Fuccillo et
al., 2004; Machold et al., 2003; Xu et al., 2005). Low levels of Shh activity also act as an
endogenous mitogen in the cerebral cortex starting at approximately E13 in mice (Dahmane
et al., 2001; Komada et al., 2008). Tbr2-positive progenitor cell numbers and their
proliferation index is increased in models of Shh activation leading to a thickening of the
cortical plate (Komada et al., 2008; Shikata et al., 2011). The opposite effect was seen in
models of Shh inactivation (Dahmane et al., 2001; Komada et al., 2008). There is some
evidence to demonstrate that Shh signaling is affecting cell cycle regulation in neural
progenitors. Cell cycle is elongated in proliferating cells of the cerebral cortex in Shh and
Smo conditional knock-outs (Komada et al., 2008). In chick embryo neural tube, expression
of repressive Gli caused an accumulation of cells in G1 where expression of Cyclin D1 was
found to be modulated (Cayuso et al., 2006). The requirement for Shh extends postnatally to
the maintenance of stem cell niches (ie. Subventricular Zone) (Balordi and Fishell, 2007;
Machold et al., 2003). Signaling pathways present in the cortex cooperate to regulate
proliferation/differentiation of neural and glial progenitors throughout development and
sometimes into adulthood. These pathways combined with intrinsic genetic factors and

proteins important for control of cell death and cell cycle dictate the final size and shape of
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the cerebral cortex. Characterization of downstream effectors may continue to shed light on
the complex process of corticogenesis.
1.3 Foxgl

Brain development requires a multitude of intrinsic genetic pathways and
transcription factors. These transcription factors are involved in spatial and cell type
specification, which guides primordial cells of the neuroepithelium into the broad array of
specified neural structures found in the adult brain. The contribution of transcription factors
to brain development has been reviewed elsewhere (Guillemot, 2007; Hevner, 2006;
Molyneaux et al., 2007), while this chapter is on the role of one transcription factor, Foxgl,
in forebrain development.

The forkhead homeobox (Fox) family of transcriptional regulators is involved in the
downstream regulation of many signaling pathways in a wide variety of tissue and cell types
(reviewed in Wijchers et al., 2006). Forkhead box G1 (Foxgl), formerly called Brain Factor-
1 (BF-1), is crucial for the development of anterior neural tube structures including the retina
and optic chiasm, olfactory epithelium, inner ear, and forebrain (Duggan et al., 2008; Huh et
al., 1999; Kawauchi et al., 2009; Pauley et al., 2006; Pratt et al., 2004; Xuan et al., 1995). It
was first discovered based on the homology of its DNA binding domain to other mammalian
forkhead proteins (Tao and Lai, 1992). The Foxgl gene is found on chromosome 12gB3 in
mice, 14q12 in humans, and encodes a 481 amino acid protein (Li et al., 1996; Wiese et al.,
1995). Interestingly, two Foxgl transcripts have been identified in mice that contain the same
open reading frame located in Exon 2. Class 2 transcripts contain a non-coding Exon 1 but
Class 1 transcripts are transcribed from a promoter region within Intron 1 and are more
abundant (Li et al., 1996). Foxgl expression is enriched in the anterior neural structures such

as the forebrain and retina in rodents but is also found in the testis in humans (Hatini et al.,
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1994; Obendorf et al., 2007; Tao and Lai, 1992). Transcript levels are also higher in the
developing brain than in the adult brain (Tao and Lai, 1992). Its expression patterns along
with a high degree of evolutionary conservation strongly suggest that Foxgl plays an
important developmental role (Bourguignon et al., 1998; Koinuma et al., 2003; Mondal et al.,
2007; Murphy et al., 1994; Zhao et al., 2009). Targeted disruption of the Foxg/ allele in mice
resulted in perinatal lethality and a severe reduction in the size of the cerebral hemispheres.
Histological analysis of the cerebral cortex in these animals revealed a lack of development
of both the ventral and dorsal telencephalon due to precocious differentiation of neural
progenitors that depleted their population (Martynoga et al., 2005; Xuan et al., 1995). Foxgl
activity is dosage dependent, where haploinsufficiency causes a reduction in the volume of
the cortex and hippocampus, a depletion of intermediate progenitor cells, an elongated cell
cycle length and increased p21lexpression (Eagleson et al., 2007; Siegenthaler et al., 2008).
Foxgl heterozygous mice also have postnatal deficits in hippocampal neurogenesis and
exhibit hyperlocomotion and memory deficits (Shen et al., 2006a). Less is known about the
effects of overexpression in mammals. In chick embryos, retroviral expression of FoxG1 in
the neural tube leads to a thickening of the neuroepithelium and, in Xenopus, exogenous
FoxG1 expands the neural plate by specifying more cells to a neuronal fate and increasing
proliferation (Ahlgren et al., 2003; Hardcastle and Papalopulu, 2000). Humans are also
sensitive to FOXG1 dosage since heterozygosity and duplications have been linked to
syndromic mental retardation (congenital variant of Rett Sydrome and West Syndrome,
respectively) and FOXG1 has been found upregulated in hepatoblastoma, medulloblastoma
and ovarian cancer (Adesina et al., 2007a; Adesina et al., 2007b; Ariani et al., 2008;
Brunetti-Pierri et al., 2011; Chan et al., 2009; Kortiim et al., 2011; Mencarelli et al., 2009;

Papa et al., 2008; Shoichet et al., 2005; Striano et al., 2011; Tohyama et al., 2011).

19



Aside from growth control, Foxgl also functions in forebrain patterning, fate
determination and neuronal protection. In Foxg] mutants there is an excess of Reelin
expressing neurons in the cortical plate due to abnormal medial-lateral patterning
(Hanashima et al., 2004; Muzio and Mallamaci, 2005). Both Wnt and BMP signaling are
expanded in the dorsal telencephalon whereas the anterior expression domain Fgf8 is
reduced and ventral Shh signal is absent (Dou et al., 1999; Hanashima et al., 2002; Huh et
al., 1999; Martynoga et al., 2005; Muzio and Mallamaci, 2005). In the ventral portion of the
telencephalon (ganglionic eminences) Foxgl signal is autonomously required for cells to
adopt ventral cell fates even in the presence of normal morphogenetic gradients (Manuel et
al., 2010). A study of progenitors treated with Foxgl short-hairpin RNA in vitro
demonstrates altered intrinsic cell fate decisions and a resetting of the timing mechanisms in
early progenitors (Shen et al., 2006b). Foxgl also encourages self-renewal and expansion of
neural progenitors while blocking gliogenesis (Brancaccio et al., 2010). In post-mitotic
cerebellar granule neurons, Foxgl promotes survival downstream of Insulin-like Growth
Factor 1/Akt signaling (Dastidar et al., 2011). How Foxgl1 is able to carry out all of these
varying functions with precision is not completely understood and its downstream targets
still require characterization.

Foxgl protein contains a central winged-helix DNA binding domain known as the
Forkhead domain and a c-terminal end that is capable of protein interaction (Bourguignon et
al., 1998; Li et al., 1995; Rodriguez et al., 2001; Tao and Lai, 1992). Introducing a DNA-
binding mutant expressed in a similar pattern to the wildtype protein restores the proliferative
ability of progenitor cells in the dorsal telencephalon of Foxg1-null mice but is unable to
rescue premature differentiation or the lack of ganglionic eminence development suggesting

separate mechanisms of action in vivo (Hanashima et al., 2002). Foxgl can repress
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expression of p21, p27 and Wnt8b and upregulate Pax6 via different mechanisms (Danesin et
al., 2009; Hardcastle and Papalopulu, 2000; Manuel et al., 2011; Siegenthaler et al., 2008). It
can act as a transcriptional repressor on its own or act in concert with other cofactors
(Bourguignon et al., 1998; Li et al., 1995). Foxg1 recruits co-repressors
Groucho/Transducin-like Enhancer of split (TLE) that negatively regulate the differentiation
of progenitor cells in the telencephalon (Roth et al., 2010; Yao et al., 2001). This interaction
is inhibited by association of Foxgl with Grg6 and shows a pathway where both DNA
binding ability and protein interaction are required for Foxgl transcriptional repression
(Margal et al., 2005). Protein interactions alone are responsible for repression of TGF-
B/BMP differentiation-inducing signaling. The C-terminal end of Foxgl associates with Fast-
2 (a SMAD DNA-binding partner), SMADs and FoxO proteins directly (Dou et al., 2000;
Rodriguez et al., 2001; Seoane et al., 2004).

Foxgl is upregulated when there is an overexpression of Bmil (B lymphoma Mo-
MLV insertion region 1 homolog) in cortical progenitor cells and its DN A-binding domain is
required to maintain self-renewal and multipotency signaled by Bmil (Fasano et al., 2009).
Foxgl can also be regulated via intracellular localization. Phosphorylation at Threonine 226
induced by FGF signaling promotes nuclear export and neuronal differentiation. On the other
hand, CKI phosphorylation of Serine 19 promotes nuclear import (Regad et al., 2007).
Finally, Foxgl activity is controlled epigenetically by microRNA-9 opening the door to the
possibility of other regulatory mechanisms (Bredenkamp et al., 2007; Shibata et al., 2008;
Shibata et al., 2011).
1.4 Epigenetic Mechanisms and Brain Development

A broad definition of epigenetics is the “mechanisms of temporal and spatial control

of gene activity of complex organisms” outside of Mendelian genetics (Holliday, 1990). This
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involves mechanisms that can alter mRNA transcript stability or chromatin structure.
Chromatin facilitates approximately 2 meters of DNA to be packaged into a single nucleus
but can also function as a regulatory mechanism controlling access to the DNA (Van Holde
and Isenberg, 1975). The basic subunit of chromatin is the nucleosome which consists of 147
base pairs of DNA wrapped around a histone protein octamer of two copies each of histones
H2A, H2B, H3, and H4 (Kornberg, 1974; Luger et al., 1997). The interaction of DNA with
the histone proteins is stabilized multiple ways, including hydrogen bonds, hydrophobic and
van der Waals forces (De Santis et al., 1973). A fifth histone type, linker histone H1, is
bound outside of the core octamer at the entry/exit site of the linker DNA and is proposed to
stabilize nucleosome spacing and higher-order compaction (reviewed in Happel and
Doenecke, 2009; Routh et al., 2008). Higher-order chromatin structure has generally been
identified as variants of a ‘30 nm fibre” where nucleosomes are packaged into helical
structures whose actual diameter depends on linker DNA length (Robinson et al., 2006;
Routh et al., 2008; Schalch et al., 2005). These chromatin fibres are organized into loops of
about 60 kilobases that anchor on the nuclear matrix and can be gathered together to define
interphase chromosome structure (Pienta and Coffey, 1984).

There are several ways the cell can alter chromatin structure at a basic level including
DNA methylation, histone modifications and chromatin remodeling complexes [Figure 3A].
DNA methylation plays an important role in transcriptional regulation. The addition of a
methyl group to cytosine to form 5-methylcytosine occurs at CpG dinucleotide consensus
sites that are commonly found grouped into CpG islands. They are found in or near 70% of
promoters of human genes (Saxonov et al., 2006). DNA methylation is mediated by DNA
methyltransferases (DNMTs). DNMT3a and DNMT3b are de novo methyltransferases that

can introduce new methylation marks whereas DNMTT is required for maintenance of
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methylation during DNA replication. DNA methylation is associated with transcriptional
repression due to both steric hindrance created by the methyl groups themselves and via
methyl-binding domain (MBD) proteins (reviewed in Klose and Bird, 2006). Methylation
patterns in the cerebral cortex are dynamic during development and throughout the lifespan
of humans and vary according to brain region (Ladd-Acosta et al., 2007; Siegmund et al.,
2007). Additionally, both Rett syndrome and immunodeficiency, centromere instability,
facial anomalies (ICF) syndrome in humans are associated with intellectual disability and
mutations in MeCP2 (a MBD protein) and DNMT3B respectively suggesting an important
role for DNA methylation in the CNS (Amir et al., 1999; Xu et al., 1999). Hypomethylation
of neurons in the forebrain results in neuronal death, underdeveloped neurons and a lack of
long term signal potentiation in some pathways (Fan et al., 2001; Feng et al., 2010; Hutnick
et al., 2009). Modulating expression of downstream MBD protein function has similar
effects, and in the case of MeCP2 specifically causes defects in dendritic spine morphology
and density and axonal organization (Belichenko et al., 2009; Chapleau et al., 2009; Chen et
al., 2001; Martin Caballero et al., 2009; Smrt et al., 2007).

Histone proteins residues are subjected to post-translational covalent modification,
particularily exposed amino-terminal tails and carboxy-terminal regions. The range of
modifications possible includes acetylation (ac), methylation (me), phosphorylation, ADP
ribosylation, ubiquitination and sumoylation and each has their own set of enzymes
responsible for catalyzing the addition or removal of these moieties [Figure 2A]. The
combinations of post-translational modifications present on a given nucleosome define a
‘code’ which determines the recruitment of chromatin-associating factors (reviewed in

Campos and Reinberg, 2009). Many marks have become associated with particular functions
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Figure 3. Epigenetic modification of the genome.

(A) The mammalian genome is compacted into chromatin which can be modified by DNA
methylation, histone covalent modification and chromatin remodeling (Left to Right). The
methylation of CpG dinucleotides is catalyzed by DNA Methyltransferases (DNMTs) and be
recognized and bound by Methyl Binding Domain proteins (MBD). DNA methylation
mediates repression through steric hindrance and recruitment of other remodeling factors.
Exposed histone tails can be covalently modified by acetylation (Ac), methylation (Me),
phosphorylation (P), ubiquitination, ADP ribosylation, and sumoylation. The addition or
removal of each of these marks is mediated by a distinct set of enzymes. Histone acetylation
is added by Histone Acetyltransferases (HAT) and removed from Histone Deacetylases
(HDAC). Similarly the addition/removal of methylation is carried out by Histone
Methyltransferases (HMT) and Histone Demethylases, respectively. The code that is created
by different patterns of histone modification is read by other factors; among these are
chromatin remodeling factors. Chromatin remodeling factors use the energy generated from
ATP hydrolysis to slide, assemble or evict nucleosomes. From Lagali et al., 2010.

(B) The ISWI family of chromatin remodeling proteins disrupts DNA-histone interactions at
entry to the nucleosome and new bonds are formed with extranucleosomal DNA. This
creates a bulge of DNA that can be propagated through the nucleosome resulting in a shift in
position of the histone octamer in relation to DNA sequence. Adapted from Léangst and
Becker, 2001b, 2004.

(C) The mammalian ISWI orthologs Snf2l and Snf2h associate with multiple complexes
which guide their associations with chromatin (often via bromodomains or plant
homeodomains [PHD]) and modulate their function. This allows ISWI complexes to play
diverse roles in transcriptional control, DNA replication and DNA repair response. From
Erdel and Rippe, 2011b.
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in defining chromatin domains, transcriptional regulation, DNA repair, DNA replication and

even splicing [Table 2].

Table 2. Associated functions of common histone modifications

Type of Modification Associated with... Reference
H3K4me3 Transcriptional activation, Heintzman et al., 2007
active promoters

H3K9me3 Transcriptional repression Bannister et al., 2001

H3K27me3 Transcriptional repression Boyer et al., 2006; Lee et al.,
2006; Roh et al., 2006

H3K36me3 Exon marking Kolasinska-Zwierz et al.,
2009; Schwartz et al., 2009

H3K9ac Transcriptional Activation Roh et al., 2006; Vermeulen
et al., 2007

H3K14ac Transcriptional Activation LeRoy et al., 2008; Roh et

al., 2006; Vermeulen et al.,
2007

H4K20me3, mel/2

Heterochromatin, DNA
repair

Barski et al., 2007; Botuyan
et al., 2006

H4K16ac

Chromatin decondensation

Shogren-Knaak et al., 2006

H2A.X S139 Phos

DNA repair

Rogakou et al., 1998

Table 2. Many histone tail covalent modifications are associated with a common function.
This table summarizes some of the most prevalent in the literature.

