NOTE TO USERS

This reproduction is the best copy available.






-

I

uOttawa

L’Université canadienne
Canada's university



o

I

FACULTE DES ETUDES SUPERIEURES o— FACULTY OF GRADUATE AND
ET POSTOCTORALES uOttawa POSDOCTORAL STUDIES
Darren John Yip

AUTEUR DE LA THESE / AUTHOR OF THESIS

Ph.D. (Microbiology and Immunology)
GRADE / DEGREE

Department of Biochemistry, Microbiology and Immunology
FACULTE, ECOLE, DEPARTEMENT / FACULTY, SCHOOL, DEPARTMENT

The Chromatin Remodelling Protein SNF2L Regulates Cell Number in the Developing Brain

TITRE DE LA THESE / TITLE OF THESIS

David Picketts
DIRECTEUR (DIRECTRICE) DE LA THESE / THESIS SUPERVISOR

CO-DIRECTEUR (CO-DIRECTRICE) DE LA THESE / THESIS CO-SUPERVISOR

Alexandre Blais Rob Bremner (University of
Toronto)
Bruce McKay Valerie Wallace

Gary W. Slater

Le Doyen de fa Faculté des études supérieures et postdoctorales / Dean of the Faculty of Graduate and Postdoctoral Studies




The chromatin remodelling protein SNF2L regulates cell
number in the developing brain.

Darren John Yip

THESIS
Submitted to the Faculty of Graduate and Postdoctoral Studies in partial
fulfilment of the requirements for the degree of

Doctorate of Philosophy
in
Biochemistry, Microbiology and Immunology /
Human and Molecular Genetics

University of Ottawa
Ottawa, Ontario, Canada
17 December, 2009

© December 2009, Darren John Yip



Library and Archives Bibliothéque et
* Canada Archives Canada

Published Heritage Direction du

Branch Patrimoine de I'édition

395 Wellington Street 395, rue Wellington

Ottawa ON K1A ON4 Ottawa ON K1A ON4

Canada Canada
Your file Votre référence
ISBN: 978-0-494-65580-1
Our file Notre référence
ISBN: 978-0-494-65580-1

NOTICE: AVIS:

The author has granted a non-
exclusive license allowing Library and
Archives Canada to reproduce,
publish, archive, preserve, conserve,
communicate to the public by
telecommunication or on the Internet,
loan, distribute and sell theses
worldwide, for commercial or non-
commercial purposes, in microform,
paper, electronic and/or any other
formats.

The author retains copyright
ownership and moral rights in this
thesis. Neither the thesis nor
substantial extracts from it may be
printed or otherwise reproduced
without the author’s permission.

L’auteur a accordé une licence non exclusive
permettant a la Bibliothéque et Archives
Canada de reproduire, publier, archiver,
sauvegarder, conserver, transmettre au public
par télécommunication ou par lI'internet, préter,
distribuer et vendre des théses partout dans le
monde, a des fins commerciales ou autres, sur
support microforme, papier, électronique et/ou
autres formats.

L’auteur conserve la propriété du droit d’auteur
et des droits moraux qui protége cette thése. Ni
la thése ni des extraits substantiels de celle-ci
ne doivent étre imprimés ou autrement
reproduits sans son autorisation.

In compliance with the Canadian
Privacy Act some supporting forms
may have been removed from this
thesis.

While these forms may be included
in the document page count, their
removal does not represent any loss
of content from the thesis.

Canada

Conformément a la loi canadienne sur la
protection de la vie privée, quelques

formulaires secondaires ont été enlevés de

cette thése.

Bien que ces formulaires aient inclus dans
la pagination, il n’y aura aucun contenu
manquant.



Abstract

Mutations in genes encoding chromatin-remodelling proteins, such as the ATRX gene, underlie a
number of genetic disorders including X-linked mental retardation syndromes; however knowledge
of the role of these proteins in CNS development is limited. In Drosophila, ISWI is essential for
development, the protein functions as the ATP-hydrolysing component in several chromatin-
remodelling complexes. The two mammalian ISWI orthologs, SNF2H and SNF2L are differentially
expressed, suggesting that they possess distinct developmental roles. Prevalent expression of
SNF2H occurs during neuroprogenitor proliferation while SNF2L transcripts are increased in
maturing neurons. It is well known that an appropriate balance between neuroprogenitor
proliferation and neuronal differentiation during the embryonic stages is critical to regulate the size
of the developing neocortex. Here, I have analyzed mice ablated for Snf2] chromatin remodelling
activity to determine its role in cortical development. The loss of active Snf2] resulted in a 1.4-fold
increase in the ratio between brain weight and body weight. This was accompanied by a
concomitant increase in cell number in the cerebral cortical strata ranging from 1.3- to 1.6-fold (in
embryonic and adult tissues). This increase did not coincide with an observable change in the
frequency of apoptotic events. Pulse-labelling experiments with BrdU resulted in similar
proportions of labelled cells within the periventricular zone of embryonic (E15.5) cortices from
wildtype and mutant mice. We observed a 3-fold increase in mitotic cells by phospho-histone H3
staining. BrdU birthdating and BrdU/Ki67 double-labelling experiments revealed that there was a
3-fold increase in the number of progenitors that re-entered the cell cycle and a concomitant
decrease in cell cycle exit. Gene expression analysis of Snf2/-mutants revealed a perturbation in the
expression patterns of many genes, including genes encoding neurogenic factors and cell cycle
regulators. One such gene identified was Foxgl. Foxgl is regulated by Snf2l, and limiting Foxgl
mitigated the brain phenotype. Our results suggest loss of Snf21 alters the timing between cell cycle

exit and differentiation leading to increased cell numbers in the developing neocortex.
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1.0 Introduction.

A fundamental challenge in biology is to understand how genetic information is
interpreted in order to guide the formation of specialized regions and tissues within a
multicellular organism. During mammalian development, precise tissue-specific patterns
of gene expression are established by epigenetic modification in response to intrinsic and
extrinsic signals. The term epigenetic modification refers to biochemical processes wherein
a cell imposes transcriptional regulation over one or numerous genes without altering the
DNA code ([1-3]. Therefore, for correct expression, spatially, temporally and
quantitatively, a gene requires not only intact coding sequences and functional regulatory
elements but also an appropriate chromatin environment [4-7]. Epigenetic modifications of
chromatin are thus a major point of regulation in establishing tissue specific patterns of
gene expression and as well, cell fate and differentiation, including neuronal development.
In this thesis I have studied the regulation of proliferation and differentiation
(neurogenesis) in the developing embryonic neocortex and the influence that the chromatin
remodelling factor Snf2l has in the regulation of Foxgl, a significant contributor to this

process.

1.1 Mammalian neurodevelopment.

Neurodevelopment comprises two key processes: neurulation (the induction of
neuronal specific precursors/tissue and regional association) and neuron formation
(neuronal subtype specification). Following gastrulation, the mammalian central nervous

system originates from a pocket of dorsal ectoderm that forms the neural plate [8]. During



neurulation and in response to growth factors the neural plate proliferates and invaginates,
forming the neural tube [8]. The neural plate gives rise to three cell populations; (i) the
cells of the inner mass which form the brain and spinal cord, (ii) the neural crest cells
which form the autonomic or peripheral nervous system and (iii) cells which eventually
form the epidermis of the skin [8]. The formation of the neural tube occurs in an anterior to
posterior pattern and forms three primary vesicles: the prosencephalon (forebrain), the
mesenchephalon (midbrain) and the rhombencephalon (hindbrain) [8]. The optic vesicles
then extend away laterally [8]. The prosencephalon gives rise to two structures, the
telenchephalon and diencephalon. The telencephalon (precursor to the forebrain) forms the
cerebral hemispheres, which are further subdivided into the left and right cerebral cortex
and corresponding ganglionic eminences, and the diencephalon which forms the thalamus,
epithalamus and hypothalamus [8, 9]. The mesencephalon becoﬁes the midbrain which
includes the brain stem, substantia nigra and basal ganglia [8]. The rhombencephalon or

hindbrain then forms the cerebellum and medulla oblongata [8, 10].

1.1.1 Patterning and regionalisation in the developing brain.

Patterning of the CNS occurs along both the dorso/ventral and the anterior/posterior
(also called rostral/caudal) axis which are controlled by many organizing signals [8]. These
signals, often termed morphogens, belong to the Bone morphogenic protein [BMP], Sonic
Hedgehog [Shh], Fibroblast growth factor [Fgf], the Hox, and Wingless-Int protein families
[11-13]. The secretion of these molecules occurs in a very spatio-temporal precise pattern,
thereby assuring the proper and sequential development and specification of different brain

regions. Signaling from these organizational centers induces a gradient of expression of



different transcription factors that specify certain regions or certain cell populations. As an
example, the expression of Pax6 which has been shown to play a crucial role in cell
proliferation of the developing forebrain is expressed in a posterior (high) to anterior (low)
gradient [14]. Later in the developing forebrain Pax6 expression, expressed in a posterior-
anterior gradient is limited to the ventricular zone progenitors [15]. Neurogenin2, which is
a repressed target of Pax6, controls cortical neuron specification, migration and patterning
of the forebrain[16, 17]. Neurogenin2 is expressed in an opposing gradient, posterior (low)

to anterior (high), effectively inducing differentiation of precursors [18].