Given the broad range of modifications possible, their role in brain development is

complex and has not been completely elucidated (Lee and Lee, 2010). Examples of

epigenetic mediators important in neuronal development are repressor element-1 silencing

transcription (REST)/ Corepressor for element-1-silencing transcription factor (CoREST),

Bmil and Ezh2. REST/CoREST are transcriptional repressors that can interact or operate in

separate complexes involved in recruiting, among others, histone deacetylases HDACI1 and

HDAC?2, Sin3, MeCP2, histone methyltransferases G9a and Suv39 hl and histone

demethylase LSD1 (for a review of function and associating factors see Qureshi et al., 2010).

REST represses the expression of neuronal genes in non-neuronal tissue and neural stem

cells (Chen et al., 1998). During neuronal differentiation levels of REST become
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successively lower to allow neuronal commitment and then terminal differentiation (Ballas et
al., 2005). When REST expression is maintained during corticogenesis, neural fate can be
specified but neuronal differentiation and migration are delayed (Mandel et al., 2011). In
vitro evidence also points to a role for REST in mediating neuronal subtype specification
(Abrajano et al., 2009). CoREST remains associated with chromatin independently of REST
and controls a different gene network as well, one that focuses on neural stem cell
multipotency and lineage restriction (Abrajano et al., 2010; Ballas et al., 2005). REST and
CoREST may also interact with Polycomb group (PcG) proteins, Bmil and Ezh2 (Qureshi et
al., 2010). The Polycomb group proteins form two core Polycomb Repressive Complexes
(PRC). PRCI contains Bmil/Mell8, HPH, Ring1/Ring1B, and Cbx/Hpc proteins and PRC2
contains Eed, Suz12, Ezh2, and Rbap48/46. Together PRC1 and PRC2 mediate histone
deacetylation and histone H3 Lysine 27 trimethylation (H3K27me3). H3K27me3 is mediated
by methyltransferase activity of Ezh2 followed by transcriptional repression possibly by
interfering with chromatin remodeling activity (reviewed in Lin et al., 2011). Deletion of
Ezh2 (enhancer of Zeste homolog 2) in the cerebral cortex ablate H3K27me3 in neural
progenitors and the resulting neurons. Ezh2-null cortical apical progenitors over-produce
intermediate progenitors and neurons at the expense of self-renewal and cause an advance in
the differentiation timeline of cortical plate neurons (Pereira et al., 2010). Polycomb group
protein Bmil is also important for progenitor self-renewal. Its presence is required to
downregulate p16™*, p19 and the p21“""'/Retinoblastoma pathways in order to maintain the
self-renewal and proliferation of neural stem cells during development and postnatally
(Fasano et al., 2007; Molofsky et al., 2003; Wang et al., 2010; Zencak et al., 2005).
Mediators of histone post-translational modifications are important for the maintenance of

stem cells and cell fate determination.
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Histone modifications can also serve to recruit chromatin remodeling complexes.
SNF2 chromatin remodeling factors are a superfamily of enzymes containing a
Switching/Sucrose non-fermenting-2 (SWI/SNF2)-like DNA translocase/helicase motif with
the ability to alter chromatin structure using the energy derived from ATP hydrolysis. There
are 23 subfamilies of chromatin remodeling factors within this superfamily. With the
creation of transgenic mouse models, the importance of chromatin remodeling factors in
neural development is emerging. ATRX was identified as the gene mutated in a-thalassemia
mental retardation X-linked (ATR-X) syndrome (Gibbons et al., 1995). Subsequent studies
in mice show that ablation of ATRX in the forebrain reduces progenitor cell survival due to
activation of pS3 and interrupts cellular migration leading to hypocellularity of multiple
layers in the cerebral cortex and loss of the dentate gyrus in the hippocampus (Bérubé et al.,
2005; Seah et al., 2008). There are two mammalian SWI/SNF family homologs, Brm
(Brahma) and Brgl (Brahma-related gene 1) (Chiba et al., 1994; Khavari et al., 1993;
Randazzo et al., 1994). Brm is dispensable for normal development but does play a role in
cell cycle control, while Brgl is required for proper development from early embryogenesis
(Bultman et al., 2000; Reyes et al., 1998). Initial studies of Brgl in neural stem cells and its
targeted deletion in neural tissue generated conflicting results. Brgl was shown to be
required for neuronal differentiation by mediating the transcriptional activity of neuregulin-
related-1 and NeuroD and resulting in more progenitor cells in developing Xenopus but
induced premature neural differentiation when ablated in murine brain (Matsumoto et al.,
2006; Seo et al., 2005). These results can perhaps be reconciled by the fact that BAF subunits
of the complex associated with Brgl switch during neuronal development. This switching

allows Brgl complexes to control neural progenitor proliferation and self-renewal and
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determine the timing of neural differentiation (Lessard et al., 2007). In my thesis I identified
a novel role for the ISWI family member, Snf2l, in regulating CNS growth and development.
1.5 ISWI

The SWI/SNF SF2 subfamily is a group of chromatin remodeling proteins that
associates with co-factors in large functional complexes, some greater than 1 MD in size
(Mohrmann et al., 2004; Peterson et al., 1994; Wang, 2003). SWI/SNF complexes can slide
nucleosomes along the DNA or evict them (Brown et al., 2011; GutiErrez et al., 2007;
Montel et al., 2007; Whitehouse et al., 1999). To target sites of nucleosome remodeling the
SNF/SWI proteins use their bromodomain, located on the C-terminal end, to increase
binding to acetylated H3 and H4 and facilitate remodeling activity there (Awad and Hassan,
2008). The ISWI (imitation switch) protein was originally identified in Drosophila based on
its homology to the SWI/SNF protein Brahma (Elfring et al., 1994). While ISWI contains the
SWI2/SNF2 ATPase-Helicase domain common to all SF2 family members, it does not
contain the bromodomain found in SWI/SNF proteins placing it in a separate subfamily
(Flaus and Owen-Hughes, 2011). Instead, it is characterized by the presence of C-terminal
HAND, SANT (Swi3, Ada2, NCoR, TFIIIB) and SLIDE (SANT-Like ISWI) domains that
mediate interaction with substrate nucleosomes (Griine et al., 2003). The HAND domain
interacts with nucleosomal DNA near the entry/exit site and is postulated to give ISWI a
preferred directionality for nucleosome movement (Dang and Bartholomew, 2007; Griine et
al., 2003; Langst and Becker, 2001a). The SLIDE domain contacts extranucleosomal DNA
and due to its proximity could be responsible for recognition of the epitope at the base of
histone H4 that is critical for stimulating nucleosome remodeling (Clapier et al., 2002; Dang
and Bartholomew, 2007; Dang et al., 2006; Griine et al., 2003). The SANT domain is less

critical for chromatin remodeling as it can still occur in vitro in ASANT deletion mutants (
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Griine et al., 2003). Its binding target has not been confirmed. The conserved ATPase
domain associates with DNA close to the dyad axis of the nucleosome (Dang and
Bartholomew, 2007; Griine et al., 2003; Schwanbeck et al., 2004). Nucleosome movement
induced by ISWI occurs in cis while maintaining histone octamer integrity (Hamiche et al.,
1999). Observation of incremental movements up to 10 base pairs suggests that nucleosomes
are being slid along the DNA (Gangaraju et al., 2009; Hamiche et al., 1999; Schwanbeck et
al., 2004). The proposed mechanism for the nucleosome sliding is one where DN A-histone
bonds are disrupted at entry to the nucleosome and new bonds are formed with
extranucleosomal DNA. This creates a bulge of DNA that can be propagated through the
nucleosome resulting in a shift in position of the histone octamer in relation to DNA
sequence [Figure 3B] (Lingst and Becker, 2004). ISWI slides nucleosomes along DNA
while still maintaining their structure (Kassabov et al., 2002). The differences in the sliding
orientation and spacing of arrays are determined not only by the ATPase subunit but also the
proteins that associate with it (Fan et al., 2005; He et al., 2006; Rippe et al., 2007).

ISWI orthologs have been identified in several model organisms, from yeast to
humans, indicating an important cellular function. Humans and mice have two ISWI
homologs: Snf2h (Sucrose non-fermenting 2 homolog) and Snf21 (Sucrose non-fermenting 2-
like) (Aihara et al., 1998; Dirscherl and Krebs, 2004; Lazzaro and Picketts, 2001; Okabe et
al., 1992).

Similar to SWI/SNF, the ISWI homologs exist in multi-protein complexes. ISWI
proteins function within multiple chromatin remodeling complexes that differ by organism.
Drosophila ISWI has been found in three different complexes: CHRAC (chromatin
accessibility complex), ACF (ATP-dependent chromatin-assembly and remodeling factor),

and NURF (nucleosome remodeling factor) (Ito et al., 1997; Tsukiyama and Wu, 1995;

30



Varga-Weisz et al., 1997). Mammalian complexes are more numerous and complicated by
the presence of two ISWI homologs [Figure 3C]. Snf2h associated complexes are RSF
(remodeling and spacing factor) where it is associated with Rsfl, NoRC (nucleolar
remodeling complex) where it interacts with Tip5, WICH (WSTF-ISWI chromatin
remodeling complex) that contains WSTF (Williams Syndrome Transcription Factor), ACF
and CHRAC that both contain Acf1 but differ by the addition of histone-fold proteins
CHRAC 15 and 17 (Bozhenok et al., 2002; LeRoy et al., 1998; Poot et al., 2000; Strohner et
al., 2001). Snf2] has been associated with only two complexes in mammalian cells: NURF
and CERF (CECR2-containing remodeling factor). Mammalian NURF has homologous
subunits to its counterpart in Drosophila with BPTF (bromodomain and PHD finger
transcription factor) and Retinoblastoma-Associated Protein (RbAP) 46/48 (Barak et al.,
2003). CEREF contains Snf2] and transcription factor CECR2 (cat eye syndrome chromosome
region, candidate 2) (Banting et al., 2005). Interestingly, recent work has shown that CECR2
associates predominantly with Snf2h in the testis raising the possibility of ISWI subunit
switching in different biological contexts (Thompson et al., 2012).

ISWI remodelers constantly scan chromatin via transient interactions and remain
associated longer at sites of active remodeling (Erdel et al., 2010). The mechanisms that
stably target them to specific sites within the chromatin are diverse and are often due to
specificities of their associated factors (reviewed in Erdel and Rippe, 2011b). While analysis
of genome-wide ISWI binding sites fails to reveal a global recognition sequence, Acfl can
target chromatin remodeling activity based on a 40 base pair sequence element and
demonstrates that targeting based on DNA sequence is possible (Rippe et al., 2007; Sala et
al., 2011). Binding can also be directed by histone post-translational modifications. Several

ISWI-associated proteins contain bromodomains or plant homeodomains (PHD) known to
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associate with acetylated or methylated histone residues, respectively. As an example, the
PHD finger of BPTF is able to recruit NUREF to sites of active transcription due to a
preference for trimethylated lysine 4 of histone H3 (Wysocka et al., 2006). Additionally, the
bromodomains of BPTF and Tip5 can recognize histone H4 acetylated at lysine position 16
(Kwon et al., 2009; Zhou and Grummt, 2005). Specific histone variants can be recognized by
chromatin remodeling complexes providing information about the processes they are
involved in. WSTF interacts with histone H2A.X and phosphorylates tyrosine 142 which
participates in the DNA damage response (Xiao et al., 2009). CENP-A is an H3 variant
specific to the centromere (Palmer et al., 1991). RSF has been found associated with CENP-
A in immunoprecipitation experiments where it contributes to CENP-A integration into the
centromere (Perpelescu et al., 2009). Different targeting strategies contribute to the diversity
of biological functions performed by chromatin remodeling factors.

ISWI complexes have roles in many crucial DNA-related processes such as
transcriptional activation or repression, DNA repair, replication and chromosomal structure
(Reviewed in Dirscherl and Krebs, 2004; Erdel and Rippe, 2011b). In Drosophila, ISWI
binds both intergenic and genic regions of the genome but was often found enriched at gene
regulatory regions in the proximity of the TSS (Sala et al., 2011). ISWI-bound genes and
those whose expression is changed at least 1.5X-fold in ISWI-ablated larvae show an overlap
of 50% but when the fold change is increased to 4X that number drops to only 10%
demonstrating that the nucleosome positioning induced by ISWI leads to mild expression
changes (Sala et al., 2011). ISWI has been implicated in controlling the expression of
patterning genes in several organisms. Ultrabithorax expression is encouraged by ISWI in
Drosophila and Engrailed is upregulated by both Drosophila ISWI and NURF in human

culture cells via binding to its promoter (Barak et al., 2003; Deuring et al., 2000). ACF
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antagonizes Wingless/Wnt targets by interfering with TCF binding to target genes in the
absence of active signaling but when the pathway is activated NURF acts as a transcriptional
co-activator (Liu et al., 2008; Song et al., 2009). Additionally, Xenopus ISWI binds to and
represses BMP4 and upregulates Sox9, Shh and Pax6 (Dirscherl et al., 2005). ACF/CHRAC
and WICH have been implicated in the DNA damage response and make contributions
beyond nucleosome repositioning. Snf2l, Snf2h and Acfl become mobilized to sites of DNA
damage within 10 seconds (Erdel and Rippe, 2011a). Reduced expression of Snf2h or Acfl
renders cells hypersensitive to DNA double-strand breaks (Lan et al., 2010). While ATPase
activity of Snf2h is required for repair, Acfl additionally interacts with and recruits KU70 to
double-strand breaks (Lan et al., 2010). The phosphorylation of H2A.X on tyrosine 142 by
WSTEF also contributes to the maintenance DNA repair foci (Xiao et al., 2009). To regulate
DNA replication, ISW2, a yeast ISWI complex, localizes to replication sites suggesting a
role in fork progression (Vincent et al., 2008). When Acf1 is depleted in mammalian cells
they experience delays in late S-phase when heterochromatin is typically replicated
suggesting that ACF is required for replication through heterochromatin (Collins et al.,
2002). Later work by the same group showed recruitment of WICH to the DNA clamp,
Proliferating Cell Nuclear Antigen (PCNA), primarily for the maintenance of chromatin
structure of the nascent strands (Poot et al., 2004). Once DNA replication has occurred a cell
is capable of dividing its genome between two daughter cells through mitosis. Centromeres
are required to equally segregate chromosomes. In the absence of the ISWI complex RSF,
CENP-A is not integrated into centromeres and results in accumulation of cells in
prometaphase and disorganization of the mitotic spindle (Perpelescu et al., 2009). ISWI also
maintains spindle microtubules during anaphase by acting as a RanGTP-dependent

microtubule-associated protein (Yokoyama et al., 2009). Global condensation of chromatin is
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also regulated by Drosophila ISWI promoting association of linker histone H1 (Corona et al.,
2007; Siriaco et al., 2009).

The in vivo roles of ISWI have been examined in Drosophila and Xenopus. In
Drosophila, ISWI is highly expressed in both oocytes and early embryos. As embryogenesis
continues expression becomes confined to the CNS and gonads before dropping below in situ
detection limits. Trace amounts of ISWI transcript are found in pupae and adult female flies
(Elfring et al., 1994). Individuals lacking ISWI do not survive past late larval or early pupal
stage. Expression of a dominant negative protein in restricted patterns allowed for survival
but resulted in defective development of the affected structures due to a lack of cell viability
(Deuring et al., 2000). Along this line, ISWI was found to be necessary for the early stages of
oogenesis and the proper response of female germline stem cells to BMP signaling (Deuring
et al., 2000; Xi and Xie, 2005). Studies in Xenopus reveal a specific requirement for ISWI in
neural development. Many ISWI morpholino-injected embryos had gastrulation or neural
tube closure defects. Those that escaped early catastrophic defects still had obvious spinal
deformities and reduced brain and eye development (Dirscherl et al., 2005). In all of the
above studies ISWI activity was completely ablated but in more complex mammalian
systems the differential functions of Snf2h and Snf21 in vivo are still being dissected.

Snf2h is found throughout the different tissues in the body but has an association
with proliferating cell populations (Lazzaro and Picketts, 2001). Lack of Snf2h causes S-
phase defects in cells and Snf2h-null blastocysts fail to survive due to growth arrest and cell
death (Stopka and Skoultchi, 2003; Xiao et al., 2009). The Snf2]1 homolog is a 24 exon
protein located on the X chromosome whose basal promoter expression is controlled by
CREB and Sp1 transcription factors in humans (Okabe et al., 1992; Xia et al., 2008). Snf2l

expression is enriched in the brain and reproductive organs in mice (Lazzaro and Picketts,

34



2001). Human SNF2L is ubiquitously expressed and its activity is regulated by expressing a
SNF2L+exon13 isoform that lacks enzymatic activity in non-neuronal tissues (Barak et al.,
2004). Snf2l activity has been shown to be important for reproductive function in mammals.
It is upregulated in response to luteinizing hormone in granulosa cells where it binds to the
proximal promoter of StAR (steroidgenic acute regulatory protein) and activates its
expression, an important step in formation of the corpus luteum (Lazzaro et al., 2006). In the
nervous system, Snf2l expression is increased during neuronal differentiation and promotes
neurite extension outgrowth (Barak et al., 2003; Lazzaro and Picketts, 2001).
1.6 Ex6DEL Mouse Model

In order to study the role of Snf2l in vivo our group generated a transgenic mouse
with Exon 6, the conserved ATP binding pocket, flanked by loxP sites. The floxed allele was
then ubiquitously deleted by crossing it with a Gatal-Cre mouse line. The resulting mice
produce a chromatin remodeling-deficient Snf2l protein 7 kDa smaller than the wildtype
protein [Figure 4A,B]. These mice were viable and are able to propagate the deleted allele to
their offspring. This is referred to as the EX6DEL transgenic line. Ex6DEL mice have an
increased brain to body weight ratio in both sexes [Figure 4C]. Heterozygous females are
normal suggesting that the modified Snf2l is not acting as a dominant negative. The postnatal
cerebral cortex in EX6 DEL mice exhibits hypercellularity and increased cell density with
smaller nuclei in cortical plate neurons but normal lamination patterns [Figure 4D,E]. The
hypercellularity in the postnatal brain is due to increased proliferation and cell cycle re-entry
of progenitors during development and is concurrent with deregulation of cell cycle
regulators p16, p21 and p27 [Figures 4F-I and SA]. The intermediate progenitor population is

specifically affected and is increased in number at mid-corticogenesis. To explore the gene
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Figure 4. Snf2l Ex6DEL mouse phenotype.

Figures from Yip et al., 2012.

(A) Ex6DEL mice were created using a targeted strategy that deletes the conserved ATP
binding pocket (Exon 6) of Snf2l. Schematic of the Snf2l locus, targeted allele, and the
Ex6DEL allele (LoxP sites, grey triangles; NeoR, neomycin resistance gene). Below,
sequence conservation of the 60 amino acids encoded by exon 6. Lys residue critical for
ATPase activity is red.

(B) Snf2] immunoblot of E15 cortical extracts from WT, HET, and Ex6DEL mice. The
Ex6DEL allele produces a protein product that is reduced in molecular weight.

(C) Plot of brain weight to body weight ratios for EX6 DEL, WT, or HET mice.

(D,E) Cell counts within a fixed brain volume from P7 (D) or Adult (E) brains.

(F) Increased numbers of mitotic cells in apical and basal progenitors. E15.5 forebrain
sections stained for terminally differentiated neurons (Tuj, Red) and mitotic progenitors
(PH3, Green) show increased numbers of mitotic cells in apical and basal progenitors. Scale
bar = 30pum. (H) Quantification of PH3+ cells to total cells in the VZ of E15 embryos.

(G) Neural progenitors from WT or Ex6DEL mice were pulsed with BrdU at E16.5 then
harvested at E17.5 and stained for Ki67 (green), a marker of proliferation, and BrdU (red).
Scale bar = 50um. (I) The proportion of BrdU+/Ki67+ cells were quantified and represent
progenitors that re-entered the cell cycle. During development the percentage of cells re-
entering the cells cycle decreases in the WT tissue but remains constant in Ex6DEL tissue.
MZ, medial zone; II/I1L, IV, V/VI: cortical layers II and III, IV, and V and VI, respectively;
LV, lateral ventricle; SP, subplate; VZ, ventricular zone; CP, cortical plate; *, p-value <0.05;
error bars represent Standard Error of the Mean (SEM).
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Figure 5. Ex6DEL cortical tissue has increased Foxgl expression and its genetic
reduction rescues the hypercellularity and proliferation phenotype.

From Yip et al., 2012.

(A) gRT-PCR analysis of Foxgl, cdk inhibitors (p16, p21, p27, pS7), and cyclins (Ccnb2,
Ccndl) normalized to WT levels. Foxgl expression is increased and the Foxgl target gene
p21 is repressed.

(B) Increased cell counts in Ex6DEL mice are rescued in mice with reduced Foxgl

levels. Coronal brain sections (P7.5) from WT, Foxgl+/-, Ex6DEL, and
Ex6DEL;Foxgl+/- embryos were stained with DAPI and the cells counted in each
neuronal layer. The number of cells within a 150 um section were quantified. Consistent with
earlier results the ExX6DEL mice showed an increase in cell number in all layers. The
increase was rescued in the Ex6DEL; Foxgl+/- animals.

(C) E15.5 cortical sections from WT, Foxgl+/-, Ex6DEL, or

Ex6DEL; Foxgl+/- animals stained with PH3 (green) to label mitotic progenitors.
Differentiated post-mitotic neurons are stained with Tuj (red). Yellow scale bar = 125 pm.
(D) Quantification of this experiment. *, p-value <0.05; error bars represent SEM.
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expression changes behind the phenotype, microarrays were performed using E15.5 cortical
tissue. Altered expression (>2-fold) of 256 genes (183 decreased; 73 increased) was detected.
Among the upregulated genes found in the ExX6DEL cortex is Foxgl. The hypercellularity
and increased proliferation of the EX6DEL cortex can be rescued by genetically reducing
Foxgl expression [Figure 5SB-D], providing evidence that Foxgl and Snf2] operate in the
same pathway (Yip et al., 2012).
1.7 Rationale and Aims
Snf2l is a regulator of cortical growth and differentiation. The phenotype of mice

expressing inactive Snf2l is dependent on Foxgl overexpression. This tentatively places
Snf2] and Foxgl in the same genetic pathway. However, whether the regulation of Foxgl is
due to a direct interaction is unknown. The broad range of known processes mediated by
Foxgl suggests that other aspects of the Ex6DEL phenotype remain to be elucidated. Further
characterization of Ex6DEL neural progenitor phenotypes and how these relate to
corticogenesis will provide further insight into the developmental role of this novel
interaction. I hypothesize that Foxgl is a direct target of Snf2] and this regulation allows
cortical progenitors to exit the cell cycle and differentiate at the appropriate time and in
proper numbers. In order to verify this hypothesis the following experimental aims are
proposed:

1. Characterize changes in Foxgl expression within the cortex.

2. Examine the effects of Snf2l ablation on the neural progenitor population.

3. Determine if the generation and differentiation timing of cortical layers is altered in

the Ex6DEL mice.

4. Determine whether Snf2l binds to the Foxgl locus.
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2.0 Methods

2.1 Reagents

Unless otherwise specified, all chemicals and other reagents used were supplied by
Fisher scientific or Sigma-Aldrich.
2.2 Mouse Lines

All animal protocols received approval from the University of Ottawa Animal Care
Committee, accredited by the Canadian Council on Animal Care. The Snf2] Ex6 DEL mouse
line used for this study had been previously generated from the cross between a Snf2l Exon 6
Floxed (Snf21"") line maintained on a 129sv background and a Gatal Cre line maintained on
a CD-1 background kindly provided by Dr. S. Orkin (Howard Hughes Medical Institute,
Chevy Chase MD, USA). The resulting Snf21 Ex6DEL offspring were fertile and a line of
Snf2l-null mice was maintained. Out-crossing of this line was completed with 129sv mice
purchased from Charles River (Boston MA). The other transgenic line used in this study was
the Foxg1-Cre line, on a C56B1/6 background, which were generated by the laboratory of
Susan K. McConnell (Stanford University, Stanford, CA). These mice are a knock-in Cre
and are Foxgl heterozygous (Hébert and McConnell, 2000).
2.3 Generation/Dissection of Embryos

Embryos were generated by pairing Snf2] Ex6DEL™ females with Snf2]1 Ex6DEL™"Y
or Foxg1-Cre"" males. Females were timed-mated using one of two methods. The first was
to pair the females for one evening from approximately 5 P.M. until 9 A.M the following
morning which was considered embryonic day (E) 0.5 and monitored for signs of pregnancy.
The second method was to pair the females for three consecutive evenings and the presence

of a vaginal plug was designated E 0.5. All pregnant mares were sacrificed using CO,
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asphyxiation followed by cervical dislocation just before embryo removal. The mare was laid
in a supine position and the fur and upper layers of skin are pulled back exposing the
undermost skin layer which is then cut using fine scissors and forceps from just above the
anus to the ribcage. The entire string of embryos was removed followed by the removal of
individual embryos from the embryonic sacs. Embryos were transferred into a clean 10cm’
Petri dish (Fisher) containing Hank’s Balanced Salt Solution (Gibco) or 1X PBS [3 mM
disodium phosphate heptahydrate, 1 mM potassium phosphate, 225 mM sodium chloride].
2.4 Forebrain Dissection

Curved forceps were used to immobilize the embryo’s head, with the forebrain
accessible, by placing the tines on either side of the neck below the chin. The uppermost
layer of skin was slit directly between the eyes using forceps. Grasping the skin layer
posterior to the cortex the layer was gently peeled back to expose the cortex. Each individual
hemisphere of the cortex was then removed using forceps.
2.5 Genotyping

To determine the genotype of an embryo a small portion of tissue was removed at the
time of dissection. An alkaline lysis reaction was used to extract DNA (Truett et al., 2000). A
standard PCR reaction was used to determine the sex of the embryos as well as their
transgenic status for Snf2l and Foxgl. The reaction contents for a single reaction were 1X
PCR Buffer (Invitrogen), 1.5 mM magnesium chloride (Invitrogen), 25 nM dNTP
(Invitrogen), 0.5 uM of Primer DNA, 1 pLL Sample DNA and 0.5 pLL Taq Polymerase in a
total of 50 pL. All of the primer sequences used for genotyping were ordered from IDT and
are listed below. 20 pL of each reaction was analyzed by electrophoresis on a 2% agarose gel
containing ethidium bromide and imaged using a Gene Genius Bio Imaging System

(Syngene).
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Sexing Reaction Primers

Fabpl-F 5’-TGGACAGGACTGGACCTCTGCTTTCCTAGA-3’
Fabpl-R 5’-TAGAGCTTTGCCACATCACAGGTCATTCAG-3’
SRY-F 5’-TTGTCTAGAGAGCATGGAGGGCCATGTCAA-3’
SRY-R 5’-CCACTCCTCTGTGACACTTTAGCCCTCCGA-3’
Snf2] Ex6DEL Primers

Snf2L intron 5-F 5’-CCTGGGCTGGAACCATGATC-3’
Snf2L exon 6-R 5’-CCATGTGGGGTCCAGGAATG-3’
Snf2L intron 6-R 5’-GTATGGACAAGTGTGTGAAGCC-3’
Cre Primers
Cre-F 5’-ATGCTTCTGTCCGTTTGCCG-3’
Cre-R 5’-CCTGTTTTGCACGTTCACCG-3’
2.6 Chromatin Immunoprecipitation

Chromatin immunoprecipitation (ChIP) experiments were carried out as previously
described with some modification (Zhou et al., 2004). Forebrain tissue was dissected from
Snf21"" embryos at embryonic day (E) 15.5 and placed in Hank’s Balanced Salt Solution
(HBSS) on ice. The tissue was then manually triturated to a single cell suspension and the
number of cells quantified (each forebrain generated an average of 5 x 10° cells). Cross-
linking was achieved by incubating the cell suspension with 1% Paraformaldehyde for 1 hour
on ice. Cells were then pelleted and washed twice in HBSS. Cell pellets were stored in -80°C
until enough material was collected to run a ChIP. To begin the ChIP, all cell material
(approx. 4 x 10 cells) was combined and then resuspended in 1 mL of Lysis Buffer [50 mM
Tris-Cl pH8, 1 mM ethylenediaminetetraacetic acid (EDTA), 1% sodium dodecylsulfate

(SDS)] for 1 hour on ice. Note that all steps up to the elution step were carried out on ice or
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at 4°C. Lysed material was divided into 6 equal aliquots which were each brought up to a
volume of 300 pL, this allows for more efficient sonication. A Vibra Cell sonicator (Sonics
& Materials Inc) was used at 35% amplitude for 10 second pulses. Five pulses was usually
adequate to generate chromatin fragments of approx. 600 bp, however, 5 uL of each aliquot
was run on a 0.8% agarose gel to verify the fragmentation and additional pulses were
administered as necessary. The sonicated lysate was cleared of cellular debris by
centrifugation for 20 min at 14,000 rpm using an Eppendorf 5417R centrifuge. All of the
supernatant was combined to form a homogeneous starting material from which a 1% aliquot
is removed to use for quantitation later. The remaining material was divided equally to be
used for the specific immunoprecipitation and the negative control. Both aliquots were then
diluted 10-fold in ChIP Dilution Buffer [16.7 mM Tris-Cl pHS, 1.2 mM EDTA, 0.1% SDS,
1.1% Triton-X 100 (EMD), 167 mM NaCl] and salmon sperm DNA (ssDNA) and bovine
serum albumin (BSA) were added to final concentrations of 0.2 mg/mL and 0.5 mg/mL,
respectively. The chromatin was then precleared for an hour using 25 pL of Sepharose G
slurry (GE Healthcare) blocked in Low Salt Buffer (20 mM Tris-CI pHS8, 2 mM EDTA, 0.1%
SDS, 1% Triton-X 100, 150 mM NaCl) containing 0.2 mg/mL ssDNA and 0.5 mg/mL BSA.
The precleared supernatant was then allowed to form antibody complexes with either 1 ug of
Sheep anti-Snf2l or Sheep IgG (Sigma) for one hour before adding 25 pL of blocked
Sepharose G slurry. This mixture was incubated overnight. The beads were then sequentially
washed for 15 min in Low Salt Buffer, High Salt Buffer (20 mM Tris-Cl pHS, 2 mM EDTA,
0.1% SDS, 1% Triton-X 100, 0.5 M NaCl), LiCl Wash Buffer [10 mM Tris-Cl pH8, 1 mM
EDTA, 0.25 M Lithium Chloride (BDH), 1% IGEPAL-360, 1% Deoxycholate, Sodium salt]
and twice with TE Buffer (10 mM Tris-Cl pHS, 1 mM EDTA). Complexes bound to the

beads were then eluted twice with 250 puL of Elution Buffer (0.1% Sodium Bicarbonate, 1%
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SDS) at room temperature. To reverse cross-link, 20 uL. of 5 M NaCl was added to each
sample before incubating it at 65°C for 6 hours. Eluate and the Input samples were then
digested with RNase and Proteinase K (produced in the lab). Finally, DNA was recovered by
phenol-chloroform (Applied Biosystems) extraction followed by precipitation with 100 pL
SM NaCl, 1 pL 10 mg/mL glycogen (Ambion) and 500 pL isopropanol overnight at -20°C.
Centrifugation at 13,000 rpm for 10 min was used to pellet the DNA which was washed
twice in Ethanol and then dried completely before resuspending the eluate samples in 30 pL.
and the input sample in 60 pL HPLC Water (Sigma).
2.7 Q-PCR