1.1.2 Cellular and molecular mechanisms in neuron formation.

Neurons are the key cells of the central nervous system that use biochemical
reactions to receive, process and transmit information from external stimuli such as sight,
taste, touch and sound. Neurodevelopment is intricately linked to proliferation and
differentiation [19]. The point when a cell exits the cell cycle and progresses towards its
final cell fate is often referred to as its birthdate. Neuronal fate development is a lengthy
and complex process comprising two key stages and several cellular signaling events, both
intrinsic and extrinsic [19-22]. The primary stage, histogenesis, is a process where
undifferentiated pluripotent cells, such as embryonic or adult stem cells (often called neural
stem cells [NSC] or neural epithelial cells [NE] in the developing brain) are transformed
into a very plastic precursor cell by the irreversible commitment to a neuronal fate [19, 20].
This process does not affect the proliferative capacity of these cells; nevertheless they are
designated to be of the neuronal lineage as they express several early neuronal markers and

thus are termed neuronal progenitors or neuroblasts [19, 23-25]. Many developmental



pathways have been implicated in neuronal induction and some inducers include the Wnt
(wingless type), fibroblast growth factor, epidermal growth factor, insulin growth factor,
JAK/STAT, MAP kinase signaling pathways and the blockage of the BMP signaling
pathway [21, 23, 26, 27]. It is therefore evident that the first indications of neuronal
function reside at the precursor level; only later do these committed precursors become
postmitotic and differentiate to form neurons or glial cells [19, 21, 24, 28, 29]. The final
multi-step progression toward a neuron fate determination is termed neurogenesis. During
differentiation neurons acquire unique morphological and functional characteristics such as
neurite outgrowth, pathfinding, targeting and synaptogenesis (reviewed in [1, 3, 7]).
Oligodendrocytes and astrocytes are the two non-neuronal glial cell types that are derived
from neuroblasts through a distinct pathway involving the upregulation of glial fibrillary
acidic protein [GFAP] [30]. Glial cells support neurons by producing the myelin sheath-
specific proteins and participate in many neuronal activities such as neuron protection and
synapse support [30]. Studies have shown that the overexpression of the neurogenic basic
helix-loop-helix protein, Ngnl, can dramatically induce neurogenesis but also suppress
glial cell formation by inhibiting JAK/STAT3 activation of GFAP and instead activating
NeuroD [29, 31, 32]. Neurogeninl is thought to be an initiation signal that is active early
in the neurogenic pathway and it may represent a “master switch” for neurogenesis [24, 29,

31].

1.1.3 Cell proliferation in the developing brain, mode of cell division.

In the developing embryo, formation of the central nervous system requires a vast

amount of cell proliferation, but this has to be well balanced with an opposing time and



region specific process of cell differentiation. Precursor cells have to be produced and
specified in exact position and timely sequence in order to acquire their correct neuronal
identity, subtype and regionalization. Many sequentially expressed and regional
transcription factors play key roles in this process [33]. Initially all the cells in the
developing central nervous system are proliferating through the self-renewable symmetric
division pattern (Figure 1 a) [34]. Daughter cells of the symmetric mitotic event are both
predetermined to become neural stem cells. Over this early developmental period the
number of symmetric proliferative divisions tapers off in favour of asymmetric divisions,
where one daughter cell leaves the cell cycle while the other remains proliferative, or a
third, terminal symmetrical divisions, where both daughter cells exit the cell cycle [34-36].

It had been believed that the orientation of the mitotic cleavage, during cytokinesis, in
relation to the apical plane of the VZ is a predictor of division, symmetric versus
asymmetric [37, 38]. While the orientation of the plane of cleavage is a means for the
identification of symmetry in Drosophila melanogaster and Caenorhabditis elegans,
asymmetric division in higher vertebrates is more correctly associated with the unequal
distribution of specific cell fate determinants, see Figure 1 bc [38-41]. Within these
distribution-defined asymmetric divisions, which fate determinants go with which daughter
cell defines its cell fate. For instance the Numb protein product, an important marker for
self renewing neural epithelial cells is always associated with the proliferative daughter cell
[42-44]. On the other hand, TIS21 which is an anti-proliferative marker that is always

expressed in the cell that is predetermined to exit the cell cycle and differentiate [45].



Figure 1 — Cell division during development of the cerebral cortex.

[A] Throughout neurogenesis cell divisions repopulate the precursor pool. Early in
neurogenesis cell divisions are symmetric and thus increase the number of neural
progenitors. During the middle stages of neurogenesis more and more asymmetric cell
divisions take place, generating one neuron and one precursor cell. Near the end or
neurogenesis in the subventricular zone terminal symmetric divisions take place, producing
two neurons (picture adapted from Fishell and Kreigstein 2003) [46]. [B] Cell divisions at
the ventricular surface can occur at different angles with respect to the apical layer of the
ventricular zone. They can be perpendicular (symmetrical orientation) with an equal
distribution of cell determinant.factors, or perpendicular with an unequal distribution of
cell determinant factors. All cell divisions that are parallel to the apical layer
(asymmetrical orientation) will have an unequal distribution of cell determinant factors
(picture adapted from Wodarz and Hunttner, 2003) [47]. [C] Orientations of cell division
are observed by co-staining for the spindle fibre staining y-tubulin (green), which is
concentrated at the centrioles during mitosis, providing a means for determining the
orientation of division (white line). All images are arranged in the apical layer orientation
down. These nuclei are counter stained for DAPI (blues) and a neuronal specific marker
(Tuj; red).
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1.1.4 Corticogenesis and laminar formation of the mouse neocortex.

The mammalian cerebral cortex comprises six distinct layers (I-VI) of neurons each
containing distinct molecular and functional properties [48, 49]. They arise from divisions
of the cortical progenitors in the telencephalic ventricular zone, also called the germinal
neuroepithelium, a region directly adjacent to the lateral ventricle and migrate out in a
radial fashion, see Figure 2 [50, 51]. Recently it was observed that a second population of
precursors located in the ganglionic eminence (located ventral to the germinal
neuroepithelium) also give rise to neurons which migrate tangentially towards the cortical
plate see Figure 2 [52-54]. The six distinct cortical layers are formed between embryonic
development days E11-E18 and are persistent into adulthood, see Figure 3 [53, 55]. AtEll
the first wave of postmitotic neurons migrates toward the pial surface and forms the
preplate [56]. At E13 a second wave is released which migrates through and splits the
preplate into Layer I (also called the marginal zone) and the subplate (reviewed in [53]).
The earliest born neurons are the Cajal-Retzius cells of layer I, formed during the split of
the preplate [57]. The subplate is a transient structure and all cells from this layer will
eventually be eliminated by apoptosis before birth [58]. This is then followed by the
successive formation of layers V-II, in an inside-out fashion with the outer layers
(superficial) migrating through the earlier born deep layers. As nuclei migrate away from
the VZ toward the pial surface they no longer undergo DNA synthesis and are therefore no
longer participating in mitosis and cell division; this point is the cortical neuron’s birthdate
[59]. Experiments have shown that neurons from multiple layers are generated from a
single progenitor through consecutive asymmetric divisions [59-62]. Moreover, DNA

labelling experiments suggest that some cortical progenitors undergo up to 11 rounds of



Figure 2 — Key anatomical structures and direction of neuronal migration in the
developing mouse telencephalon.

[A] This thionin stained section of an E15.5 developing mouse embryo telencephalon is
labelled for key structures and areas of particular interest. The orange arrows depict the
direction of migration of developing neurons from the proliferative regions of the
developing telencephalon during neurodevelopment. The radial migrating cells move out
from the ventricular zone (VZ) and the tangentially migrating neurons swing out from the
ganglionic eminence (GE). [B] A detailed magnification of an E15.5 embryonic cortex
stained for DAPI, key regions and structures are labelled. Part A is adapted from
Jacobowitz and Abbott (1998) [63].
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Figure 3 — Key anatomical structures of the adult brain.

Key regions and structures of interest are labelled on 12 pm coronal microsections (approx.
Bregma -1.95mm). Sections are stained with [A] Cresyl Violet (NISSL) and [B] DAPL. A
magnification of a DAPI stained microsection with the cortical and hippocamal layers
demarked.
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division between embryonic development day E10-E17 [34]. Widespread epigenetic cues
have been implicated in the sequential generation of different layer and neuronal types [64].
A subset of neural epithelial progenitors, the radial glia, undergo a specialized pattern of
migration such that only M-phase nuclei accumulate at or very near to the apical surface of
the ventricular zone; this to-and-fro movement, which is correlated to the cell cycle phase,
is often referred to as interkinetic nuclear migration [59, 65]. Interkinetic nuclear migration
is responsible for the bursts of newly born cells that are the primary basis of the wave of
neurons which make the layers of neurons in the cortical plate. Shortly after E10 a second
pool of cortical progenitors (basal or intermediate progenitors) leaves the ventricular zone
and forms an abventricular or non-apical dividing population at the subventricular zone the
intermediate progenitor cell [IPC] layer which overlaps the ventricular and intermediate
zones [66, 67]. These cells do not undergo interkinetic nuclear migration and it seems that
their main purpose is to amplify neuronal output [68]. Somewhat surprisingly, time-lapse
microscopy has identified that these intermediate progenitors produce the majority of
neurons between E11-E13 [67]. It is well known that the cortex produces a large excess of
neurons; more than 70% of neurons born throughout gestation undergo apoptosis [69, 70].
These newly made neurons have, therefore, to compete for a place in the larger connected
networks. Those neurons which are unable to connect to targets are thus surplus and

targeted for programmed cell death.

1.2 Chromatin, structure and function.

The genetic identity of an organism is completely contained and encoded on a

molecule called deoxyribonucleic acid, or DNA, for short. Within each human cell is
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approximately 2 meters of naked DNA (approximately 3x10° base pairs). To put this into
perspective, the average size of the nucleus is 1.7x10° meters, or 1.7 pm

(http://www falstad.com/scale/). This suggests that the DNA is compacted/compressed by

an approximately ten thousand-fold factor. In order to accomplish this seemingly
insurmountable level of compaction, eukaryotic cells make use a hierarchical system of
DNA folding. Chromatin, first identified by Walter Fleming in 1882, can be defined as a
complex mass of genetic material composed of DNA, proteins and RNA that functions to

package DNA molecules into the confines of the nucleus.

1.2.1 Structural overview of chromatin.

The nucleosome is the fundamental and structural unit of chromatin that is
comprised of 146 base pairs of DNA (2 nm fibre) wrapped around a histone (H) octamer
containing 2 copies of each: H2A, H2B, H3 and H4 proteins [71, 72]. Additional protein
subunits such as H1 act as nucleosome linkers [73]. Chromatin has several layers of
organizational structure. The linear arrays of nucleosomes that comprise the primary
structure of chromatin and which are often described as “beads on a string,” or the 11 nm
fibre, can be folded upon themselves into higher-order structures through further protein-
protein and protein-DNA interactions forming the 30 nm and 300 nm fibres. These in turn
are folded upon themselves to form the most condensed, 1.4 pm thick, metaphase
chromosome (refer to Figure 4) [74-76]). Chromatin serves as the ultimate repressive
structure that must be overcome for many cellular activities such as transcription, DNA

replication, recombination and DNA repair [3, 77]. In order for organisms to achieve these
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Figure 4 — A Schematic diagram of hierarchical structure of chromatin folding.

Chromatin at its basic structural level is 146 base pairs of DNA wrapped around the
nucleosome to form the 11 nm fibre. Long arrays of nucleosomes have the appearance of
“beads on a string.” This structure is further condensed through a series of protein-protein
interactions, forming loops and folds, which further condense the chromatin structure into
the most compact metaphase chromosome. This figure is adapted from Lodish et al. 2000

[78].
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elementary processes they must first overcome the physical barrier that the chromatin

presents.

1.3 Chromatin reorganization.

It has been said that the human genome is like a desert, with vast tracks of lifeless
space interrupted only by the occasional oasis of activity [79]. In the dynamic regulation of
gene expression there are two chromatin states, with varying degrees of compaction. These
epigenetic states can be divided into euchromatin (the “oasis”, transcriptionally active) and
heterochromatin (the “desert”, transcriptionally limited). While the biochemical profiles of
these expressed and silent loci have been well characterized, little is known about the
transition between them. Euchromatin refers to a collection of less condensed regions
where the vast majority of actively expressed genes tend to reside [75, 80, 81].
Constitutive heterochromatin is generally low in gene content and tends to be limited to the
centromeric and telomeric regions which remains condensed throughout most of the cell
cycle [76, 80, 82-84]. However, molecular signalling can result in the stable, yet
reversible, formation of a second form of heterochromatin (temporal or facultative
heterochromatin); this is a primary means of transcriptional regulation and can occur
throughout the genome [85-87]. Both forms of heterochromatin are important for many
functions including, but not limited to, nuclear organization, chromosome segregation and
gene silencing [4, 5, 79, 81, 83, 88]. The evolutionally conserved mechanisms which
shuttle chromatin between euchromatin and facultative heterochromatin are collectively
termed epigenetic modifications. There are two strategies in which nucleosome structure

is modulated: (1) “passive” histone / DNA modifications which include acetylation,
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methylation, and others and (2)“active” chromatin remodelling [89-94]. The coordinated
activities of both histone and DNA-modifying enzymes and chromatin remodelling
complexes collectively contribute to a heritable regulatory mechanism, the Epigenetic

Code; and are involved in a wide variety of cellular functions.

1.3.1 Passive DNA modifications.

The most common form of DNA modification is DNA methylation, a heritable
covalent modification which involves the addition of a methyl group to the fifth carbon
residue of cytosine bases that are adjacent to guanine residues [CpG dinnucleotides]. CpG
[Cytosine-phosphodiester-Guanine] islands are regions of the genome which contain a
relatively high concentration of CpG residues and are very often associated with
mammalian promoters [95]. Generally, the presence of 5-methylcytosines on promoters
will have the specific effect of silencing gene expression [96, 97]. Indeed, methylation has
long been associated with telomeric and centromeric chromatin, the main constituents of
constitutive heterochromatin [82, 85]. The methyl-group represses transcription by two
basic methods: one by directly interfering with transcription factor binding, and the other,
through recruiting methyl binding proteins which are often components of larger multi-
protein chromatin remodelling and repressive complexes [97, 98].

CpG methylation is maintained and modified by the catalytic activities of a
combination of proteins. The protein product of the DNMT! [DNA methyl transferase
gene 1] gene is responsible for maintenance of methylation status and responsible for
heritable re-coding of DNA methylation to daughter strands during DNA replication [99,

100]. While DNMT1 is responsible for continuance of methylation status, DNMT3a and
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DNMT3b are the de novo methylators of CpG residues and are important for
developmental gene repression [97-100].

These methyl-signals are recognized and interpreted by several proteins which
contain methyl-binding domains. These so-called MBD proteins, of which MeCP2
[Methyl CpG Binding Protein 2], is the archetype, bind to and recruit repressive chromatin
inducing complexes directly to promoters [101]. These multi-protein complexes,
containing Histone Deacetylases (HDAC) and other chromatin remodelling proteins,
initiate chromatin condensation and the formation of facultative heterochromatin and thus
cause repression of transcription [102]. The importance of methylation to human disease is
highlighted by the Fragile X Syndrome, which is the most common form of familial mental
retardation, resulting from increased DNA methylation at an expansion of CGG sequences
within the 5’ untranslated region of the FMRI gene [103, 104]. Furthermore, mutations
affecting the function of MeCP2 are directly linked to the mental retardation disease, RETT
Syndrome [105]. Likewise mutations in DNMT3b have been shown to be involved in ICF

syndrome [31].

1.3.2 Passive histone modifications.

Histones are highly compact globular proteins, the modification of which is limited,
for the most part, to the less-structured histone tail [106]. The tail, located at the N-
terminus of the histone comprises 20-40 residues and extends out and away from the core
nucleosome, providing sites for various post-translational modifications. There are a
variety of reversible modifications: acetylation, methylation, phosphorylation,

ubiquitination, ADP-ribosylation, sumoylation, deimination and proline isomerisation
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(reviewed in [96]. Many residues have been identified as targets for such modification.
These modifications can influence how the core histones interact with the DNA and other
proteins, and in turn make up the basis of the “Histone Code” [106]. The “Histone Code”
was a term first coined to describe the specific combinations of post-translational
modifications to histones which influence gene expression patterns, a language that can be
interpreted to govern the chromatin state [107].

The most common histone modification is acetylation, which is typically associated
with gene activation [106]. The lysine residues at position 9, 14, 18 and 23 of Histone H3
and the lysine residues at position 5, 8, 12 and 16 of Histone H4 are the most frequently
targeted [108]. The acetylation of histone tails is modulated by two classes of proteins
called Histone Acetyl Transferases [HATs] and Histone Deacetylases [HDACs] [109,
110]. The modification of histones by acetylation has been shown to increase the
accessibility of chromatin by cis-binding factors through two mechanisms. One, by
introducing a strong negative charge to the nucleosome it neutralizes the potential
interaction of positive lysine residues to the negative phosphates of the DNA backbone and
causes a natural repulsion. As well, the specifically located acetyl-groups act as beacons in
the recruitment of activating chromatin remodelling complexes [101, 111]. Acetylation of
lysines represents a signal for the switching of facultative heterochromatin into
euchromatin for the purpose of gene expression. Methylation, like acetylation is also a
talisman of transcriptional status, but unlike acetylation, methylation is often associated not
only with repression but also with gene activation [97, 106]. Methylation of histones is a
covalent modification commonly occurring on the side-chain nitrogen atoms of lysine,
arginine and histidine residues, but only the methylation status of the lysine and arginine

residues is associated with the Histone Code [72, 112, 113]. Methylation of lysine
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residues at position 9 and 27 of histone H3 and position 3 and 20 of histone H4 are strong
indicators of repressed chromatin as are the methylation of arginine residues at position 2,
17 and 26 of histone H3 [113]. However, methylation can occur in three basic forms,
mono-, di- and tri-methylation. Protein arginine Methyltransferases [PRMTs] are a group
of proteins which transfer methyl groups to the nitrogen side chains of arginine residues
[114]. It was first observed that methylation was involved in regulation of transcription
when PRMT4 (also called CARM1), a known co-activator associated protein, was shown
to have methyltransferase activity [72, 115]. PRMT4 has long been known to promote
gene repression [116]. Furthermore, the methylation status of lysine 9 on histone H3 [H3-
K9] (mono-, di- and trimethylated) has been linked to the formation and spreading of
facultative heterochromatin [72, 106, 117]. Moreover, methylated H3-K9 serves as a
beacon for the binding of Heterchromatin Protein 1 (HP1) which can oligomerize to form
heterchromatin [118].

The third most common post translational modification to histones involved in the
Histone Code is histone phosphorylation. Phosphorylation occurs uniquely on the serine
and theonine residues of all the major Histones (H1 at S139, H2A at S1 and T120, H2B at
S14, H3 at T3, S10, T11, S28 and H4 at S1) but the most studied is phosphorylation at the
serine 10 residue of Histone H3 [H3-S10], which has been intimately associated with
induction of transcription by facilitating GCN5-mediated acetylation of H3-K14 [119, 120].
Interestingly, Histone H3 phosphorylation is also involved in proliferation, since phospho-
Histone H3 is a well characterized marker of mitotically active cells in G2-M phase, and is
used several times in the experiments of this thesis (Section 3.0) [121, 122].

Very little is known about the potentially vast number of other histone

modifications (ubiquitination, ADP-ribosylation, proline isomerisation and sumoylation),
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but what also remains unclear is how the combination of such modifications may have a
role in gene regulation. One pointed example of the interplay between methylation and
acetylation is their competition for targets. For example acetylated lysine 9 on histone H3
[H3K9Ac] is associated with gene activation and euchromatin, whereas the same target di-
methylated [H3K9Me2] is a strong indicator of repressed facultative heterochromatin

[102].

1.3.3 Active nucleosome remodelling.

The Epigenetic Code, as represented by “passive” modifications, is really a
combination of the DNA methylation status and the Histone Code, but it is “active” nuclear
remodelling which brings its regulatory effects to fruition. Chromatin remodelling and
histone modifications are complementary processes. While DNA and histone post-
translational modifications influence the histone’s affinity for DNA, loosening or tightening
this interaction, it is the role of chromatin remodelling complexes to reposition,
disassemble and assemble the nucleosomes [74, 123]. Chromatin remodelling is an ATP-
dependant process performed by an assortment of multi-protein complexes each of which
contains an ATPase catalytic subunit (reviewed in [123]. The coordinated activities of
histone-modifying enzymes and chromatin remodelling complexes are involved in a wide

variety of cellular functions.

1.4 Chromatin remodelling proteins.

Adenosine triphosphate [ATP]-dependant chromatin remodelling proteins comprise

the most studied group of chromatin reorganising proteins. These non-histone proteins are
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targeted to the molecular beacons of the Epigenetic Code and acting in a collaborative
complex with other proteins effect the reorganization of nucleosomes, allowing greater
access or restricting access to regulatory sites, such as promoters (refer to Figure 5) [124].
A striking example of this is the beta-globin gene cluster. In cells where beta-globin is not
expressed (brain, skin) the entire region containing the gene cluster is tightly packed into
facultative heterochromatin, however in erythroid cells, which do express beta-globin, the
higher order chromatin structure is not present [125-127]. Another pointed example is
chromatin rearrangement by SWI2/SNF2 in the regulation of the yeast suc2 promoter
[128].