Primer sets were designed to span the conserved areas of the Fogl locus, both 5* and
3’ to the coding sequence, and are spaced, on average, 500 bp apart. (Fig. 18A) The
maximum amplicon length for these primers was 250 bp. All primer pairs were optimized to
give 1* values greater than 0.99 using the linear amplifying portion of a serial dilution curve
and between 90-100% efficiency values by varying primer concentration (see Table 3 for
primer pair sequences and their optimal reaction concentrations). Quantitative PCR analysis
was run on an MX3000P instrument (Stratagene) using Absolute™ QPCR SYBR® Green
Mix (Thermo Scientific). The volume for each reaction was 25 pL. and contained 12.5 uLL
SYBR Green Pre-Mix, 1 uL ROX (1:500 dilution), 0.8-2 uL. 5 uM Primer Mix, 0.8 uL DNA
and the remainder HPLC Water. The cycling conditions were: one cycle at 95°C for 10 min
and 40 cycles of 95°C for 30 sec, 60°C for 30 sec, 72°C for 30 sec. The Ct values of serial
dilutions (1%, 0.1% and 0.01%) of input material were graphed and modeled by an
exponential equation. Ct values obtained for the IgG and Snf2] pull-down samples were then

input into this equation and the corresponding percent input value was calculated.
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Table 3. Primers used for Q-PCR ChIP analysis

Primer Sequence Optimal Reaction
Concentration
Foxgl R1-F 5’-TTGCGCACATTAGTTTGTCC-3’ 400 nM
Foxgl R1-R 5’-CCCAAAGCCTCCTTTAGTCC-3’ 400 nM
Foxgl R2-F 5’-CCAGTTCTGGGACCACACTT-3’ 400 nM
Foxgl R2-R 5’-CCAGAACCAATTGGGAGAAA-3’ 400 nM
Foxgl R3-F 5’-TGCCAGTGCCACAATGTTAT-3’ 400 nM
Foxgl R3-R 5’-TTAGGGAGCTGCAGGTTGTC-3’ 400 nM
Foxgl R4-F 5’-TGCTGAAATTGCTCGCTCTA-3’ 400 nM
Foxgl R4-R 5’-CTCAGACCGGAAACAAATCC-3’ 400 nM
Foxgl R5-F 5’-ACAATTTTCAAGCCGCCATA-3’ 280 nM
Foxgl R5-R 5’-CCCGTGGAAGAAATTAGCAG-3’ 280 nM
Foxgl R6-F 5’-CTTTCCCTCCCCTCTTTCTG-3’ 400 nM
Foxgl R6-R 5’-AAAACAGGGCCTATGTGTGG-3’ 400 nM
Foxgl R7-F 5’-GCTGAAGAGGAGGTGGAGTG-3’ 160 nM
Foxgl R7-R 5’-AGCACAGACCCAAACAGTCC-3’ 160 nM
Foxgl R8-F 5’-GGCTAGCCAGACGCTCCT-3’ 280 nM
Foxgl R8-R 5’-AGCTACAGGCGCACACTAGG-3’ 280 nM
Foxgl R9-F 5’-TGATTCCCAAGTCCTCGTTC-3’ 320 nM
Foxgl R9-R 5’-GGTGGTGATGATGATGGTGA-3’ 320 nM
Foxgl R10-F 5’-TGTGCTATGAATGCTGCAAA-3’ 320 nM
Foxgl R10-R | 5’-GGGGAGATAGGGCTATTTTACTG-3’ 320 nM
Foxgl R11-F 5’-GAGGTGCAATGTGGGAGAAT-3’ 160 nM
Foxgl R11-R 5’-TGAATGAAATGGCAAAGCAG-3’ 160 nM

Table 3. Eleven sets of primers were used to amplify regions within and surrounding the
Foxgl locus and detect regions of Snf2] binding. The sequence of each primer is listed along
with their final concentration in Q-PCR reaction mixtures.
2.8 qRT-PCR

E15.5 forebrain tissue was dissected as described above, being careful to only remove
the cortical portion of the telencephalon. The tissue was then immediately flash-frozen on
liquid nitrogen and afterwards placed on dry ice to prevent any thawing. Without allowing
the tissue to thaw, 350 uL RLT Buffer (RNeasy Micro Kit, Qiagen) containing 1% -
Mercaptoethanol was added to the tissue and triturated. The lysate was then homogenized

with a 28%2 gauge 1 cc insulin syringe (Becton Dickinson). After centrifuging for 3 minutes

at 13,000 rpm, the supernatant was transferred to an RNase free tube and stored at -80°C
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until the remainder of the RNA purification protocol could be completed using the RNeasy
Micro Kit. DNase I digestion was not performed in the column.RNA was quantified using a
NanoDrop spectrophotometer and then stored at -80°C.

To produce cDNA, 2 ug of RNA was first treated with Applied Biosystems” DNA-
free™ Kit to remove any residual genomic DNA contamination. The treated RNA template
was then combined with 300 ng of random primers (Invitrogen) and allowed to anneal for 10
minutes at 65°C followed by 10 minutes on ice. Superscript Reverse Transcriptase (RT) 11T
and associated reagents (Invitrogen) were placed in a reaction mixture according to
manufacturer specification along with 1mM dNTP and the annealed RNA mixture.
Elongation was completed by incubating the reaction at room temperature for 10 minutes,
42°C for 1 hour, and 95°C for 5 min to inactivate the RT enzyme. A no RT control was done
for each experiment to ensure there was no DNA contamination.

The protocol for optimizing primer conditions and the reaction conditions can be
found in section 2.7. The Foxgl R9 primer set was used to measure total Foxgl and an .32
primer set was used as a loading control. Results were calculated as a fold change compared

to wild type using the Pfaffl method (Pfaffl, 2001).

L32 Primers
L32-F 5’-GTTCATCAGGCACCA-3’
L32-R 5’-CTGGCCCTTGAACCT-3’

2.9 Semi-Quantitative PCR
All solutions were made using distilled H,O treated with 0.1% diethylpyrocarbonate
(DEPC), allowing it to hydrolyze overnight followed by autoclaving to remove any excess.

Filtered tips were used to transfer solutions and plasticware was RNase-free.
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To extract RNA E15.5 forebrain tissue (from two embryos), that had been flash-
frozen on liquid nitrogen and stored at -80°C, was homogenized in 200 pL of TRIzol®
Reagent (Invitrogen) using an RNase-Free Pellet Pestle (Kontes). The volume of TRIzol®
Reagent was then brought up to 1 mL and samples were allowed to sit at ambient
temperature for 5 minutes to ensure complete dissociation. 200 pL of chloroform was added
followed by vigorous mixing by hand for 15 seconds. To separate the mixture into phases,
samples were centrifuged at 14,000 rpm for 15 minutes at 4 °C. The upper aqueous phase
was placed into a clean Eppendorf tube. To precipitate the RNA, 5 ng glycogen (Ambion)
and 500 pL isopropanol were added and incubated for 10 minutes at room temperature.
Centrifugation at 14,000 rpm for 10 minutes at 4°C formed an RNA pellet. The supernatant
was removed and the RNA pellet was washed in 1 mL of 75% ethanol. The wash was
removed after a centrifugation step of 8,500 rpm for 5 minutes at 4 °C and the RNA pellet
was allowed to air dry. The RNA was resuspended in 15 pL. of DEPC H,O and incubated at
55°C for 10 minutes. The concentration of each sample was measured by taking the
absorbance of a 1:50 dilution at 260 nm with a BioPhotometer spectrophotometer
(Eppendorf).

To produce cDNA, 2 ug of RNA was first treated with Applied Biosystems” DNA-
free™ Kit to remove any residual genomic DNA contamination. The treated RNA template
was then combined with 300 ng of random primers (Invitrogen) and allowed to anneal for 10
minutes at 65°C followed by 10 minutes on ice. Superscript Reverse Transcriptase (RT) III
and associated reagents (Invitrogen) were placed in a reaction mixture according to
manufacturer specification along with 1mM dNTP and the annealed RNA mixture.

Elongation was completed by incubating the reaction at room temperature for 10 minutes,
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42°C for 1 hour, and 95°C for 5 min to inactivate the RT enzyme. A no RT control was done
for each experiment to ensure there was no DNA contamination.

To determine the relative levels of class1 and 2 Foxgl transcripts (Fig. 19A) primer
sets were used that would amplify each specifically. To look at overall changes in total
Foxgl expression the Foxgl R9 primer set was used and an L32 primer set was used as a
loading control (see both sequences above).

Class 1 Foxgl mRNA

Foxgl Class1-F 5’-TTGAGGGGTGGTTGCAGCTTTTGC-3’

Foxgl Class1-R 5’-GGTGGTGATGATGATGGTGA-3’

Class 2 Foxgl mRNA

Foxgl R7-F 5’-GCTGAAGAGGAGGTGGAGTG-3’
Foxgl R7-R 5’-AGCACAGACCCAAACAGTCC-3’

The reaction contents for a single reaction were 1X PCR Buffer (Invitrogen), 1.5 mM
magnesium chloride (Invitrogen), 25 nM dNTP (Invitrogen), 0.2 uM Primer DNA, 1 pL
Sample cDNA and 0.5 pL. Taq Polymerase (prepared in the lab, concentration unknown) in a
total of 50 pL. The reactions were run on an Eppendorf Mastercycler thermocycler under the
following conditions: one cycle at 94°C for 2 min and 27 cycles of 94°C for 30 sec, 60°C for
30 sec, 72°C for 1 min. The reaction for all primers sets was previously determined to be in
the linear phase after 27 cycles. The reaction products were run an a 1% agarose gel and
were imaged using a Gene Genius Bio Imaging System (Syngene) running GeneSnap
software (Syngene). Gel images were exported as uncompressed bitmap photos and were
inverted using Adobe Photoshop. The inverted images were analyzed with Image J software

(National Institutes of Health, http://rsbweb.nih.gov/ij). The values obtained for peak area
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were first normalized to an .32 loading control and used to calculate values relative to
wildtype samples.
2.10 BrdU-Birthdating

Pregnant mares received intraperitoneal (I.P.) injections of 300 pL of 16 mg/mL
Bromodeoxyuridine (BrdU, Sigma) dissolved in DMEM (Gibco) at either gestational day
12.5 or 15.5. Two injections were given two hours apart. Mares were sacrificed and embryos
were removed as described above at gestational day 18.5. To allow for complete fixation,
brains were dissected from the embryos.
2.11 Calculation of Cell Kinetics Using IdU/BrdU Double Labelling

300 puL of 1 mg/mL Iododeoxyuridine (IdU, Sigma) was injected L.P. into pregnant
mares at gestational days E13.5, 15.5 and 17.5. This was followed, an hour and a half (T;)
later, by a similar injection of 300 uL of 1 mg/mL BrdU. The female was euthanized and the
embryos removed 30 minutes after the second injection. These two separate analogs are
differentially detected by specific antibodies. Those cells that have taken up IdU but not
BrdU have exited S phase (L) but those that incorporate both analogs were still replicating
their DNA at the time of sacrifice (S.) [Figure 6]. These numbers as well as the number of
proliferating cells in the population (P.) allow for the calculation of both the length of S
phase (Ts) and the cell cycle (T.) in the ventricular zone and subventricular zone using the
following calculations (Martynoga et al., 2005):

Ts=Ti x So/Lc¢ T.=Ts x Po/Sc

2.12 Cryosectioning

To prepare tissue for histology, E13.5 to E17.5 embryos were decapitated and E18.5
embryos and P7 pups had their brain dissected. Heads or brains were then submerged in 4%

PFA overnight at 4°C to be fixed, as an exception IdU/BrdU double labeled tissues were only
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Figure 6. Double-thymidine analog labeling of neural precursors.

(A) Schematic of double-labeling methodology. Tissue is pulsed with iododeoxyuridine
(IdU), followed 1.5 hours later with bromodeoxyuridine (BrdU), and finally fixation after
another 30 min. Only cells in S-phase at the time of the pulse will incorporate an analog into
their replicating DNA. These incorporated analogs can then be differentially detected using
immunofluorescence. Single-labelled cells represent those that complete replication before
the BrdU pulse and are termed the leaving cells (Lceys). Cells that remain in S-phase (Sceis)
are double-labelled. The ratio of these two populations as well as the interval between label
incorporation (T1i) can be used to calculate S-phase length. Figure adapted from Martynoga et
al., 2005.

(B) An example of E13.5 ventricular zone/subventricular zone tissue that has undergone
double-thymidine analog labeling. L can be seen as nuclei that are labeled only in red
(white arrowheads).
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fixed 3-5 hours to prevent the antigens from being obscured. The tissue was then rinsed in
1X PBS and placed in 30% sucrose/PBS solution for cryopreservation. The tissue was
equilibrated in 30% sucrose at 4°C until it sunk to the bottom of the tube. Tissues were
embedded in labeled molds in a 1:1 mixture of 30% sucrose and OCT (Tissue-Tek) and
frozen on liquid nitrogen. Coronal sections of forebrain 10 um thick were cut using a Leica
CM1850 cryostat. Sections were placed on Superfrost Plus coated slides (Fisher) and
allowed to dry for 2 hours. Tissue sections were stored at either -20°C or -80°C in a container
containing anhydrous calcium sulfate desiccant (Drierite).
2.13 Cortical Thickness Measurements

Coronal brain sections of P7 WT and Ex6DEL mice were Nissl stained. Sections
were first rehydrated by passing through the following baths: 95% ethanol for 10 minutes,
70% ethanol for 1 minute, 50% ethanol for 1 min and twice in distilled H,O for 5 minutes.
To stain, sections were incubated in a solution of 0.25% Cresyl Violet and 1% acetic acid for
4 minutes. Washing was completed in distilled H,O for several 5 minute intervals. To
dehydrate the stained tissue another set of baths was used: 50% ethanol for 2 minutes, 70%
ethanol with 1% acetic acid for 30 seconds, 95% ethanol for 2 minutes and xylene for 5
minutes. Once the slides were removed from the xylene they were allowed to dry completely
before using Permount® to permanently mount a coverslip (VWR) overtop of the tissue.

Images of the stained tissue were taken on an Axio Skop 2 Zeiss microscope fitted
with an AxioCam Camera (Zeiss) at 50x magnification. Measurements were performed using
Image J software from pictures of the rostral and caudal cortex taken at medial and medial-
lateral positions. The width of the cortex was measured from the boundary of layers I and 11

to the underlying white matter.
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2.14 Immunohistochemistry

Frozen tissue sections were allowed to equilibrate at room temperature to avoid
condensation formation. Slides were fixed in 70% ethanol for 5 minutes and then rehydrated
in 1X PBS for 10 minutes. Antigen retrieval was performed by microwaving the sections in
1X Sodium Citrate (10 mM Sodium Citrate pH 6, Sigma) for 10 minutes at power level 6.
Any tissue that was to be stained for BrdU also underwent HCI treatment by incubating in 2
N hydrochloric acid (Fisher) for 30 minutes at 37°C. After rinsing in 1X PBS, sections were
blocked in Blocking Solution, 20% fetal bovine serum (FBS, PAA) and 0.3% TritonX-100
diluted in TBLS [50 mM Tris-Cl pH 7.4, 0.1% sodium azide (Fisher), 1% bovine serum
albumin, 0.6 M L-Lysine (Sigma), 0.15 M sodium chloride], for an hour at room
temperature. Sections were then incubated in primary antibody, diluted in Blocking Solution,
overnight at 4°C. Refer to Table 4 for the details of all the primary antibodies used. Slides
were washed 3 times for 10 minutes in 1X PBS before being incubated with secondary
antibody diluted 1:1,000 in TBLS for 1 hour at room temperature. Secondary antibodies used
were anti rabbit AlexaFluor555 conjugate, anti rabbit AlexaFluor488 conjugate, anti rabbit
AlexaFluor594 conjugate, anti mouse AlexaFluor488 conjugate and anti rat AlexaFluor647
conjugate (Invitrogen). 1 mg/mL DAPI was used to counterstain all nuclei of the tissue
sections by incubating with a 1:10,000 dilution for 5 minutes. Slides were covered by
coverslips (VWR) mounted on DAKO Fluorescence Protector (Denmark). Slides were
imaged using a Zeiss Axio Imager M.1 microscope and Axiovision software. Images were
processed in Adobe Photoshop.