Chromatin remodelling is a multiple step process performed by an assortment of
multi-unit complexes, each of which contains a protein that has a SWI/SNF (Switching/
Sucrose non-fermenting)-like ATPase of the SNF2 family [129]. The diverse nature of
these ATP-hydrolyzing subunits has led to a classification system based on alternative
structural and functional similarities; there are 7 subgroups (refer to Figure 6) [105, 123,
130]. The three most common subgroups are the SWI2, CHD and ISWI groups, with the
major distinguishing structural feature being a different protein-protein or protein-DNA
interacting domains. They are the bromodomain (which bind to acetylated lysines),
chromodomain (which bind to methylated histones) and the SANT domain (SWI3, ADA2,
N-CoR and TFIIIB, important for DNA binding) [131-135]. In complexes, these proteins
collectively act to destabilize or reconstitute nucleosome structure along the DNA template
[136-139]. In order to do this they use the energy from ATP hydrolysis to introduce a
superhelical torsion into the DNA, which in effect pries it away from the nucleosomes

allowing for a change in position or removal of histones [140-143].
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Figure 5 — Alterations in chromatin structure; histone modification and chromatin
remodelling.

Local alteration in the chromatin structure is directed by “passive” histone modifications
and “active” chromatin remodelling. Histone acetylation, mediated by HATs [Histone
Acetyl-transferases] and chromatin remodelling complexes render chromatin packaged
DNA more accessible to cis-DNA binding factors. Transcriptional activation is dependent
upon such structural modifications. Adapted from Alberts, B.J. et al., (2002) [144].
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Nucleosome remodelling is a term given to describe a set of reactions which
increase/decrease nuclease accessibility by altering DNA supercoiling or through invoking
octamer relocation in cis or in trans. They are also involved in the removal/replacement of
entire histone subunits. One method of nucleosome relocating is “sliding,” where intact
nucleosome units are repositioned on adjacent cis-DNA [145]. There are two models for
nucleosome sliding, one involving a twisting motion of the nucleosome through its
connected DNA, the other by creating bulges of DNA in the upstream direction of
nucleosome movement (also called the Looping model) [146]. According to the looping
model, small lengths of DNA are released from the nucleosome by an ATP-driven enzyme;
the propagation of this loop results in the sliding movement of the nucleosome [145].
While the second method of nucleosome relocation, frans-displacement, involves the
disassembly of histone octomers, it may also occur in the absence of chromatin remodellers
[145]. The initiation of both of these chromatin remodelling strategies involves the
identification and recruitment of chromatin remodelling complexes to molecular targets
such as the histone modification beacons discussed above. These methods of chromatin
remodelling typically involve the manipulation of DNA around the nucleosome, but
another form of remodelling can occur at the histone subunit. There are many sequence
variants within Histones themselves, for example, within the H2A family there is a specific
variant called H2AZ (~10% of all H2A)[147]. Nucleosome remodelling complexes can
release the nucleosome from the DNA and allow H2AZ to replace H2A. When H2AZ is
incorporated into the core group of histones, it has the specific effect of altering

nucleosome stability [147].
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Figure 6 — Helicase and related Proteins with conserved NTP-binding motifs.
The SNF2-like family of ATPases contains conserved ATP-binding motifs that are present

in many DNA and RNA helicases. This diagram, updated from Pazin et al., (1997) [138],
shows selected examples of known family members.
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1.4.1 The SWI/SNF family of proteins.

The SWI2/SNF2 ATPase is called such because the swi2 and the snf2 genes, though
independently isolated, were found to be the same gene. It was first described in yeast in
the early 1990’s [6, 148]. They represent a class of proteins that are important as enhancers
of transcriptional activation in response to molecular cues; however they have also been
associated with repression [128, 148-152]. The SWI/SNF complex (~2 MDa), which
contains the SWI2/SNF2 ATPases with SNF5/INI1, BAF155, and BAF170 as its core
complex, is highly conserved from yeast to humans and has been shown to disrupt
nucleosome positioning and increasing accessibility of transacting factors in vitro and in
vivo [153, 154]. In mammals there are two homologs, Brahma (Brm) and Brgl [Brahma
related gene 1] [154, 155]. Moreover, in Drosophila, which only has one of the homologs,
Brm, it has been shown to be required for RNA polymerase II association with chromatin,
suggesting a role for Brm in transcription [156, 157]. The bromodomain, the discerning
structural feature of the SWI2/SNF2 family, has been shown to recognize and bind to
acetylated lysines of the N-terminal tail of histone H4 [132, 158, 159]. For a more detailed
discussion, the roles of BRG1 and BRM are addressed in section 1.6 Chromatin

Remodelling and Development.

1.4.2 The CHD/Mi2 family of proteins.

The presence of a chromodomain, which is a motif that is involved in binding to
methylated histone tails, is the defining feature of the CHD [Chromodomain-helicase DNA
binding] ATPases. Mi-2, the most abundant member, has been identified as the ATPase

subunit of the NURD complex, which also includes the histone deacetylases HDAC1 and
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HDAC2 [160, 161]. The NURD complex reprograms gene expression by removing
acetylation and promoting repression [160, 162]. Moreover, Mi-2 is recruited to target
promoters by the hunchback protein, which is known to be required for transcriptional

repression [163, 164].

1.4.3 The ISWI family of proteins.

The ISWI [Imitation Switch] family is the largest and most diverse family of SNF2-
like ATPases and has been shown to bind to the N-terminal tail of Histone H4 through an
interaction with nucleosomes at the paired SANT domain [131, 133, 134, 165]. ISWI was
first isolated in Drosophila, from which three complexes have been identified: NURF
[Nuclear Remodelling Factor], CHRAC [Chromatin Accessibility Complex], and ACF
[ATP-dependant Chromatin assembly and remodelling Factor] [166-168]. These ISWI
complexes have been found to be highly conserved from yeast to humans, and an additional
5 novel complexes have been identified in mammals [166, 169]. For a complete list of
mammalian ISWI complexes and their functions refer to Table 1. As the ISWI proteins are
found in so many complexes with divergent functions, it is assumed that these roles are
dependent upon the other complex members. As an example the Nurf301 subunit (BPTF,
in mammals) of the NURF complex can interact with the GAGA transcription factor,
providing a mechanism of recruitment in the activation of transcription [170]. However,
the majority of ISWI complexes do not co-localize with RNA polymerase II, which

suggests that transcriptional activation/repression is not its only function [171-174].
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Table 1 — The mammalian ISWI complexes and their functions.

This table shows the known mammalian chromatin remodelling complexes which contain
either SNF2H or SNF2L. SNF2H complexes (with the exception of NoRC) are often
characterized with functional involvement in replication dependant processes whereas
CERF and NURF, the two SNF2L complexes are known to be, but not exclusively
involved, in transcriptional activation.

25



[¥61]

uoneAnoe jeuondussuedy-

4430

[1£1]

uoneAnoe jeuondLosues}-

44NN
:saxa|dwon-1Z4NS

[981] UOISaYO09 pIJEWOIYD J3)SIS- (8v/ovavan VIR
‘e/Zaan’z i) uIsayon-HzZ-4ANS
QNN
[s81] uoissaidal yYNQg fewosoqu- @ JYUON
(374 Buioeds awosoajonu @
pue A|quasse uljewolyd- 4Syd
(881] uonie|nbaa jeuonduosued; pue - @
uonjedljdal uiewoIyos0i3j}ay- m..,..k > HOIM
Buioeds sawosoa|onu eé
[0£1] pue Ajquiasse uijewosys- OVNHI
Buioeds swosoajanu Ebe) 4
[691] pue A[quasse ujjewolyo- %
- :saxa|dwoD-HZANS
434 NOILONNA S1lINNgNS X31dINOD




1.5 The mammalian ISWI proteins.

Similar to the SWI/SNF ATPases, Brm and Brgl, there are two mammalian ISWI
orthologs, Snf2h and Snf2l; they are highly similar (approx. 84% identity at the amino acid
level) [77, 175-177]. However, Snf2h and Snf2l, present different expression patterns
signifying that they possess distinct developmental roles [77, 175]. There are a total of
eight known mammalian ISWI complexes with varied functions. Interestingly, six of these
complexes contain, predominantly, SNF2H (ACF, CHRAC, No-RC, SNF2H-Cohesion,
WSTF, RSF) while SNF2L is the ATPase component of two complexes (NURF and
CERF), see Table 1. Despite their different biochemical properties it has been suggested
that SNF2H and SNF2L might be interchangeable. As an example, the Human Chromatin
Accessibility Complex [HuCHRAC] contains predominantly SNF2H; however under

normal conditions 5% of these complexes contain SNF2L in its place [178].

1.5.1 Characterization of the mammalian ISWI genes.

Located on the X chromosome, the mouse Snf2/ gene is made up of 24 exons while
the human SNF2L has an extra 25th exon, designated exon 13, which when incorporated
renders an ATPase dead protein [179]. Interestingly, this non-functioning variant is
predominant in non-neuronal tissues [179]. The mouse Snf2/ gene transcript contains a
3195 base pair open reading frame encoding a 1064 amino acid protein [175]. It is also
subject to alternative splicing generating multiple isoforms [175, 180]. There are
predominant tissue-specific transcripts of approximately 3.7 kb, 4 kb and 5kb in size that
are expressed throughout development [175]. The 3.7 kb transcript is exclusively present

in the central nervous system [175].
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SNF2H is located on chromosome 4q31.1-31.2; it produces a full length transcript
that is 3.8 kb and a 1051 aa protein [175]. The central feature of these proteins is the C-
terminal SNF2 ATPase/helicase domain (made up from 7 helicase motifs) providing the
catalytic core of the protein and the C-terminal paired SANT domain, which define its

activity as an ATPase [129, 133]. Refer to Figure 7.

1.5.2 Functional characterization of the mammalian ISWI proteins.

The SWI/SNF and ISWI based complexes have distinct chromatin-remodelling
activities [181, 182]. The similarities are that both complexes have an affinity for the N-
terminal tail of Histone H4, and both complexes use the hydrolysis of ATP for in vivo and
in vitro activities that can alter the translational position of nucleosomes and allow DNA
accessibility. However, ISWI complexes manage DNA accessibility using only the sliding
method, while the SWI/SNF complexes utilize both sliding and #rans-displacement [181,
183]. Once the complex binds to the histone tail target, the energy from hydrolysis of ATP
is used to induce a conformation change increasing the torsional stress which results in
tearing the DNA away from the nucleosome [143]. It has been shown that while both
complexes require ATP, ISWI complexes are stimulated only by nucleosomes, while the
SWI/SNF complexes are activated by both nucleosomes and naked DNA [184]. Consistent
with this theory, the targeted mutation of the highly conserved ATP binding pocket of the
ATPase/Helicase domain not only disconnects the ability to bind ATP, but also creates a

functionally null protein lacking the ability to remodel chromatin [169].
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Figure 7 — SNF2-like family member structural composition and ISWI subfamily
similarity.

[A] Schematic diagrams of the three major identified families of nucleosome remodelling
ATPases and their domain structure. Each family is defined by the presence of a distinct
ATPase containing signature structural domains and a unique subunit composition. [B]
The mammalian ISWI genes SNF2H and SNF2L (86% identical) contain an ATPase
domain near the N-terminus and the paired SANT domains at the C-terminus. Listed, are
the percent identities between family members for the ATPase and SANT domains (both
domains and intervening sequence combined) as compared with the human SNF2L gene.
These figures are adapted from [175, 185].
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1.5.3 Expression patterns of the mammalian ISWI proteins.

Initial screens determined that although there are overlapping expression patterns,
there are clear underlying differences in expression of Suf2/ and Snf2h in the developing
mouse embryo [175]. Both Snf2/ and Snf2h are expressed at low levels throughout the
embryo from E9.5-E15.5; Snf2h is elevated in the developing neocortex, cerebellum,
olfactory epithelium, lungs kidney and gut but gradually decreased into postnatal periods,
see Figure 8 [175]. However, Snf2] expression is gradually increased postnatally,
particularly the 3.7 kb transcript in the brain [175]. One region in the adult mouse where
Snf2h and Snf2] remain highly expressed are the ovary and testes [175]. One major
difference between human and mouse Snf2/ is that while humans express SNF2L in all
tissues, only the active form (-exonl3) is expressed in neurons providing an alternative
means of regulation [179]. Snf2l is characterized as a brain-enriched transcript with
increased expression upon differentiation, suggesting a role in maturing neuronal cell
populations and also with strong expression in the reproductive organs [167, 175, 187,
188]. The first isolated mammalian SNF2L protein complex demonstrated that human
NUREF, like its Drosophila counterpart regulated the expression of the neuronal
transcription factor engrailed-1 (en-1) and engrailed-2 (en-2) genes [169]. Snf2l was also
shown to promote neurogenesis [169, 189]. To this end, it has been revealed that
transfection with an ATPase-inactive dominant negative Snf2/, leads to the inability of
NI1E-115 mouse neuroblastoma cells to form neurite extensions [169]. These findings
suggest that Snf2] becomes particularly active during the differentiation of neurons,

revealing the possibility that the protein it encodes may be a positive regulator of
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Figure 8 - Expression of snf2l and snf2h in the adult mouse tissues, the developing
embryo and postnatal brain.

This figure, taken from Lazzaro M. B. and Picketts, D. J. (2001) [175], shows the
embryonic and postnatal expression profiles of murine Snf2/ and Snf2h. Snf2] expression
is limited to the CNS and the reproductive tissues, while Snf2h has a widespread pattern of
expression. Northern blot analysis of mouse tissue is depicted. [A] Selected adult mouse
tissues, and [B] in the embryonic developing brain (E9.5 and E15.5), and the developing
postnatal brain (P1-P24) was analyzed for snf2]l transcripts (top panel) and snf2h
transcripts (middle panel). Actin was used as an RNA loading control (bottom panel).
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neurogenesis. A second complex, the Cecr2-containing Remodelling Factor (CERF), has
been identified as a heterodimeric complex composed of Snf2] and the transcription factor
Cecr2 [Cat Eye Syndrome Chromosome Region Candidate 2] [189]. Mice deficient in
Cecr2 display exencephaly defects, further signifying a role for Snf2l complexes in
neurodevelopment [189]. Recently it was reported that targeted inactivation of Xenopus
ISWI (xISWI) by microinjection of dominant negative mutant mRNA or antisence
morpholino oligonucleotides into fertilized eggs leads to inhibition of gastrulation and
neural fold closure [187]. These results suggest a critical role for XISWI in early embryonic
development. SNF2L involvement in the regulation of the key neuronal transcription
factors en-1 and en-2, and its ability to ectopically induce neuron outgrowth suggests that
SNF2L is probably active early in neurogenesis and could represent a key regulator in this
process [187]. The two areas of the brain that undergo heightened adult neurogenesis in the
mouse are the hippocampus and the cerebellum; these are also areas of high Snf2/
expression [175]. It is important to note that these regions are vital to learning, memory and
motorneural skills, suggesting that Snf2l might be involved in memory encoding and
storage [22, 190, 191]. Moreover, due to the location of SNF2L, at Xq25-26, and the
proximity of several genetically mapped familial cases of mental retardation, the gene has
been screened as a possible disease candidate [180]. To date, no mental disorder has been
genetically linked to misexpression or mutation of the Snf2/ gene.

Snf2h has a prevalent expression during neuroprogenitor proliferation [167, 175].
SNF2H complexes have many roles in DNA replication and general chromatin
maintenance [167, 175]. Targeted inactivation of Snf2h in mice resulted in peri-
implantation lethality due to an inability of ES cells to proliferate [186]. Yet, these results

set the stage for a dynamic regulatory mechanism, wherein Snf2h controls proliferation,
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and maintains cell growth, while Snf2] promotes cell cycle exit and initiates differentiation

into neural tissues and cell types.

1.6 Chromatin remodelling and development.

The modification of chromatin structure between “open” euchromatin and “closed”
heterochromatin is a major point of regulation in establishing tissue specific patterns of
gene expression that govern developmental processes necessary for proliferation and
differentiation [74, 101, 192]. Given the extensive range of cellular functions governed by
chromatin remodelling, it has been suggested that these proteins are essential for normal
development. Indeed, the targeted inactivation of several chromatin remodelling protein
complexes in mice has resulted in early embryonic lethality, including ATRX, Brgl, Snf5
and Snf2h [186, 193-195]. Moreover, null mutations of ISWI in Drosophila are lethal,
resulting in termination at embryonic-early pupae stages [172]. However, the loss of
chromatin remodelling proteins is not always lethal. The most studied chromatin
remodelling complex, the SWI/SNF complex, which contains either BRG1 or BRM is
linked also to regulation of the cell cycle [196-200]. There is a level of redundancy
between these ATPases. Brgl, like Snf2h, is a predominant ATPase in proliferating cell
lines/tissue, and both are vitally important as Brg/ and Snf2h null mutants are
embryonically lethal [186, 201]. Brm and Snf2l, are both expressed predominantly in
differentiating cells/tissues and unlike Brgl, Brm is not a vital gene as the Brm-null mouse
survives with only a minor developmental phenotype [197, 198]. Similarly, a hypomorphic
mutation of Pasg (Proliferation-Associated SNF2-like gene), which encodes a helicase

highly related to Snf2 and facilitates global DNA methylation, results in growth retardation
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and premature aging in mice [202, 203]. The inactivation of several yeast chromatin-
remodelling proteins resulted only in a slower growth phenotype [6, 77, 198].

The switch from a proliferative to a differentiated state requires a cell to undergo
profound changes in gene expressioﬁ that are dependent on global chromatin remodelling
within the nucleus. An interesting paradigm is the antagonistic interactions of the BAF
[BRG1- or hBRM-associated Factors] complexes in mammalian regulation of proliferation
and differentiation. Both Brm and Brgl are known to interact with the “active”
hypophosphorylated p105/Rb protein suggesting a role in the control of proliferation [199].
Brgl interactions with pRb and their association with E2F lead to repression of several
genes involved in cell cycle progression, such as Cyclin A and Cyclin E [197]. Brgl is
required for neurodifferentiation by mediating the transcriptional activities of the proneural
bHLH [basic Helix-Loop-Helix] proteins, Neurogenin 3 and Neurod2 [204]. In fact, loss
of BRG1 expression is implicated in the transformation of several primary tumour samples
and tumour derived cell lines [205-208]. It was also shown that BRGI is important for
animal viability; the protein is stable throughout the cell cycle, and depletion of Brgl leads
to an impediment in cellular differentiation [196, 197, 201, 209]. Brm proteins are
phosphorylated, inactivated and degraded during G2/M phase, only to be reactivated and
hypophosphorylated in growth arrested cells, suggesting a role for the promotion of
differentiation [199, 210]. Moreover it has been shown, in vitro, that increasing levels of
Brm accompany cell cycle withdrawal [199, 211, 212]. Thus, it has been suggested that the
Brm-null mouse is viable through compensatory effect of the Brgl protein, and is about
15% heavier then control littermates, presumably because of enhanced proliferation

particularly in the fibroblast population [198, 213].
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Similarly, ISWI proteins are implicated in control of cell proliferation and cancer.
The human ISWI homologue, SNF2H which itself is a vital component of the cellular
proliferation mechanism [186], is also linked to various forms of cancer, particularly in
ovarian and breast carcinomas [188, 214-217]. Even chromatin remodelling proteins of
the CHD/Mi-2 class of ATPases are implicated with direct roles in the regulation of cellular
proliferation and cancer [218, 219]. Indeed, defective epigenetic regulation has been
implicated in a wide range of other genetic disorders including mental retardation and
autoimmune disease. Moreover, it has been suggested that gene regulation at the chromatin
level plays a significant role in neuroprogenitor cell growth and neuronal differentiation

[24, 220].