Table 4. Primary antibodies used for IHC

Antibody Source Dilution

Mouse Anti-BrdU/IdU BD Biosciences 1:100
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Rat Anti-BrdU/CldU Abcam 1:100
Rat Anti-Ctip2 Abcam 1:250
Rabbit Anti-Tbr2 Abcam 1:500
Rabbit Anti-Ki67 Abcam 1:250
Rabbit Anti-Nurrl Santa Cruz 1:500
Rabbit Anti-Brn2 (H-60) | Santa Cruz 1:200

Table 4. The primary antibodies used for immunohistochemistry are listed along with their
commercial source and the working dilution.

2.15 In Situ Hybridization

In Situ Hybridization was carried out as previously described with some modification
(Jensen and Wallace, 1997). All control and Ex6DEL tissue that was used for comparison
was placed on the same slide for consistency in the staining. Tissue sections were incubated
with digoxigenin (DIG)-labelled riboprobes for ER81, Tbrl and Foxgl (Obendorf et al.
2007) diluted 1:1,000 in Hybridization Buffer (1X Salt Buffer, 50% formamide, 10% dextran
sulfate, 1 mg/mL rRNA, 1X Denhardt’s Solution in DEPC H,0) overnight at 65°C in a
humidified chamber to allow hybridization. The slides were washed at 65°C in Wash Buffer
(1X SSC, 50% formamide, 0.1% Tween-20 in DEPC H,O) for 15, 30, and 30 minutes
followed by four 20 minute washes in 1X MABT (100 mM Maleic Acid, 150 mM sodium
chloride, 0.1% Tween-20) at room temperature. Sections were incubated with Blocking
Solution [20% sheep serum, 2% Blocking Reagent (Roche), 1X MABT] for 1 hour at room
temperature prior to adding Anti-DIG-Alkaline Phosphatase, Fab Fragment (Roche) diluted
1:1,500 in Blocking Solution. The antibody was then allowed to bind overnight at 4°C. Four
20 minute washes were completed in 1X MABT followed by two 20 minute washes in
Prestaining Buffer (100 mM sodium chloride, 50 mM magnesium chloride, 100 mM Tris-Cl
pH 9, 0.1% Tween-20), all at room temperature. The colourimetric reaction was developed in
a Staining Buffer [100 mM NaCl, 50 mM MgCl12, 100 mM Tris-Cl1 pH 9, 10% polyvinyl

alcohol, 0.1% Tween-20, 4.5 pl/mL 4-Nitro blue tetrazolium chloride (Roche) and 3.5 pl
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/mL 5-bromo-4-chloro-3-indolyl-phosphate (Roche)] for 2 hours to overnight. Slides were
washed in 1X PBS to stop the reaction and then mounted with DAKO Fluorescence
Protector. An Axio Skop 2 Zeiss microscope fitted with an AxioCam Camera (Zeiss) was
used to image the slides. Image processing was then completed using Photoshop (Adobe).
2.16 TUNEL Staining

Coronal sections of E13.5, 15.5 and 17.5 cortex were used for Terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) (Gavrieli et al., 1992). First,
slides were rehydrated in distilled H,O for 2 minutes. Sections are then fixed for 10 minutes
1% PFA at room temperature followed by two 5 minute washes in 1X PBS. Tissue was then
incubated in precooled 2:1 Ethanol/Acetic Acid at -20°C for 5 minutes to permeabilize the
cells. To generate a positive control, one slide was incubated with DN Buffer (30 mM Tris
pH 7.2, 4 mM MgCl,, 0.1 mM DTT) for 5 minutes and then with 25 pg/mL DNAse I diluted
in DN Buffer for 10 minutes, both at room temperature. To stop the reaction the slides were
rinsed four times for 3 minutes in distilled H,O. All slides were then incubated for 10
minutes with TdT Reaction Buffer (pH 6.6, 24 mM Tris-Cl, 192 mM Sodium cacodylate
trihydrate, 0.024% BSA, 1 mM Cobalt chloride hexahydrate). Terminal deoxynucleotidyl
transferase (TdT) enzyme (0.44%, Roche) and DIG-11-dUTP (0.35%, Roche) were then
applied in TdT Reaction Buffer for 1 hour at 37°C. Tissue was washed in Stop Buffer (300
mM NaCl, 30 mM Sodium Citrate) for 5 minutes at room temperature to stop the TdT
reaction. For storage until the protocol was continued, slides were kept in a Coplin jar
containing 70% Ethanol overnight at -20°C. The slides were washed in 1X PBS an then
blocked in 1% BSA in 1X PBS for 1 hour at room temperature. Anti-DIG CY3 conjugate
(Roche) was added to the slides diluted 1:20 in 1% BSA in 1X PBS containing 0.03%

TritonX-100 and allowed to bind for 30 minutes at room temperature. Slides were then
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washed in 1X PBS and counterstained with DAPI as was mentioned previously. The slides
were mounted mounted using DAKO Fluorescence Protector and imaged using a Zeiss Axio
Imager M.1 microscope and Axiovision software. Images were processed in Photoshop.
2.17 Neural Stem Cell Culture Generation

At gestational day 12.5 just before embryo removal 70% ethanol was sprayed onto a
pregnant mare to reduce the possibility of bacterial contamination. The embryos were
removed as described above and transferred into a clean 10cm® Petri dish containing Hank’s
Balanced Salt Solution. Using a dissection microscope, the embryo was cradled in a supine
position between the tines of sterile curved forceps so the forebrain was accessible. The
uppermost layer of skin is punctured directly between the eyes using sterile #5 forceps and
grasping the skin layer posterior to the cortex the layer is gently peeled back to expose the
cortex. Each individual hemisphere of the cortex was then removed using the #5 forceps.
Forebrain tissue was then placed into Eppendorf tubes stored on ice. Tissue was taken into a
level II biosafety cabinet (Forma Scientific) and was triturated into single cell suspensions in
Proliferation Media (10% NeuroCult® NSC Proliferation Supplement, 20 ng/mL hEGF and
1% anti-biotic/anti-micotic in NeuroCult® NSC Basal Media). Reagents for the media were
obtained from Stem Cell Technologies, Gibco and Invitrogen (Biosource). The single cell
suspension was transferred into a T-25 culture flask (Corning) containing 6.5 mL of
Proliferation Media. Cultures were incubated at 37°C and 5% CO, for 8 days in a Sanyo CO,
incubator before passaging using the NeuroCult® Chemical Dissociation Kit (Stem Cell
Technologies). Neurosphere pellets were collected at 16 days in vitro and stored at -80°C.
2.18 Western Blot

Neurosphere cell pellets were resuspended in 150 pL of RIPA Buffer (10 mM

Sodium Phosphate Buffer pH 7, 150 mM sodium chloride, 1% NP-40, 0.1% SDS, 1%
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sodium deoxycholate, 10 mM sodium fluoride, 2 mM EDTA) containing protease inhibitor
cocktail (Roche). Samples were homogenized with a Tissue Tearor homogenizer (Biospec
Products) and then incubated on ice for 1 hour to ensure complete lysis. Samples were
cleared by centrifugation at 10,000 x g for 10 minutes at 4°C. The protein concentration of
the supernatant was quantified using Bradford reagent and a BioPhotometer
Spectrophotometer (Eppendorf).

35 ug of protein from each neurosphere extract along with a Precision Plus marker
(Bio-Rad) was run on a precast NuPAGE® 3-8% Tris-Acetate gradient gel (Invitrogen) in an
XCell SureLock™ Mini-Cell system (Invitrogen). An overnight wet transfer at 10v was used
to transfer the gel contents onto a Hybond-C Extra nitrocellulose membrane (Amersham
Biosciences). The transfer efficacy was verified by incubating the membrane with Ponceau S
stain (0.1% Ponceau S, 5% acetic acid) for 5 minutes and then rinsing it clean with distilled
H,O. The blot was then blocked for 2 hours in 5% milk (Carnation) in TBS-t (10 mM Tris-Cl
pHS, 150 mM NaCl, 0.05% Tween-20). Rabbit anti-Foxgl (Abcam) was diluted 1:500 in 5%
BSA in TBS-t and incubated with the blot overnight at 4°C. The blot was washed three times
for 5 minutes and twice for 10 minutes in TBS-t and then incubated with goat anti rabbit
Horse Radish Peroxidase (HRP) conjugate (Sigma) diluted 1:5,000 in %35 milk in TBS-t for 1
hour at room temperature. Non-specific signal was washed off with TBS-t three times for 10
minutes. The blot was developed with an ECL Plus Western Blotting Detection kit (GE
Healthcare) and exposed on a CL-Xposure film (Fisher). The film was developed using a
SRX-101A developer (Konica Minolta). The blot was then stripped using Restore Western
Blot Stripping Reagent (Thermo Scientific) and reprobed with mouse anti-BActin (1:1,000)

as a loading control.
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3.0 Results

3.1 Characterization of Changes in Foxgl Expression

Microarray and RT-PCR have shown an upregulation in Foxgl expression (Yip et al.,
2012). To look at the upregulation in a tissue-specific context, in situ hybridization was
performed on coronal embryonic day (E) 15.5 cortical sections. Sections of WT and Ex6DEL
tissue were placed on the same slide so staining conditions were identical for comparison.
This was repeated for three separate sets of tissue. The expression of Foxgl was confined to
the telencephalon and was observed in both germinal zones and the cortical plate, consistent
with documented patterns (Hatini et al., 1994; Siegenthaler et al., 2008). While Foxgl levels
show heterogeneity between cells, there was an obvious increase in overall staining intensity
of Ex6DEL embryos from all tissue sets with a slightly denser staining pattern in the
ventricular zone. [Figure 7, compare panels A to B, C to D, and E to F]

Protein expression does not always correlate with mRNA levels (Gry et al., 2009).
Foxgl is upregulated throughout the Ex6DEL cortex at the level of mRNA but to confirm
that Foxg1 is upregulated at the protein level Western blot was used. Since achieving a
consistent protein extraction from whole cortical tissue proved to be difficult, neurosphere
cultures from E12.5 forebrain were generated and grown in culture for 16 days under
proliferative conditions. This method is akin to examining the expression of Foxgl in
cortical progenitor cells since the E12.5 cortex primarily consists of progenitors and these are
the cells capable of forming neurosphere cultures. Ex6DEL neurosphere cultures show an
increase in Foxgl levels compared to WT cultures [Figure 8A, compare lanes 1, 2, 5, 6 to 3,
7]. Consistent with RT-PCR which demonstrated a 1.4-fold increase in Foxgl mRNA

expression, we observed a similar increase in the protein level (1.65 £ 0.5) as determined by
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Figure 7. Increased Foxgl expression in the Ex6DEL cerebral cortex.

In situ hybridization was used to examine Foxgl mRNA expression coronal sections of
E15.5 cortex using a probe specific for Foxgl. Ex6DEL (A, C, E) cortex has increased levels
of Foxgl throughout the tissue, with particularly dense staining in the ventricular zone as
compared to WT (B, D, F) controls. CP, cortical plate; [Z, intermediate zone; VZ/SVZ,
ventricular zone/subventricular zone; LV, lateral ventricle; Scale bar = 200 pm.

60



CP
IZ

VZ/SVZ

61



Figure 8. Genetic rescue of Foxgl restores expression levels.

(A) Western blot for Foxgl showing upregulation in Snf2]1 Ex6DEL neurospheres. Lysate
was obtained from proliferating neurosphere cultures, isolated from E12.5 forebrain, of the
indicated genotype. A decrease in Foxgl expression is present in Foxgl heterozygous
cultures demonstrating the sensitivity of the antibody. B-Actin is used as a loading control.
(B) Densitometry analysis of the western blot signals from (A) using Image J.

(C) Expression of Foxgl relative to wildtype at E15.5 as measured by qRT-PCR. *p<0.01; n
= 3; Error bars represent SEM.
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densitometry [Figure 8B]. This increase was not statistically significant due to low sample
size and sample variability. Nonetheless, Foxgl heterozygous cultures show a decrease in
expression demonstrating the sensitivity of the western blot (0.8 + 0.3) [Figure 8A, B]. From
this analysis we conclude that Snf21 inactivation leads to a modest increase in Foxgl protein
expression in cortical progenitor cells.

Previous work demonstrated that the Ex6DEL phenotype could be rescued by
removing one copy of Foxgl (Yip et al., 2012). RT-PCR was used to assess whether this also
resulted in reduction of Foxgl levels. The tissue needed to study genetic rescue was obtained
by crossing Sn2l heterozygous females with males that are Foxgl heterozygous and
dissecting out the cortex at E15.5. This cross generates all four genotypes required for
comparison: WT, Snf2] WT; Foxgl1*", Snf2] Ex6DEL, and Snf21 Ex6DEL; Foxgl*". An RT-
PCR primer whose amplicon lies within the coding sequence of Foxgl showed a 1.35 +0.18-
fold Foxgl upregulation in ExX6DEL cortex, consistent with previous results [Figure 8C].
This was not significant due to one replicate out of three that was not upregulated and
introduced a source of variability. Levels in the Foxgl heterozygous cortex were
significantly reduced (p = 0.005, student t-test). A 0.73 + 0.02-fold Foxg1 expression level in
the heterozygous cortex suggests that the single gene copy is being induced to compensate
for the loss the other allele [Figure 8C]. The Ex6DEL,; Foxgl”" cortex expression levels
were restored to wildtype levels (0.86 = 0.07-Fold, p = 0.14) showing effective rescue of the
upregulation present in EX6DEL cortex [Figure 8C].

3.2 Effects of Snf2l Ablation on the Neural Progenitor Population

Foxgl is involved in maintaining the proliferation of telencephalic progenitors and

determining the differentiation timing of cortical neurons (Xuan et al., 1995). Ex6DEL mice

have increased cell density in the cortex postnatally but since most of the neurons that make
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up the cortical plate have been generated by birth, we asked whether populations are affected
during their development. The onset of Foxgl expression is prior to the beginning of
corticogenesis and reaches peak expression at mid-corticogenesis (E15.5) (Shimamura et al.,
1995). Therefore E15.5 is a viable timepoint for observing developmental phenotypic
changes. To examine the cell population of E15.5 cerebral cortex, coronal sections were
stained with DAPI, a fluorescent DNA stain, to identify all cell nuclei. The overall cell
organization of the cortex was the same for each genotype but Ex6DEL cortical sections
often appeared to have greater cell density in some areas [Figure 9A]. A 75 pum width of
dorsal cortex was used to count the cell numbers in the ventricular zone/subventricular zone
(VZ), intermediate zone (IZ), cortical plate (CP) and marginal zone (MZ) separately and as
part of a total cell count. Snf21 WT; Foxgl*" embryos showed a decreasing trend in cell
number in the VZ, IZ and total numbers but was only significant in the IZ (p = 0.01) [Figure
9B]. For the Ex6DEL samples there was a trend towards increasing cell number in all areas
but the MZ. The average total cell number per 75 pm width of cortex for WT was 491 + 16
cells and was increased to 521 + 26 cells in the Ex6DEL cortex (p = 0.37) [Figure 9B]. This
increase is primarily attributed to the VZ since it is the only region with a significant increase
in the number of cells (WT: 195 £ 3 cells, Ex6 DEL: 236 + 12 cells, p = 0.03). These cell
population changes indicate that early increases in cell number during development are in the
progenitor population and have not yet been propagated to mature neurons in the cortical
plate. Snf21 Ex6DEL; Foxgl™" cell counts were not significantly different from WT in any
cortical region [Figure 9B]. Full rescue of the cell number phenotype in the Snf21 Ex6DEL;
Foxgl+/- indicates that it is a Foxgl-mediated effect.