1.6.1 Chromatin remodelling in the developing brain.

The brain, the most complex organ in the mammalian body, contains the largest
diversity of cell types. This complexity is obvious in the adult human brain where there are
about 10-20 billion interconnected neurons and about 5-10 times as many glial cells [221].
Collectively, the cells that form the nervous system express 80% of genes in the genome;
however, each cell expresses its own distinct collection [222]. The basic need to manage
these cascading subsets of genes falls largely to the role of epigenetic and chromatin
regulation [192, 223]. Moreover, the necessity to react to external stimuli and thus
remember, learn, feel, and make complex decisions, is itself maintained by a high level of
plasticity in gene expression [224]. In human terms the brain is the seat of intelligence; it
is responsible for thought processes, emotions, controls movement and interpretation of all

the senses. All the cells of the nervous system are derivatives of specialized neuronal stem
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cells and progenitors [225]. The coordinated function of various regulatory networks
(which include cascading signal transduction pathways and many transcription factors)
plays key roles in the specification and differentiation of neural identity [225-227]. The
correct sequence and order of transcription factor activity is absolutely fundamental for
correct neurodevelopment [228]. The most important of these transcription factors are the
activators of signal cascades such as the proneural bHLH transcription factors such as
Neurogenin-related-1, the earliest proneural gene to be expressed, closely followed by
Neurogeninl-3, NeuroD1, NeuroD2, Mathl, Mashl and others [192, 224, 226, 227, 229].
Recent studies have proposed a link between chromatin remodeling protein complexes and
neurogenic regulatory factors [24, 220]. These experiments have implied that gene
regulation plays a critical role in cell growth and neuronal differentiation. Furthermore
extracellular signaling systems are involved by interfacing with these diverse mechanisms
[24, 230]. It was shown that a factor called Geminin was able to interact with Brgl and
prevent activation of the bHLH proneural genes by SWI/SNF. Only after initiation of
neuronal differentiation does Geminin get degraded and release this block [231-233].
Several ATPases involved in chromatin remodelling, such as; Chd-1, Atrx, Etl-1, Brgl,
Brm, Snf2h and Snf2l are expressed in the embryonic mammalian brain [175, 193, 212, 234,
235]. ATRX is an interesting example, as targeted loss of the protein in the developing
telencephalon results in a hypocellularity of the developing mouse forebrain and ultimately
perinatal lethality [193]. Moreover, mutations in the ATRX gene, which encodes ATRX,
result in developmental disorders such as ATR-X [Alpha-thalassemia, mental retardation,
X-linked] syndrome [236].

Equally as important as activation, is the spatial and temporal repression of gene

expression during neurodevelopment. Often times a repressed gene must remain silenced
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for the remainder of the life of the organism, and as such, facultative heterochromatin is an
ideal candidate. In non-neuronal lineages, the REST/NRSF [Repressor element-1 silencing
transcription factor/meuron restrictive silencing factor] triggers epigenetic silencing of
neuronal genes [237-239]. Moreover, REST/NRSF must be reduced in order for neuronal
differentiation to occur [237, 240]. In non-neuronal cells, the REST/NRSF factors bind to
the NRSE [neuron-restrictive silencing elements]) cis-DNA elements [5’TTC AGC ACC
NCG GAC AGN GCC [241]] and block transcription through a complex interaction of
HDACs, MeCP2, the co-repressor Co-REST and various epigenetic silencing factors,
resulting in the recruitment of HP1 and the formation of facultative heterochromatin [242,
243]. There are a predicted 1800 target genes which utilize the REST/NRSF and Co-REST
factors for repression. Many of these are of fundamental importance to neuronal
differentiation [244]. To summarize, correct development depends both on the activation

of key neuronal organizers and the inactivation of unnecessary genes.

1.7 Rationale and specific aims.

Recently much interest has been directed towards the roles that epigenetic
regulatory factors have in the control of cell proliferation and differentiation. A detailed
understanding of the role these molecules have in the development of the nervous system is
important for establishing a functional connection between neurogenic factors, chromatin
remodelling and transcriptional regulation during neurogenesis. I hypothesize that Snf2l
and Snf2h complexes have an active and complimentary role in regulating the switch
between proliferation and differentiation in neuronal lineages and are therefore critical for

brain development. To gain insight into Snf2l function during mouse brain development
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we have developed a conditional gene-targeted Snf2/ mouse. I have observed an increase in
brain size that is the result of hypercellularity. In the forebrain this hypercellularity is
consistent through all cortical layers and hippocampal strata. I hypothesize that the Snf21-
null mouse remains viable due to compensation of the closely related Snf2h protein and
that the hypercellularity is the result of this compensation. [ further hypothesize that the
increase in cell number observed in Snf2l-null mouse cortices is the result of enhanced
proliferation of the neuroprogenitor (both neuroepithelial and intermediate progenitors)
during embryonic development, due to an inability to exit the cell cycle in a timely fashion.
In this thesis I will present a thorough assessment of the properties of these proteins in vitro
and the characterization of the Snf2l-null mouse within the context of embryonic
corticogenesis to determine the role of Snf2l has in development. To address this question
I have set the following aims.
AIM 1 - To evaluate the functions of Snf2l and Snf2h during the proliferation /
differentiation switch.
AIM 2 - To fully characterize the brain defect of Snf2l deficient mice.
AIM 3 - To determine why there are increased cells in the Snf21 deficient cortex.

AIM 4 - To identify Snf21 target genes, involved in the regulation of neurodevelopment.

Such information will provide significant insight into how chromatin structure and nuclear
organization establish heritable patterns of gene expression in the development of the
central nervous system. Furthermore, an understanding of the interplay between
epigenetics and transcriptional regulation will lead to an increased comprehension of whole

organism development.
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2.0 Materials and Methods.

2.1 Materials.

2.1.1 Sources of chemicals and reagents.

Agarose, UltraPure Low Melting Point Agarose, dNTPs and 1lkb plus DNA
molecular ladder were obtained from Invitrogen (Carlsbad CA). All cell culture media
(DMEM, EMEM, RPMI, aMEM), Hank’s Buffered Saline Solution (HBSS), additives
(Penstrep, Antibiotic Antimycotic, non-essential amnio acids and GlutMAX), Trypan Blue,
Geneticin [G418] and lipid transfection vehicles (Lipofectamine Reagent and
Lipofectamine 2000) were also purchased from Invitrogen. Retinoic acid, nocodazole and
cyclohexamide were purchased from Sigma-Aldrich (St. Louis, MO). Fetal Bovine Serum
came from multiple sources including PAA Laboratories Inc, (Toronto), Invitrogen, and
Cansera (Rexdale, ONT). All cell culture plates, dishes, flasks were purchased from Falcon
(Franklin Lake NJ), Corning (Comning, NY) or Nunc (Denmark). Tryptone, yeast extract
and bacto agar are from Becton Dickinson and Co. (Franklin Lake NJ). Aprotinin, PMSF
(phenylmethanesulphonylfluoride) and NuPAGE 3-8% tris-acetate Gels were purchased
from Invitrogen. The Precision Plus Protein Dual Color Standards and Bio-Rad Protein
Assay are from Bio-Rad (Hercules CA). 5-bromo-2-deoxyuridine [BrdU] and 4', 6-
diamidino-2-phenylindole [DAPI] were obtained from Sigma-Aldrich (St. Loius, MO).
ABsolute QPCR SYBER Green Mix used in realtime PCR is from Thermo Scientific (a
subsidiary of Fisher Scientific). The Sepharose A and G beads used in
immunoprecipitation and chromatin immunoprecipitation experiments were obtained from

GE Healthcare (Uppsala, SWE). Kodak Biomax MR-1 Film and ECL Plus, Western
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Blotting Detection System are also from GE Healthcare. CL-X Posure Film was obtained
from Thermo Fisher Scientific (Waltham, MA). Pasteurized Skim Milk Powder, No Name
Brand is from Loblaw’s Inc. (Toronto, ON). Complete EDTA Free Proteinase Inhibitors,
5-Bromo-4-chloro-3-indolyl-phosphate [BCIP] and 4-Nitro blue tetrazolium chloride
[NBT] are from Roche (Manheim, GER). O.C.T. Compound (Tissue-Tek, Torrence CA)
was used as an embedding medium for frozen tissue specimens. All radiolabelled [a-
32P]dCTP isotopes (10 nCi/pL) were purchased from Amersham Pharmacia Biotech. Inc.
(now GE Healthcare, Baie d’Urfe, QB). All other common laboratory chemicals are from

Sigma-Aldrich, Fisher or Invitrogen.

2.1.2 Enzymes.

Restriction endonucleases were purchased from (New England Biolabs, Fermentas
(Burlington, ON), Roche, Invitrogen). Dpnl was purchased from Stratagene (La Jolla,
CA). The Expand Long Template PCR System, Shrimp Alkaline Phosphatse and Rapid
Ligase Kit were obtained from Roche. Taq DNA polymerase, Superscript II reverse
transcriptase and Superscript III reverse transcriptase, RNase Out, RNase A and DNase I
are from Invitrogen. The Quick Exchange Mutagenesis Kit is from Stratagene. DNA
Polymerases: T7, SP6 and T3, used in the generation of in situ Riboprobes are from New

England Biolabs as were Klenow, and T4 DNA Ligase.

39



2.1.3 Oligonucleotides.

Random Primer mix containing random hexamers was obtained from Invitrogen.
Unless otherwise stated, all custom oligonucleotides used in experiments for genotyping,
sequencing, semi-quantitative reverse-transcriptase, realtime quantitative reverse-
transcriptase and realtime Chromatin Immunoprecipitation were synthesized by Invitrogen
Custom Primers (Frederick MD), Gibco BRL Custome Primers (Ottawa ON), Cortec DNA
Service Laboratories Inc. (Kingston, ON) or Intergrated DNA Technologies (Toronto ON).

The sequences of the oligogucleotides used are listed in Appendix I (pp155).

2.1.4 Antibodies and riboprobes.

Table 2 - Table of Primary Antibodies

Host-animal and

NAME Dilution* Pretreatment Supplier Notes

for Western:

Snf2L-Nter  Sheep anti-Snf2L. 1 hr minimum in Affinity Biologicals immunogen to
(1:500-1700) Western Block Inc. recombinant Snf2L
directed to the n- N-terminal fusion
terminal region Protein

Snf2H-Nter Sheep anti-Snf2H 1 hr minimum in Affinity Biologicals immunogen to

(1:2000-5000) Western Block Inc. recombinant Snf2H
directed to the n- N-terminal fusion
terminal region Protein
P38 Rabbit anti-p38 1hr in Western Santa Cruz control for cytoplasmic
(1:2500) Block Biotechnology (sc-  fraction
535)
Mouse anti- Upstate control for chromatin
Histone H1/HS5 (lug/mL) 1 hr in Western Biotechnology (05-  fraction
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H1/H5

Lamin A/C

Flag-M5

B-actin

E7 (B-
tubulin)

Mouse anti-
Lamin A/C
(1:500)

Mouse anti-
FLAG (M5
clone) (1:500-
1000)

Mouse anti-beta
actin (1:1000-
500)

media containing
secreted Mouse-
antl beta-tubulin
(1:250-500)

for Immunohistochemistry:

SNF2L-
Nter

SNF2H-

Nter

BrdU

Ki67

PH3

B 1II-
tubulin
(Tuj)

Sheep anti-SNF2L
(1:100) directed to
the n-terminal
region

Sheep anti-
SNF2H(1:100)
directed to the n-
terminal region

Mouse anti-
Bromodeoxyuridine
(1:100)

Rabbit anti-
Ki67 (1:100)

Rabbit anti-
phosphohistone H3
(1:100)

Mouse anti-beta III
tubulin, TUJ (1:400)

Block 629)
1 hr in Western Santa Cruz control for nuclear
Block Biotechnology (sc-  matrix fraction
7291)
1 hr in Western Sigma (F4042)
Block
1 hr in Western Sigma (A1978) Loading control
Block
lhr in Western DSHB Loading
Block control
Affinity
1 hr 10% FBS, 0.1% Biologicals immunogen to
Triton X-100, in PBS Inc. recombinant Snf2L
N-terminal fusion
protein
1 hr 10% FBS, 0.1% Affinity immunogen to

Triton X-100, in PBS

10 min boiling in
0.01M Sodium-Citrate
buffer 15-30 min 2N
HCI, 15 min Tris-Cl
pH8.8, 1 hr 10% FBS,
0.1% Triton X-100 in
PBS

1 hrl hr 10% FBS,
0.1% Triton X-100, in
PBS

1 hr 10% FBS, 0.1%
Triton X-100, in PBS

1 hr 10% FBS, 0.1%
Triton X-100, in PBS
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y-tubulin mouse anti-gamma 10 min boiling in Sigma (T3559)
tubulin (1:100) 0.01M Sodium-Citrate stains spindle fibres at centrosomes
buffer, 1 hr
10% FBS, 0.1% Triton
X-100 in PBS

*All primary antibodies for Western were diluted in Western Block (1xPBS containing 5% Milk)
**All primary antibodies for Immunohistochemistry and in situ hybridization were diluted in Block
(Pretreatment)

Table 3 — Table of Secondary Antibodies

NAME Host-Animal and Dilution Supplier Notes
for Western*
Sheep-HRP Rabbit anti-Sheep (1:10000) DAKO Cytomation (P0163) Immunoglobins
(mainly IgG)
Sheep-HRP Donkey anti-Sheep (1:5000)  Sigma (A3415) IgG whole
molecuie
Sheep-HRP Rabbit anti-Sheep (1:5000) Bio-Rad (172-1017) IgG (H+L)
Mouse-HRP Sheep anti-Mouse (1:2500)  Sigma (A5906) IgG whole
molecule
Mouse-HRP Donkey anti-Mouse (1:5000) Jackson Immuno Research IgG (H+L)
Laboratories Inc. (715-035-151)
1gG whole
Rabbit-HRP Goat anti-Rabbit (1:5000) Sigma (A8275) molecule
IgG whole
Goat-HRP Rabbit anti-Goat (1:5000) Sigma (A5420) molecule

for Immunohistochemistry **

Rabbit-FITC Goat anti-Rabbit (1:500) Jackson Immuno Research IgG whole
Laboratories Inc. (111-095-003) molecule

Mouse-FITC Goat anti-Mouse Sigma (F2012) IgG whole
(1:1000) molecule
Sheep-FITC Donkey anti-Sheep Jackson Immuno Research IgG whole
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(1:1000) Laboratories Inc. (713-095-003) molecule

Sheep-FITC Donkey anti-Sheep Sigma (F7634) IgG whole
(1:1000) molecule

Mouse Alexa 594  Goat anti-Mouse (1:500) Molecular Probes (A11005) IgG (H+L)

Mouse Alexa 594  Donkey anti-Mouse Molecular Probes (A21203) IgG (H+L)
(1:500)

Mouse Alexa 488  Donkey anti-Mouse Molecular Probes (A21202) IgG (H+L)
(1:500)

Rabbit Alexa 594  Donkey anti-Rabbit Molecular Probes (A21207) IgG (H+L)
(1:500)

Rabbit Alexa 488  Donkey anti-Rabbit Molecular Probes (A21206) IgG (H+L)
(1:500)

Sheep Alexa 488  Donkey anti-Sheep (1:500) Molecular Probes (A11015) IgG (H+L)

Goat Alexa 488 Donkey anti-Goat (1:500)  Molecular Probes (A11055) IgG (H+L)

*All secondary antibodies for Western analysis were diluted in Western Block (1xPBS containing 5% Milk)
**All secondary antibodies were diluted in TBLS Buffer (50 mM Tris-Cl (pH 7.4), 145 mM NaCl, 1% BSA,
60 mM L-Lysine and 0.1% sodium azide)

Table 4 — Table of Riboprobes

NAME Notes Reference
Cyclin D1 CDK regulator, involved in cell cycle transition [acquired from V. Wallace, OHRI]
Foxgl Repressor of p21 and Mashl, involved in intermediate [245]

progenitor proliferation

Glil Effector of Shh pathway involved in proliferation and patterning [246]
Hes5 Marker of proliferation, Negative repressor of Notch [247]
1d2 Marker of proliferating cells in the ependymal zone (VZ, 1Z) [248]
Pax6 Marker or Neuroepithilial Cells and Neurostemcells [249]
Tbr-1 Marker of preplate derived neurons (layer I, VI) [250]
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2.1.5 Cell lines.

Cell lines used are listed in Table 2.1.6. All cells were grown at subconfluence
under standard growth conditions in a humid atmosphere (Sanyo CO; Incubator) with 5%
CO; at 37.0°C. All cell cultures were preserved in Growth Media containing 10% DMSO
and stored at -80°C or in a Liquid Nitrogen Chest (-196°C). Cells were both harvested by
trypsinization or manual scrapping into phosphate buffered saline [PBS; 137 mM NaCl, 10
mM Phosphate, 2.7 mM KCl, and a pH of 7.4.] and pelleted by centrifugation at 1000
r.p.m. in a table top centrifuge. Conversely, for immunohistochemistry, cells were grown
on poly D-Lysine coated cover slips and transferred to PBS prior to treatment. All cell
lines unless otherwise stated were purchased from American Type Culture Collection

(ATCC; Manassas, VA).

Table 5 — Cell Lines and Culture Conditions

Cell Line Description Culture Conditions

Human Cell Lines;

SH-SY5Y Neuroblastoma Growth media: EMEM/10%FBS
Differentiation medium (neurons): EMEM/1%FBS/10uM
Retinoic Acid

Hela epithelial
adenocarcinoma Growth medium: DMEM/10%FBS
Hep G2 hepatocellular
carcinoma Growth medium: EMEM/10%FBS
THP-1 monocytic leukemia Growth medium: RPMI/10%FBS/0.05 mM 2-mercatoethanol
Differentiation medium (macrophages): RPMI/10%FBS/
100 ng/mL phorbol 12-myristate 13-acetate (PMA)
HEK293T kidney cell line Growth medium: Growth media:

DMEM/10%FBS
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a549 lung carcinoma

OVCA429 *  ovarian cancer cell
line

Mouse Cell Lines;

NIH/3T3 fibroblast

NI1E115 neuroblastoma

Rat Cell Lines;

ROSE 199 *  ovarian epithelial cell

line

Growth medium: EMEM/10%FBS

Growth medium: DMEM/10%FBS

Growth medium: DMEM/10%FBS

Growth medium: DMEM/10%FBS
Differentiation Medium: DMEM/0.5-1.0%FBS/ 1%DMSO

Growth medium: alphaMEM/10%FBS

* OVCA429 [251] and ROSE199 were the kind gift of Dr. B. Vanderhyden (OHRI/University of Ottawa)

2.2 Methods.

2.2.1 Animal lines.

The University of Ottawa Animal Care Committee, accredited by the Canadian Council on
Animal Care, approved all animal studies. Wildtype mice used in these experiments, CD-1
and C57Bl/6 were purchased from Charles River (Boston MA), and 129Sv wildtype mice
are from Jax Laboratories (USA). The viable heterozygous Snf2H mouse line, maintained
on a C57Bl/6 background are from the laboratory of Dr. A. Skoultchi (Albert Einstein
College of Medicine, Bronx, NY)[186]. Foxgl-Cre animals, in a C56Bl/6 background are
from Susan K. McConnell (Stanford University, Stanford, CA) [252].

animals are maintained on a CD-1 background and the Snf2l conditional flox/flox on a

Sv129 background.
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2.2.1.1 Generation of the Exon 6 Floxed transgenic mice.