In the Ex6DEL cortex, increased Foxgl expression affects the self-

renewal/differentiation balance of cortical progenitors. At E15.5 there is a significant
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Figure 9. Increased ventricular zone in Ex6DEL embryonic cortex.

(A) 75 pm-wide coronal sections of DAPI-stained E15.5 cortex.

(B) Counts of the number of cells in the ventricular zone/subventricular zone (VZ),
intermediate zone (IZ), cortical plate (CP) and marginal zone (MZ) per 75 um width of
developing cortex. Total cell number was calculated as well. Snf21 Ex6DEL cortex had
increased numbers of cells in the VZ and a trend towards greater total cell number (not
statistically significant). The increase in cell numbers was rescued by genetically decreasing
the expression of Foxgl. *, p < 0.05, comparison with WT; n = 3; error bars represent SEM.
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increase in the number of VZ/SVZ cells, a region that contains both apical progenitor and
intermediate progenitor cells. Since it is known that Foxgl regulates IPC expansion and that
Foxgl is upregulated in the Ex6DEL cortex we explored this population (Siegenthaler et al.,
2008; Yip et al., 2012). To look specifically at proliferation of IPC population, Tbr2-positive
progenitors were co-labeled with BrdU after a 2 hour pulse at E15.5. The Tbr2 staining was
more prominent in the Ex6DEL cortex with some dorsal expansion evident [Figure 10A].
There also appeared to be more Tbr2/BrdU double-positive cells visible especially on the
superficial side of the SVZ [Figure 10A]. Quantification of Tbr2/BrdU double-positive cells
as a percentage of the total number of Tbr2-positive cells showed that the Ex6 DEL cortex
has more than double the number of proliferative IPCs (WT: 6.3 £ 0.6 %, Ex6DEL: 13.3 +
0.7%, p = 0.001) [Figure 10B]. Removing one copy of Foxgl resulted in decreased
proliferation of IPCs on both Snf21 WT and Ex6DEL backgrounds consistent with data
published by Siegenthaler et al showing decreased IPC number and production in Foxgl
heterozygous mice (Snf2l WT; Foxgl”': 5 £0.5%, Snf2l Ex6DEL; Foxgl”': 6.7+ 0.9%, p >
0.1) [Figure 10B]. The Snf2l Ex6DEL; Foxgl”" IPC proliferation is identical to WT levels
indicating that increased Foxgl expression is responsible for increased IPC proliferation. It
can also be concluded that intermediate progenitor cells in the cortex are sensitive to dosage
effects of Foxgl.

The cell cycle lengthens as differentiation proceeds and, conversely, modulating cell
cycle length affects progenitor differentiation. Mice with reduced levels of Foxgl have a
premature lengthening of the cell cycle and precocious differentiation (Martynoga et al.,
2005; Siegenthaler et al., 2008; Xuan et al., 1995). These effects are associated with

increased expression of the CKI p21Cipl in the murine forebrain (Siegenthaler et al., 2008).
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Figure 10. Increased intermediate progenitor cell proliferation.

(A) Sections of E15.5 cortex, that had undergone a two hour thymidine analog pulse
labelling, were stained with primary antibodies for BrdU (Green) and Tbr2 (Red).

(B) The Ex6DEL cortex has a much greater percentage of BrdU labelled cells indicating
increased proliferation of intermediate progenitors. The majority of the co-labelled cells are
found in the subventricular zone (arrowheads). n = 3; *, p<0.001, comparison with WT; error
bars represent SEM; Scale bar = 50 um.
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Since Ex6DEL embryos have increased Foxgl and decreased CKI expression in the cerebral
cortex we wanted to determine if a shortened cell cycle was a contributing factor in the
phenotype. A double-thymidine analog labeling technique, previously used to study Foxgl
mutants, was used to measure cell cycle parameters at E13.5, E15.5 and E17.5 (Martynoga et
al., 2005; Siegenthaler et al., 2008). The experimental technique involved injecting IdU
followed by BrdU an hour and a half later into a timed-pregnant female. The female was
sacrificed and the embryos removed 30 minutes after the second injection. These two
separate analogs were then differentially detected by specific antibodies: one which detects
both analogs and the other which detects BrdU but not IdU. Cells that were in S-phase at the
time of the first injection and incorporated IdU but subsequently exited will be labeled by
only one fluorophore whereas those that remained in S-phase at the time of the second
injection with BrdU will have incorporated both analogs and be double-labelled.
Quantification of these two populations of cells was used to calculate both S-phase length
(Ts) and overall cell cycle length (Tc) [Figure 6A]. Since differentiation timing follows a
rostrocaudal gradient and differences between genotypes can vary by region (Martynoga et
al., 2005), sections from four different anatomical points spanning the rostrocaudal axis of
the forebrain were stained and quantified to achieve an overall estimate of cell cycle
parameters. Observation of stained cortical sections revealed that the vast majority of cells
that had incorporated thymidine analogs were found in the germinal areas of the cortex and,
among those, single-labeled cells were primarily found at the apical membrane of the lateral
ventricle consistent with interkinetic movement of apical progenitors [Figure 6B].
Quantification was done using 100 um-width areas of dorsal cortex which were further
subdivided in VZ and SVZ. The S-phase and cell cycle lengths calculated had a tendency of

being longer than published values. It should be noted that the literature values can vary
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between publications but define a range of accepted values. For example, Ts at E14 has been
calculated as a range of values between 2.4 and 5 hours (Estivill-Torrus et al., 2002;
Martynoga et al., 2005; Siegenthaler et al., 2008; Takahashi et al., 1996; Yuasa et al., 2002).
At E13.5, the average S-phase length of WT progenitors measured 4.6 + 0.2 hours which
falls within the range identified in the literature but cell cycle length measured 17.3 + 3.4
hours falls outside the usual lengths of 10-12 hours (Martynoga et al., 2005; Siegenthaler et
al., 2008; Takahashi et al., 1996). This increase becomes much more prominent at later
timepoints where at E17.5 the Ts and Tc values of 10.2 + 6 and 44.3 + 3 hours, respectively,
are approximately double those in the literature (Martynoga et al., 2005; Siegenthaler et al.,
2008; Takahashi et al., 1996). Despite the discrepancies between these experimental results
and those published previously the overall trend of the cell cycle increasing through
development is still present. The experimental parameters were consistent throughout these
studies and the visual differences observed between genotypes at each timepoint translated
into differences in cell cycle length when quantified. As such, the data was normalized to
wildtype values to better analyze the differences between genotypes. Relative S-phase
lengths of Ex6DEL progenitors in the ventricular zone as development proceeds are 0.87 +
0.01 (E13.5, p=0.03), 0.83 £0.13 (E15.5, p = 0.26), and 0.64 (E17.5, p = 0.23) [Figure
11A]. The shorter Ts times relative to controls become more pronounced through
development. This is also observed in the subventricular zone but differences only become
apparent at E15.5 when this area becomes more prominent in the developing cortex (E13.5:
1.04 £0.09, p=0.8, E15.5: 0.82 £ 0.04, p=0.1, E17.5: 0.72 £ 0.05, p = 0.35) [Figure 11B].
Cell cycle length is significantly shortened, almost 50%, in ventricular zone progenitors of
the Ex6DEL cortex compared to WT controls (E13.5: 0.73 £ 0.07, p =0.28, E15.5: 0.55 +

0.06, p=0.03, E17.5: 0.56, p = 0.06) but not in the SVZ (E13.5: 1.16 + 0.08, p = 0.42,
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Figure 11. Ex6DEL embryos show dysregulation of cell cycle timing in cortical
progenitors.

Embryos were pulsed with IdU followed by BrdU at E13.5, E15.5 and E17.5 as described by
Martynoga et al., 2005. Length of S-phase (Ts) normalized to wildtype was calculated for
both ventricular zone (A) and subventricular zone (B), as well as normalized cell cycle
length (Tc) (C and D). A relative decrease was seen in both Ts and Tc in Ex6DEL embryos
that increased with age, although not significant for all values. *, p < 0.05; n = 3; error bars
represent SEM.
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E15.5:0.89 £0.05, p=0.63, E17.5: 0.91 £0.15, p = 0.83) [Figure 11C, D]. This data shows
there is dysregulation of cell cycle kinetics in the Ex6DEL cortex. In the Ex6DEL cortex
progenitors are proliferating more rapidly and this continues throughout corticogenesis. To
examine the role of Foxgl in shortening the cell cycle of progenitor cells, the Ts and Tc of
Ex6DEL; Foxgl+/- progenitors were calculated. The Ts of the double transgenic cortical
progenitors is rescued from the start of corticogenesis, at E13.5 the relative length is 1.10 +
0.02 (p = 0.07) and this remains fairly constant at E15.5 and E17.5 with values of 0.95 + 0.02
(p=0.17) and 0.93 £ 0.01 (p = 0.36) [Figure 12A]. Unexpectedly though, rescuing the
amount of Foxg1l does not fully rescue the defect in Tc. At E13.5, the cell cycle length is
equivalent between Ex6DEL and Ex6DEL; Foxgl*" progenitors (0.79 + 0.07 vs. 0.79 + 0.05)
[Figure 12B] By E15.5 the cell cycle has begun to lengthen in the Ex6DEL; Foxgl*" (0.68 +
0.11, p = 0.13) compared to the Ex6DEL progenitors (0.60 £+ 0.05, p = 0.04) but has still not
reached wild type length by E17.5 (Ex6DEL; Foxg1*": 0.85 +0.02, p = 0.17, EX6DEL: 0.69
+0.03, p = 0.05) [Figure 12B]. The rescue of the ExX6DEL hypercellularity phenotype
despite a decreased cell cycle length indicates that other cues signaling neural progenitors to
arrest are intact in the double transgenic animals.

To be sure that the Foxg] rescue was not due to enhanced apoptosis, cortical tissue
was TUNEL-stained to detect any apoptotic cells. Few apoptotic cells were seen in the
cerebral cortex at either E15.5 or E17.5 in any of the genotypes. At E13.5, the cortical tissue
that was heterozygous for Foxgl displayed more TUNEL-positive cells than its Foxgl**
counterparts [Figure 13A]. However, when quantified, the numbers of TUNEL-positive cells
was the same on both the Snf2] wildtype and Ex6DEL backgrounds [Figure 13B]. The fact
that Foxg1™" neural progenitors do not have large deficits in the assays above suggests cell

death is not responsible for the rescue of the Ex6DEL phenotype.

75



Figure 12. Genetic rescue of Foxgl incompletely rescues dysregulation of cell cycle
timing in cortical progenitors.

WT, Ex6DEL, and Ex6DEL;Foxgl+/- Embryos were pulsed with IdU followed by BrdU at
E13.5, E15.5 and E17.5 as described by Martynoga et al., 2005. Length of S phase (A) and
cell cycle (B) normalized to wildtype was calculated for cortical progenitors. Genetically
reducing Foxgl levels completely rescues Ts but not Tc. Ts, S-phase length; Tc, Cell cycle
length; *, p<0.05; n = 3; error bars represent SEM.
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Figure 13. Rescue of progenitor cell phenotypes are not due to apoptosis.

(A) E13.5 cortical tissue was TUNEL stained (red) to detect the presence of apoptotic cells
and counterstained with DAPI (blue). Staining revealed some increase in cell death levels in
Foxgl heterozygous embryos. Positive control was obtained by treating tissue with DNasel.
Scale bar = 100 pm.

(B) TUNEL+ cells in Foxgl heterozygous samples were quantified on both the wildtype and
Ex6DEL backgrounds. n = 3; error bars represent SEM.
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3.3 Altered Generation and Timing of Cortical Layers

The long term consequence of excess proliferation is hypercellularity and increased
cell density in the cerebral cortex. Measurement of the cortical thickness of P7 animals was
used to determine if the increased cell numbers also affect cortical size. The width of the
cortex was measured from the boundary of layers I and II to the underlying white matter at
dorsal and dorsolateral positions in medial and caudal coronal cortical sections stained with
Nissl [Figure 14A, B - black lines in whole brain sections indicate where measurements were
taken]. The corpus callosum along with the choroid plexus were evident in the medial
sections and caudal sections were taken at the level of the hippocampus [Figure 14A, B]. The
laminar and cellular organization of the cortex observed in the magnified strips of dorsal
cortex was normal in ExX6DEL cortex but were slightly thicker [Figure 14A, B — sections on
the right]. Measurements of dorsal cortical thickness revealed significant differences of 116
pm and 91 pm in medial and caudal cortex, respectively (Medial: 1089 + 13 pum vs. 1203 +
13 pm, p = 0.003; Caudal: 766 £ 19 pm vs. 857 + 23 pum, p = 0.04) [Figure 14C, D].
Dorsolateral cortex showed a trend towards increased cortical thickness with medial and
caudal differences of 111 pm and 62 pm, respectively but the differences were not
statistically significant (Medial: 990 + 42 pm vs. 1101 £ 72 pm, p = 0.25; Caudal: 790 + 26
pm vs. 851 = 20 um, p =0.14) [Figure 14C, D]. The hypercellularity of the Ex6DEL cortex
manifests as both increased cell density and an increase in cortical thickness (Yip et al.,
2012).

Since laminar organization appeared normal at E15 and P7 in the Ex6DEL cortex
despite increased progenitor cell self-renewal and cell density, we sought to investigate the
Ex6DEL phenotype by looking at specific cortical layer markers. In situ hybridization was

used to look at the expression of neuronal layer markers Er81 (layer V) and Tbrl (Layer VI)
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Figure 14. Ex6DEL mice have increased cortical thickness.

Nissl-stained coronal sections of post-natal day 7 brain from wildtype (WT) and Ex6DEL
mice were used to determine the thickness of the cortical plate. Measurements were taken at
dorsal and dorso-lateral position from medial (A) and caudal (B) cortex by taking the
distance from the top of the white matter to the bottom of the marginal zone as indicated by
the solid black line. Images on the right represent a higher magnification of the region
indicated by boxes on the left-hand images. Scalebar = 100 um. (C and D) Average cortical
thickness (um) measured as described above. n = 3; *, P<0.05; error bars represent SEM.
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in three sets (two are represented here) of E18.5 cortex. The staining confirmed that layers V
and VI are laminated normally [Figures 15, Er81: compare A to B, C to D, Tbrl: compare E
to F, G to H]. Nonetheless, the increased intensity of the staining on E18.5 cortex suggests
increased numbers of both subtypes of neurons that are positioned correctly.

Increased rates of proliferation and cell cycle re-entry in the Ex6DEL cortex lead to a
greater progenitor cell population and eventually hypercellularity, increased cortical
thickness, and altered cell fate of the cortical plate (Yip et al., 2012). This and the knowledge
that Foxgl mutants have precocious neural differentiation prompted us to look at the timing
of neuronal differentiation. For this experiment, BrdU was injected at various timepoints
during corticogenesis for incorporation into the DNA of proliferating progenitors. Those
cells that exit the cell cycle shortly after the injection will retain the BrdU as they
differentiate and migrate into the appropriate layer of the cortical plate. First, embryos were
injected with BrdU at E12.5 to label cells destined for layer VI. Brains were harvested at
E18.5 and then the cortex was co-stained for BrdU and Nurrl, a layer VI neuronal marker.
The Nurrl-positive cells appeared more prominent and to be densely packed in many
Ex6DEL tissue sections observed [Figure 16A]. This was corroborated by cell counts
showing a non-significant increase in Nurrl-positive cells in the ExX6DEL cortex within an
85 um section (WT: 71 % 3 cells, Ex6DEL: 92 + 7 cells, p = 0.06) [Figure 16B]. When the
differentiation timing of Nurrl-positive neurons was examined by looking at the percentage
that were BrdU-labeled there was a significant decrease in the ExX6DEL cortex (WT: 30.8 +
3.9%, Ex6DEL: 22.4 + 0.9%, p = 0.02) [Figure 16C]. The decreased percentage of the Nurrl
population that co-label with BrdU suggests a delay in the birthdate of Ex6DEL Layer VI

neurons. To further explore the extent of the delay, the same experimental procedure was
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Figure 15. Differences in laminar marker expression in Ex6DEL cortex.

In situ hybridization of E18.5 coronal brain sections with probes for Er81 (A-D) and Tbr2
(E-H). Er81 and Tbr2 label cortical layers V and I/VI, respectively. The Ex6DEL (A, C, E,
G) tissue has more intense staining. Scale bar = 100 pm.
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Figure 16. Delayed neurogenesis of Layer VI.

Layer VI cells in the Ex6DEL cortex have a delayed migration into the cortical plate
compared to WT counterparts. Embryos were pulsed with BrdU at E12.5 and then sacrificed
at E18.5. (A) Sections of the cortex were stained for BrdU (green) and Nurrl (red), a layer
VI marker, and counterstained with DAPI (blue). More BrdU-positive cells can be seen
spread throughout the Nurrl layer in the WT cortex whereas more of the labeling in the
Ex6DEL cortex is concentrated near the apical boundary of the Nurrl layer. Scale bar = 50
um (B) Ex6DEL cortex has a non-significant increase in Nurrl positive cells but has a
significant decrease in the number of BrdU/Nurrl1 co-labeled cells suggesting an altered
timing of differentiation of layer VI neurons. *, p<0.03; n = 3 embryos; error bars represent
SEM.
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performed with a BrdU injection at E15.5 followed by co-staining with Brn2, a marker of
layers II, III and V (the layer II/III neurons are born at ~E15.5) at E18.5. In the WT cortex 14
+ 4.9% of Brn2-positive cells in layers II/III were co-labeled with BrdU compared to 23 +
2.7% of cells in the mutants (p = 0.05) [Figure 17D]. The delay in neuron generation is
recapitulated in layer II/III neurons. There is no significant increase in the number of Brn2-
positive neurons in the Ex6DEL cortex (WT: 49 + 9 cells/150 um, Ex6DEL: 56 + 6 cells/150
pum, p = 0.5) yet apparent at E18.5 but BrdU staining patterns indicate that migration of new
neurons is not complete [Figure 17A, C]. Work by others in the lab has shown that other
layer II/III neurons are increased when examined at post-natal timepoints suggesting that
later examination of Brn2 might yield increased Brn2-positive neurons later in development.
The timing of corticogenesis is altered when Snf2l activity is ablated. To determine what
effect genetic rescue has on differentiation delay, embryos were injected with BrdU at E13.5
and then co-labeled with Ctip2, a layer V marker, at E18.5. A shift in the staining pattern of
BrdU-labeled cells from predominantly later-born layers in the wildtype cortex to earlier-
born layers in Ex6 DEL samples was observed [Figure 18A]. When the numbers of
Ctip2/BrdU co-labeled cells were quantified there was a significant increase in the Ex6 DEL
cortex (WT: 22.1 £ 5.8%, Ex6DEL: 40.9 £ 0.7%, p = 0.02) [Figure 18B]. This is in contrast
to the decrease in double-labeled cells observed with the Nurrl birthdating experiment. The
reason for the opposing trends is due to the timing of the BrdU incorporation relative to the
differentiation of the neurons labeled. At the time of BrdU injection in the E12.5 WT cortex,
layer VI Nurrl-positive neurons are differentiating. Differentiation of the Nurrl-positive
cells in the Ex6DEL cortex lags behind and many of the BrdU-labeled cells are found at the

apical edge of the Nurrl-positive population [Figure 16A]. In contrast, cells born at the time
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Figure 17. Delayed neurogenesis of Layer II/II1.

Layer II/III cells in the Ex6DEL cortex have a delayed differentiation compared to WT
counterparts. Embryos were pulsed with BrdU at E15.5 and then sacrificed at E18.5.

(A) Sections of the cortex were stained for BrdU (green) and Brn2 (red), a layer II, III and V
marker. Scale bar = 100 pm.

(B) Magnified images of layer II/III cells in the region outlined by the boxes in (A). Scale
bar = 25 pm.

(C) Quantification shows no difference in the number of Brn2 positive cells but Ex6DEL
embryos have a significant increase in the number of BrdU/Brn2 co-labeled cells. *, p<0.03;
n = 3; error bars represent SEM.
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Figure 18. Differentiation timing of Layer V neurons is rescued by a decrease in Foxgl
expression.

WT, Foxgl+/-, Ex6DEL, and Ex6DEL; Foxgl+/- embryos were pulsed with BrdU at E13.5
and then sacrificed at E18.5.

(A) Sections of the cortex (10 um) were stained for BrdU (green) and Ctip2 (red), a layer V
marker, and counterstained with DAPI (blue). Scale bar = 100 pm.

(B) Quantification of the Ctip2+/BrdU+ population shows the delay in differentiation of
layer V neurons is rescued by genetic decrease of Foxgl. n =4; *, p<0.05; error bars
represent SEM.
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of the E13.5 BrdU injection in the WT cortex are finishing the formation of the Ctip2-
positive population but the cells in the Ex6DEL cortex are still actively forming Ctip2-
positive neurons [Figure 18A]. All of the birthdating experiments together show that
differentiation delay occurs in at least three separate neuronal populations in the Ex6DEL
cortex. The percentage of double-labeled cells was 30.6 + 5.5% in the Ex6DEL; Foxgl™"
cortex which falls between the percentages obtained for WT and Ex6DEL samples and is
statistically significant from neither (WT: p = 0.3, Ex6DEL: p = 0.1) [Figure 18B]. The delay
in differentiation was partially rescued by a decrease in Foxgl expression. The Ex6DEL
phenotype continues to affect neuronal differentiation throughout the whole process of
corticogenesis.
3.4 Snf2l Binding to the Foxgl Locus

The increase in Foxgl expression in the absence of active Snf2l suggests a role for
Snf2] in regulating gene expression. To confirm that Snf2l is able to directly interact with the
Foxgl locus, chromatin immunoprecipitation (ChIP) experiments were performed on E15.5
forebrain. Eleven sets of primers (R1-R11) were designed to span the conserved regions both
upstream and downstream of the Foxgl coding sequence as determined by the mammalian

conservation function in UCSC genome browser (http://genome.ucsc.edu/) [Figure 19A].

This approach was used with the aim of covering all regulatory regions, such as enhancers
and proximal promoters, where Snf2] might bind and exert influence over Foxgl expression.
The primer sets were spaced 500 bp apart on average, exceptions can be seen where there
were difficulties in amplifying a region or primers had to be redesigned, and had amplicons
of 100 to 244 bp (average = 160 bp) in length. The reaction conditions were optimized to
give r* values greater than 0.99 using the linear amplifying portion of a serial dilution curve

and between 90-100% efficiency values by varying primer concentration. Each ChIP
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Figure 19. Snf2l binds directly to a Foxgl promoter region.

(A) Schematic representation of the Foxgl locus showing two different promoter regions (P1
and P2) which transcribe two different mRNA classes. Both classes contain the same protein
coding sequence (CDS, light gray region). The locations of all amplicons used to identify
binding are shown in relation to the Foxgl genomic sequence. Adapted from Li et al., 1996.
(B) Chromatin immunoprecipitation (ChIP) of Snf2] shows direct binding at the Foxgl locus
in promoter region P1 within Intron 1 (see red rectangle in A). ChIP was performed on
Snf21"¥1°* 15 5 forebrain, with each biological replicate incorporating tissue from approx.
10 embryos. The results above incorporate % Input values from 3 biological replicates, each
having the Q-PCR reaction run in duplicate. *, p = 0.012; error bars represent the SEM.
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experiment combined input tissue from approx. 10 embryos (4 x 10" cells) and the ChIP was
repeated independently three times. Only primer set R8, lying within intron 1 of Foxgl,
showed a significant increase in % Input value (Snf2l: 0.009 + 0.003%, IgG: 1.7x10™ +
3x10°%, p<0.01) when compared to the IgG control. [Figure 19B] We conclude from this
experiment that a Snf2] complex binds directly to a very specific point on the Foxgl locus.
Two alternative classes of mRNA transcripts exist for Foxgl in the mouse, which are
transcribed from two distinct transcriptional start sites (Li et al., 1996). The most abundant
transcript is derived from promoter region P1 which is found within intron 1 and corresponds
to the site of Snf2] binding [Figure 20A]. To determine whether Snf2I’s repression of Foxgl
is based on a mechanism localized to the P1 promoter or has a more generalized effect semi-
quantitative PCR was used to examine the relative expression of both Foxgl mRNA classes.
Primer sets specific to each class of transcript along with one that captures all Foxgl
transcripts [Figure 20A] were used to amplify cDNA from three different control and
Ex6DEL E15.5 forebrains. A primer pair for .32 was used as a loading control and a no-
reverse transcriptase control was amplified to detect possible DNA contamination. The semi-
quantitative PCR products were quantified by running them on an agarose gel [Figure 20B]
and performing densitometry analysis. First of all, the overall levels of Foxgl transcript were
upregulated 1.79 + 0.07-fold (p = 0.001) in this experiment compared to wildtype. Class 1
Foxgl mRNA, which is transcribed from the P1 promoter, was upregulated 1.32 + 0.04-fold
in Ex6DEL forebrain (p = 0.004). Class 2 Foxgl mRNA, whose promoter (P2) is found
upstream of Exon 1, had a relative upregulation of 1.6 = 0.14 (p = 0.015) as determined by
semi-quantitative PCR and had been confirmed with qRT-PCR (Relative fold change = 1.3 +

0.2) [Figure 20C]. Both classes of transcript are upregulated in EX6DEL cortex providing
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Figure 20. Snf2l regulates expression of both Foxgl Transcripts

(A) Schematic representation of the Foxgl locus showing two different promoter regions (P1
and P2) which transcribe two different mRNA classes. Both classes contain the same protein
coding sequence (CDS, light gray region). The red arrows indicate the location of primers
designed to amplify class 1 and 2 mRNA, specifically, as well as a pair that amplifies all
Foxgl mRNA. Adapted from Li et al., 1996.

(B) Agarose gel of semi-quantitative PCR products amplified from E15.5 cortical cDNA.
The primers shown in (A) were used to measure the relative abundance of class 1, class 2
and total Foxgl transcript levels in wild type (WT) and Ex6DEL samples. An .32 primer set
was used as a loading control and a No RT control was used to ensure there was no genomic
DNA contamination.

(C) The signal from each band in (B) was quantified using Image J software and normalized
to the corresponding L.32 signal. The values on the graph represent the relative increase in
expression of each transcript normalized to WT levels. Both class 1 and 2 Foxgl mRNA are
elevated in Ex6DEL cortex. *, p<0.05; error bars represent the SEM.
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evidence that Snf21’s activity on the Foxgl locus is not localized to a specific transcriptional

start site but may also be affecting enhancer elements in its binding region.
4.0 Discussion

4.1 Altered Cell Cycle and Progenitor Cell Kinetics

Cell cycle length is deregulated in Ex6DEL neural progenitors. Both the cell cycle
length and S-phase length are shortened compared to controls with the relative differences
increasing through development. These cell cycle changes can lead to increased proliferation
and altered cell fate decisions. Cells make fate decisions during the G1 phase of the cell
cycle. They must decide based on intrinsic networks and extrinsic cues whether they will
enter quiescence, senescence, differentiate or die by apoptosis before they reach the
restriction point in late G1. The restriction point acts as a ‘point of no return’ and once it has
been passed a cell is committed to undergo DNA replication and mitosis (Blomen and
Boonstra, 2007; Pardee, 1974). The primary factors identified as being involved in regulating
the restriction point are the pRb-E2F pathway and cyclin E-Cdk2:p27 ratio (Conradie et al.,
2010; Hitomi et al., 2006; Yao et al., 2008). pRb is phosphorylated by cyclin D-Cdk4/6 and
cyclin E-Cdk2 during G1. Hypophosphorylated pRb is able to bind E2F transcription factors
but as phosphorylation marks are added by the cyclin-Cdk complexes E2Fs are freed. The
released E2Fs then recruit activating complexes to several genes responsible for cell cycle
progression (Singh et al., 2010). The activity of G1 cyclin-Cdks, which phosphorylates pRB,
is inhibited by Cdk inhibitors (CKlIs), particularily p21 and p27 (Lee, 2009). The levels of
p27 in a cell during G1 are sufficient to determine whether it will activate Cdk2 and pass the
restriction point or remain in G1 (Hitomi et al., 2006). Manipulation of any of the reactions

involved in restriction point regulation predicts its advance or delay and can cause cell cycle
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arrest (Conradie et al., 2010). In models where activity of these genes is altered the outcome
is an upset of the proliferation/differentiation balance and altered growth of the cerebral
cortex (Ferguson et al., 2002; Fero et al., 1996; Goto et al., 2004; MacPherson et al., 2003;
Mitsuhashi and Takahashi, 2009; Pilaz et al., 2009; Tarui et al., 2005).

Foxgl has been shown to suppress p21 and p27 in mice and Xenopus, respectively
(Hardcastle and Papalopulu, 2000; Siegenthaler et al., 2008). In the Ex6DEL cortex, where
Foxgl expression is elevated, CKIs p16, p21 and p27 are significantly downregulated
[Figure 5A]. Concordant with these gene expression changes, the cell cycle in Ex6DEL
progenitor cells tends to be shorter than in its WT counterparts. In ventricular zone
progenitors, S-phase and cell cycle length are both shorter in early and late periods of
neurogenesis whereas subventricular zone progenitors begin to show distinct differences in
cell cycle length at E15.5 when intermediate progenitor cells become prominent. The cell
cycle lengthens faster in WT than in Ex6DEL progenitors accentuating the difference
between the two at later timepoints [Figure 11]. Differences in the length of G1 are most
likely responsible for the shortened cell cycle length in these progenitors for a number of
reasons: G1 has been observed as the source of variability in in vitro cultures, G1 normally
lengthens over the course of normal corticogenesis, the CKIs downregulated in the Ex6DEL
cortex are mainly responsible for inhibiting G1 cyclin-Cdks, and the differences observed in
S phase length are not sufficient to cover the differences in overall cell cycle length (Sherr
and Roberts, 1999; Shields, 1977; Takahashi et al., 1995). The shortening of G1 and the
possible advance of the restriction due to reduced p27 expression are increasing the
proportion of cells in the germinal zones of the cortex that decide to undergo replication.
This is consistent with previous experiments that show increased cell cycle re-entry in the

Ex6DEL cortex. The rate of re-entry slows in WT but not Ex6DEL tissue between E13.5 and
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E17.5 [Figure 4G, I]. The increased cycle rate also translates into an increased proliferation
rate when Ex6DEL tissue is BrdU-pulsed [Figure 9]. Interestingly, despite the kinetic
changes to the cell cycle in the ventricular zone the Pax6-positive progenitor population does
not appear to be significantly increased (Yip et al., 2012). The Tbr2-positive population is
expanded suggesting that the additional proliferation of apical progenitors is directly
contributing to an increase in [PCs.

The increased proliferation and hypercellularity of the ExX6 DEL cortex is restored to
WT parameters by rescue of Foxgl levels. While cell cycle length increases faster in
Ex6DEL; Foxgl™" progenitors than EX6DEL ones, they remain faster than WT cell cycle
times [Figure 12B]. This discord between rescue of other observed phenotypes and
incomplete rescue of cell cycle length suggests that a certain threshold of restriction point
alteration is needed to affect cell fate decisions. Both p21 and p27 are known to be
downstream of Foxgl and the level of p27 in a cell is especially important for deciding
between proliferation and cell cycle exit (Hardcastle and Papalopulu, 2000; Hitomi et al.,
2006; Siegenthaler et al., 2008). If the genes downstream of Foxgl are also rescued in
Ex6DEL; Foxgl™" tissue then normal restriction point function could be restored. 256 genes
have a greater than 2-fold alteration in their expression (both increased and decreased) in the
Ex6DEL cortex at E15.5. Many of those genes are transcription factors and could have
downstream effects on cell cycle regulation. Not all of these genes are dependent on Foxgl
regulation including the CKI, p16, that is downregulated. Foxg1 independent gene
expression changes may cause persistent cell cycle changes that are not sufficient for
restriction point delay allowing for recovery of cell fate decisions.

Unlike cell cycle length, the shorter S-phase length of Ex6DEL is completely rescued

in the Ex6DEL,; Foxgl”" cortex. The determinants of S-phase timing are independent from
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those that regulate G1 length allowing both to be separately affected in the Ex6DEL
phenotype. S-phase length varies developmentally and is heavily influenced by chromatin
state (Ding and MacAlpine, 2011; Shermoen et al., 2010). So far, only Snf2h, not Snf2l,
containing chromatin remodeling complexes have been implicated in DNA replication. ACF
is required for replication through pericentric heterochromatin and WICH is targeted to the
DNA clamp proliferating cell nuclear antigen (PCNA) to maintain the chromatin structure of
newly replicated chromatin (Collins et al., 2002; Poot et al., 2004). Recently a role for Snf2h
in the loading of the minichromosome maintenance (MCM) proteins to form the pre-
replication complex required to ‘license’ origins of replication (Sugimoto et al., 2011). Snf2h
silencing was able to slightly delay S-phase but the effects of Snf2] were not examined since
the authors used HeLa cells that do not express Snf2l for their experiments (Sugimoto et al.,
2011). However, it is unlikely that changes in chromatin dynamics are the cause of a
shortened S-phase in the Ex6DEL neural progenitors since this would be independent of
Foxgl expression. Ts might be influenced by developmental changes instead. As cortical
progenitors make a commitment to the neurogenic lineage they significantly reduce the
length of their S-phase, from 8.3 to 1.8 hours in Pax6-positive apical progenitors and from
6.4 to 2.8 hours in Tbr2-positive basal progenitors (Arai et al., 2011). Increased Foxgl
expression not only increases the neural progenitor population but also promotes
neurogenesis rendering it a possibility that a greater proportion of ExX6DEL progenitors are
undergoing neurogenic divisions (Brancaccio et al., 2010). Since neurogenic progenitors
have drastically reduced T's, having a greater proportion of them making up the progenitor
pool would reduce the population’s average S-phase length. This phenotype is Foxgl

dependant and is rescued in the Ex6DEL; Foxgl*" neural progenitors.
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Ex6DEL progenitor cells display increased proliferation rates and cell cycle re-entry
mediated by altered cell cycle parameters. Despite this phenotype, the cues that induce
differentiation remain intact as evidenced by a lack of exencephaly and grossly normal
lamination patterns in the EX6DEL cortex.

4.2 Differentiation Timing and Cell Fate Determination

Ex6DEL mice have normal lamination patterns in their cerebral cortex but exhibit a
delay in neuronal differentiation accompanied by increased neuronal output throughout
corticogenesis. Subtle changes in cortical progenitor pools can have an effect on how cortical
plate neurons are generated. At the onset of corticogenesis neural progenitors are multipotent
but become progressively restricted to later-born fates independent of environmental cues
throughout cortical development (Desai and McConnell, 2000; Frantz and McConnell, 1996;
McConnell, 1988; Shen et al., 2006b). This temporal regulation of projection neuron fate is
maintained even in transgenic models that interrupt the balance between progenitor self-
renewal and differentiation. Genetic changes that favour differentiation result in premature
cell cycle exit of progenitors producing primarily early-born neuronal cell types before the
progenitor population is depleted. Examples of this are a forebrain-specific knockout of
Ezh2, knockout of tailless (TIx) and overexpression of COUP-TFI (Faedo et al., 2008;
Pereira et al., 2010; Roy et al., 2002). In the study examining Ezh2, these mice begin to
produce neurons before controls and at early stages of corticogenesis have a thicker cortex.
By the end of the neurogenic interval their cortex is thinner and they have normal numbers of
early-born layer markers but a deficit in Brn2+ neurons (Pereira et al., 2010). Knock-out of
Foxgl constitutes a severe example of this phenomenon where the progenitor pool is
exhausted very early through precocious differentiation of neurons (Xuan et al., 1995). On

the other hand, increased self-renewal of the progenitor population, that does not result in
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major developmental abnormalities, can result in a shift towards the production of late-born
neurons. Loss of Geminin in the cortex results in expanded progenitor populations and 17%
fewer early-born neurons produced by progenitors and a similar increase in the number of
late-born neurons (Spella et al., 2011). Other mouse phenotypes describe an increase in
progenitor self-renewal but do not examine whether a change in ratio of deep to superficial
neurons is also present (Dugani et al., 2010; Jung et al., 2010). Birthdating studies were
conducted to see if the increased cell cycle re-entry of EX6DEL progenitor cells affected the
differentiation timing of their progeny. Comparing BrdU-labeled cells that were pulsed on
either E12.5 or E15.5 and co-labeled with layer markers Nurrl (layer VI) or Brn2 (Layers
II/III), respectively, showed a delay in the differentiation of both early and late-born neurons
[Figures 16, 17]. Cells are remaining in a proliferative progenitor state longer before
terminally differentiating in the EX6DEL cortex. Contrary to what might be expected with
increased progenitor self-renewal, most layers of the cerebral cortex are increased in the
Ex6DEL model (Figure 15; Yip et al., 2012). The number of layer II/III Brn2-positive cells
is unchanged at E18.5 but there is more BrdU staining in the SVZ and intermediate zone of
the Ex6DEL sections suggesting there is more differentiation and migration occurring still
and this population might be greater at post-natal timepoints. In fact, analysis of late-born
layer markers Cux1 and Satb2 staining at PO showed increased neuronal output in this model
(Yip et al., 2012). The gene expression changes in the Ex6DEL cortex are affecting the
signals that initiate neuronal differentiation and shift the program of corticogenesis to a later
gestational age for both deep and superficial layers of projection neurons. The reason for
global increases in neuron production is the consistency of decreased cell cycle length,
increased progenitor cell proliferation and increased population number of neuronal

progenitor cells from the beginning to the end of corticogenesis. The delay in production of
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1™ cortex

Ctip2-positive (layer V) neurons is partially rescued in the Ex6DEL; Foxg
demonstrating its dependence on aberrant Foxgl activity in the EX6DEL cortex [Figure 18].
Maintenance of increased Foxgl expression increases the progenitor pool and delays
neurogenesis by approximately 1 day which results in increased neuronal output in all layers.
This demonstrates the importance of the Snf2l-Foxg1 pathway in corticogenesis.
4.3 Snf2l Directly Affects Foxgl Transcription

Snf2l is bound to the Foxgl gene locus during development, a gene that is
derepressed when Snf2l is absent. Snf2] is known to play a role in transcriptional regulation
and can slide nucleosomes along DNA in cis but its mechanism of action in vivo has not been
fully characterized (Barak et al., 2003; Hamiche et al., 1999; Landry et al., 2011; Lazzaro et
al., 2006). Nucleosomes can pose an impediment to transcription by preventing the binding
of activators and RNA Polymerase II to the DNA and possibly blocking transcription
elongation (reviewed in Bai and Morozov, 2010). In a study of human promoters, it was
found that their nucleosome occupancy is negatively correlated with the corresponding
mRNA abundance (Tirosh and Barkai, 2008). This type of transcriptional regulation has
been best studied in the yeast, Sacchromyces cerevisiae. By taking into account data for
nucleosome occupancy at promoters Liu and colleagues were able to predict that Leu3
transcription factors would bind to accessible binding sites in vivo (Liu et al., 2006). The link
between nucleosome occupancy and transcriptional activation has been well characterized at
the yeast PHOS promoter. The promoter region contains two binding sequences for the
transcription factor Pho4, one that is accessible and the other blocked by nucleosome
occupancy under repressive conditions. When phosphate levels in the cell drop requiring the
activation of PHOS, Pho4 binds to the accessible site and precipitates the eviction of

nucleosomes expanding the nucleosome free region from 80 to 600 bp in size. The eviction
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also removes nucleosome repression of the promoter’s TATA box allowing maximal
transcription of the PHOS gene. Chromatin remodeling factors are required to open the
chromatin in response to PHOS gene activation (Mao et al., 2011; Musladin and Barbari¢,
2010; Svaren and Horz, 1997). ISWI can remodel the nucleosome landscape to affect
transcription. ISWI activity was studied using in vitro assays where nucleosomes were
reconstituted on DNA containing GAL4-binding sites upstream of the adenovirus E4 TATA
box and a minimal core promoter (Kang et al., 2002). The ISWI complex NURF is able to
translocate the nucleosomes along the DNA but does not uncover all the GAL4-binding sites.
When the GAL4 DNA binding domain is introduced into the reaction nucleosome sliding is
extended to free all binding sites. The GAL4 DNA binding domain does not induce
nucleosome repositioning on its own indicating the requirement for NURF (Kang et al.,
2002). In vivo, the yeast Isw2 ISWI complex cooperates with the histone deacetylase
complex Sin3-Rpd3 to repress multiple genes. In the genes dependent on Isw2 function it
forms a DNase I-inaccessible chromatin structure (Fazzio et al., 2001). In Drosophila, in the
absence of ISWI both upregulation and downregulation of gene expression is observed
(Corona et al., 2007). However, 75% of genes whose expression is changed greater than 2-
fold are expressed at greater levels possibly due to changes in global chromatin compaction
and reduced association of the linker histone H1 (Corona et al., 2007). Drosophila ISWI is
bound to chromatin in the vicinity of transcriptional start sites (TSS) with the peak binding
density occurring at 300 base pairs (bp) downstream (Sala et al., 2011). When comparing the
nucleosome positioning of wildtype versus ISWI-mutant salivary gland chromatin it was
observed that genes where ISWI is bound had a delocalization of the nucleosomes
downstream of the TSS and sometimes at the 3’ end of the gene (Sala et al., 2011). How

consistent ISWI’s mechanism of transcriptional regulation is between lower eukaryotes and
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mammals has not been investigated. Nucleosome mapping has not been completed in mice
and only recently has the activity of mammalian ISWI orthologs Snf2h and Snf21 begun to be
studied in vivo.

In murine forebrain Snf21 is bound to the Foxgl locus in intron 1 between the two
distinct TSSs for Foxgl’s two transcripts [Figure 19]. It is bound approximately 800 bp
downstream of the TSS for class 2 mRNA and 350 bp upstream of the class 1 mRNA TSS.
This area was identified as the promoter region for class 1 Foxgl mRNA (Li et al., 1996).
The specific binding location would suggest a model where Snf2l is acting locally at the
promoter of the prominent Foxg1 transcript to control expression but RT-PCR analysis
shows this is not the case. In the absence of Snf21 both Foxgl transcripts are upregulated
[Figure 20]. Luciferase assays point to the importance of the region between 79 and 1179 bp
upstream of the class 1 mRNA TSS in activating Foxgl expression (Li et al., 1996; Yip et
al., 2012). The requirement of the Snf2l-binding region for Foxgl activation independent of
chromatin state and the ability of Snf21 to repress both Foxg1 transcripts suggest a model
where chromatin state (such as nucleosome occupancy) is altered by Snf2l to block DNA
access. This could be accomplished by either blocking activating factor(s) access to an
important regulatory sequence that controls the output of both class 1 and 2 Foxgl transcripts
or controls access to an activating factor important for expression of class 1 mRNA and
blocks the progression of RNA polymerase II through class 2 Foxgl mRNA. Future
experiments studying chromatin state (nucleosome position, histone modifications) at the
Foxgl locus, both in the presence and absence of Snf2l, will provide more insight into the

specific mechanism of transcriptional control employed by Snf2l.
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4.4 Snf2l and its Cofactors in Transcriptional Regulation

Snf2l is associated with two complexes, NURF and CERF, where it interacts with
other factors. These cofactors are important for recruiting and modulating the chromatin
remodeling activity of Snf2l. Nucleosome remodeling factor (NURF) was first identified as a
complex capable of facilitating GAGA factor-induced nucleosome remodeling at the Hsp70
promoter and was found to contain Snf2l, BPTF and RbAP46/48 in mammals (Barak et al.,
2003; Tsukiyama and Wu, 1995). Studies of NUREF activity in Drosophila and mammalian
culture models implicate it in both gene activation and repression with NURF upregulating
engrailed, heat shock genes, Wingless target genes (via recruitment by Armadillo), and
Ultrabithorax (Badenhorst et al., 2002; Barak et al., 2003; Schuettengruber et al., 2007; Song
et al., 2009). NUREF represses the JAK-STAT pathway in Drosophila and in BPTF-null
thymocytes 152 genes show lower expression and 154 genes show higher activity (Kwon et
al., 2008; Landry et al., 2011). The recruitment mechanisms of NURF are diverse and
include sites of histone variant H2A.Z incorporation, histone modifications H3K4me3 and
H4H16Ac, recruitment by specific transcription factors, and its association with
heterochromatin protein 2 (Goldman et al., 2010; Kwon et al., 2009; Wysocka et al., 2006;
transcription factor summary in Alkhatib and Landry, 2011; Stephens et al., 2006).

Less is known about the biological function of the CERF complex. CERF is
composed of the transcription factor Cecr2 and Snf2l (Banting et al., 2005). Although the
chromatin binding properties of Cecr2 have not been characterized, microarray analysis of
Cecr2 genetrap mutants shows both up and downregulation of gene expression with no
tendency towards one or the other (Fairbridge et al., 2010). Foxg] is not present in the
microarray but this could be due to the early developmental stage of the tissue analyzed.

None of the data published in Drosophila ISWI studies shows effects on Foxgl either
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leaving speculation as to which complex is responsible for its regulation. Both BPTF and
Cecr2 are expressed in the brain and capable of mediating gene repression so both are
potential binding partners to Snf21 at the FoxG1 locus (Banting et al., 2005; Barak et al.,
2003; Chen et al., 2010; Jones et al., 2000). Further immunoprecipitation experiments with
complex-specific subunits of both NURF and CERF would determine whether one of these
two known complexes or a novel one are responsible for the repression of Foxgl in vivo.
Mutation of either Cecr2 or BPTF in mice produces more severe phenotypes than
that of the Snf21 Ex6DEL mice. Genetrap Cecr2 mutants have up to a 74% penetrance of
exencephaly that is strain-dependent (Banting et al., 2005). Generation of a null mouse line
resulted in a greater penetrance of exencephaly as well as the presence of midline facial
clefts and forebrain encephalocele. The null mutation is also lethal perinatally, with any pups
born without exencephaly dying within a couple days of an unknown cause (Fairbridge et al.,
2010). BPTF mutations are even more catastrophic where BPTF” embryos are reabsorbed
by E8.5 (Goller et al., 2008; Landry et al., 2008). BPTF is required for embryonic stem cell
differentiation and the proper formation of extraembryonic support tissue, mesoderm,
endoderm and more differentiated ectoderm lineages (Goller et al., 2008; Landry et al.,
2008). The mild Ex6DEL phenotype indicates that both Cecr2 and BPTF have functions
independent of their association with Snf21 or there is some functional compensation by the
other mammalian ISWI ortholog, Snf2h, that lessens the phenotype. An example of this type
of compensation relationship is seen in the SWI-SNF family chromatin remodeling proteins
Brgl and Brm. Brgl mutations are embryonic lethal and cannot be compensated for by Brm
(Bultman et al., 2000). Brm-null mice only have a mild phenotype of increased mass and cell
proliferation but an increase in Brgl protein levels suggests functional compensation (Reyes

et al., 1998). No increase in Snf2h expression has been detected in Ex6 DEL mice but such an

109



increase might not be necessary for a compensatory mechanism considering the normal
abundance of Snf2h (Erdel et al., 2010; Yip, 2009). The observation that both ISWI subunits
can be incorporated into certain complexes, sometimes in a context-specific manner, lends
support to the notion that Snf2h could be compensating for Snf2l when it is depleted (Poot et
al., 2000; Thompson et al., 2012). While the molecular mechanism and associations of Snf21
in the brain remain to be completely elucidated, it can be concluded that Snf2l is an
important regulator of neural progenitor cells in the forebrain via its repression of Foxgl

transcription.
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