Refer to Appendix II (pp161) for descriptive figures of the Snf2l gene-targeting
strategy. Briefly, A 4.84 kb Kpnl/Xmnl fragment of genomic DNA spanning exon 6 of the
mSnf2] gene was isolated from a 129Sv-derived genomic library (RPCI-22, BAC528D21,
ResGen, Toronto). This fragment was subcloned into the pUC19 vector (Fermentas), with
the NeoR gene cassette cloned by EcoRI/Hindlll digest 5° of exon 6. Three LoxP
sequences were cloned immediately flanking the NeoR expression cassette by Xmnl/Hindlll
and Xmnl/Pstl and a third site 3’ of exon 6 by Hindlll/EcoRI to generate the targeting
construct. A resulting linear fragment (Kpn1/Smal) was used to ultimately generate targeted
embryonic stem cells by electroporation and homologous recombination in to J1ES
cells[253]. A single positive recombinant clone was identified, out of 316 screened, by
Southern blot with probes directed to the targeting construct. Chimeric animals were
generated by blastocyst injection, in collaboration with Michael Rudnicki (University of
Ottawa, Canada). Two germ line chimeric animals containing the Snf2L Exon 6 floxed
allele were generated and the line was maintained on the 129Sv background strain.
Unexpectedly, it was later determined that exon 6 of the Snf2/ gene encoded 60 amino
acids, comprising 180 base pairs. Deletion of this exon results in an in frame mutation of
the Snf2/ gene but does not affect the general stability of the RNA or derived poly peptide
product, however the deletion encompasses a highly conserved component of the ATPase
domain including the ATP binding pocket, and has been used in many species for the
development of dominant mutant alleles [169]. DNA isolated from non-brain tissue of
weanlings was genotyped by PCR in a total volume of 50 pL containing; 1 pL of DNA; 5

uL of 10x PCR buffer (Invitrogen); 0.5 pL of 100 mM dNTPs; 1.5 mM MgCl,; 0.5 uL. Taq
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polymerase and with 0.5 mM concentration of the primers for the floxed exon 6 of snf2L
(Floxed Exon 6 Genotyping). f-actin was used as a PCR control. Refer to Appendix I
(pp155) for primer sequences. Standard conditions were used 35 cycles [94°C (30 s), 56°C
(30 s), and 72°C (60 s)]. PCR products (10-15 puL) were resolved and visualized by
electrophoresis on a 1.5 % agarose gel in TAE buffer (40 mM Tris acetate and 1 mM

EDTA) containing 0.5 pg/mL ethidium bromide.

2.2.1.2 Generation of Ex6DEL transgenic mice.

The ubiquitously expressing Gata- I Cre transgenic line in the CD-1 background
was kindly provided by S. Orkin (Howard Hughes Medical Institute, Chevy Chase MD,
USA)[254]. Female mice heterozygous for the floxed Snf2/ allele (Sn]Zlf/x) were bred to
males heterozygous for Gata-1 Cre to generate the Ex6DEL line (Snf2I"") and further F1
crosses were used to generate Ex6DEL females (Snf2/” ! ). Confirmation of exon 6 excision
was performed initially by Southern hybridization, and then by PCR. DNA isolated from
weanling tail or embryo biopsies was genotyped by PCR with the Ex6DEL Genotyping
reaction. In order to determine the sex of embryos a PCR reaction with primers directed
towards Sry was performed. Refer to Appendix I (pp155) for primer sequences. Standard

amplification conditions were used with the exception of a 60°C annealing temperature.

2.2.2 Tissue procurement and preparation.
Adult animals were sacrificed by CO; asphyxiation followed by cervical

dislocation. Brain tissue (cortices) and other organ tissue (whole brains, hearts, testes,
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ovaries, and kidneys) were manually dissected and flash frozen for later protein or RNA
extraction. Embryos were removed by hysterectomy and transferred into Hank’s Buffered
Saline Solution [HBSS]. Similarly embryonic cortices were removed by dissection using

fine forceps or the entire head was taken and flash frozen.

2.2.2.1 Cryopreservation and cryosectioning.

Adult and P7.5 animals were perfused with 10 mL or 5 mL, respectively, of 4%
Paraformaldehyde (PFA) in 0.1M Phosphate Buffer [0.1M Na;HPOy4, 0.1M NaH,PO4] prior
to dissection. Following dissection whole embryo heads, dissected brains and other organs
were fixed by immersion in 4% PFA overnight, washed several times with sterile PBS,
cryopreserved with 30% sucrose (in PBS) for overnight then imbedded and flash frozen in
1:1 [30% sucrose to OCT compound (Tissue-tek, Torrance, Ca)]. All brain tissue and
whole embryo heads where cryosectioned in the coronal plane ranging from 10-14um in
thickness using a Leica CM1840 cryostat. Serial sections were collected on SuperFrost /

Plus microscope slides (Fisher) and stored at -20°C.

2.2.2.2 in vivo BrdU labelling.

For labelling S-phase cells during incorporation experiments bromodeoxyuridine
was given (0.3 mL of 0.016 g/mL, 5-bromo-2-deoxyuridine, BrdU in DMEM) by
intraperitoneal injection to E15.5 pregnant dams in two consecutive 1.5 hour pulses. Dams
were sacrificed 1.5 hours following the final BrdU pulse injection, whole embryo heads

were fixed with 4% PFA overnight and cryopreserved, sectioned and processed for BrdU
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incorporation. To label proliferating cells in birthdating experiments, BrdU was injected
similarly into E13.5 pregnant dams and offspring were harvested 7 days after birth (P7.5),
brains were processed in a similar fashion. For cell cycle re-entry experiments BrdU was
injected into E12.5 pregnant dams and whole embryo heads where harvested following a
24-hour recovery period. Positive BrdU incorporation was assessed by

immunohistochemistry.

2.2.3 General histological staining.

To assess anatomical features, sections encompassing the cortex, hippocampus and
cerebellum were treated with cresly violet stain. Frozen slides containing serial brain
sections from various embryonic and postnatal time points were thawed and air-dried at
room temperature, then sequentially rehydrated for 15 min each in 95%, 80%, 70% and
50% ethanol, and water. Sections were transferred to 0.25% cresyl violet Stain solution
(containing 10% acetic acid) for up to 5 minutes. Following several washes slides were
dehydrated in the same ethanol washes, but in reverse order, followed by two 5 minute
washes in Xylene (Fisher). In a similar fashion slides were stained for H&E
(Heamotoxylin (Sigma) for 5 minutes and Eosin (Sigma) for 30 seconds. Slides were then
mounted in a minimum amount of Permount resin (Fisher). Phase contrast micrographs

were taken with an Axioplan2 Microscope, using the AxioVision 3.1 Software (Carl Zeiss).

2.2.4 Immunohistochemistry.

2.2.4.1 Standard immunohistochemistry.
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Frozen slides containing brain sections from embryonic and postnatal animals were
air-dried at room temperature. Slides were then fixed in 70% ethanol, rehydrated in PBS
and blocked for a minimum of 1 hour in 10% fetal bovine serum and 1% Triton-X 100 in
PBS in a humidified chamber. Cover slips containing adherent cells were fixed for 7
minutes in 3:1 ethanol:methanol at -20°C and washed with PBS, were processed for
immunohistochemistry. For a complete list of primary antibodies and specific pretreatment
see TABLE 2.1.5.1. Some antibodies required an additional antigen retrieval step;
microwave treatment in 10 mM sodium citrate was administered prior to the addition of
block. To detect BrdU that has been incorporated into the DNA, sections were depurinated
by incubation with 2N HCI for 15 min at 37°C, and neutralized with 0.1M Tris-Cl, pH 8.8
containing 0.1% Tween-20 following antigen retrieval. See TABLE 2.1.5.2 for a list of
fluorescent secondary antibodies. For all immunohistochemistry experiments nuclei were
counter stained with 4'-6-Diamidino-2-phenylindole (DAPI, 1pg/mL, in PBS) following
secondary antibody treatment. Slides were rinsed in PBS before being mounted using
florescent mounting medium (Dako). Micrographs were taken with an Axio Imager.M1

Microscope and the AxioVs40 version 4.6 software (Carl Zeiss).

2.2.4.2 ldentification of apoptotic cells by TUNEL.

To assess apoptosis, sections were treated with Terminal uridine deoxynucleotidyl
transferase dUTP Nick End Labelling (TUNEL) using the in situ Cell Death Detection Kit,
TMR Red (Roche). The Apoptotic Index is the number of cells that are TUNEL+ divided

by the total cells (DAPI+).
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2.2.4.3 Mitotic Cell Index.

Quantification of mitotic figures in embryonic cortices (E13.5 and E15.5) was
assessed by immunohistochemistry for the M-phase marker phosphohistone-H3, or PH3
[119, 120]. The mitotic index represents the proportion of PH3+ cells to the total number

of cells in a 120 pm? region which encompasses the ventricular and subventricular zone.

2.2.4.4 Cell Cycle Exit / Re-entry.

In order to assess the proportion of cells that exited the cell cycle after one round of
division, BrdU pulse-labelled E13.5 cortices were stained for BrdU and Ki67. The
proportion of Cell Cycle Exit was calculated as the proportion of BrdU" and Ki67 to the
number of BrdU-positive. The Cell Cycle Re-entry was calculated as BrdU" Ki67" divided

by the BrdU Ki67" cells.

2.2.5 In situ gene hybridization.

For a complete list of Riboprobes see Table 4, above.

2.2.5.1 In vitro transcription.

To generate in situ probes, 1 ng of purified linear plasmid was then mixed with 2.5
uL 10x DIG-UTP mix (Roche), 5ul 10x transcription buffer, 1ul RNase OUT (Invitrogen)
and 1pl of the appropriate RNA polymerase (T3, SP6 or T7) for 1 hour at 37°C, followed
by ethanol precipitation, and then resuspended in water containing 100 mM EDTA,

aliquoted and stored at -80°C.
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2.2.5.2 Hybridization and visualization.

In situ hybridization is performed as previously described [255]. Briefly, DIG-
labelled RNA probes were diluted 1/500 - 1/1500 in hybridizatidn buffer [50% formamide,
10% dextran sulfate, 1 mg/mL yeast RNA, 1x Denhardt’s and 1x salt] and denatured for
10-20 minutes at 65°C. Probes were hybridized overnight at 65°C in a humidified box
containing 50% formamide. Slides were then washed once for 15 min and twice for 30
minutes with wash buffer solution [50% formamide 1x SSC, 0.1% Tween-20] at 65°C and
then washed several times for up to 20 minutes at room temperature with MABT [100 mM
maleic acid, 150 mM NaCl, pH 7.5, 0.1% Tween-20]. Hybridized sections were blocked
for 1 hour in blocking solution [20% sheep serum (Sigma) and 2% blocking reagent
(Boehringer Mannheim) in MABT]. Primary anti-Digoxigenin conjugated to Alkaline-
Phosphatase (Roche) diluted to 1/1500 in blocking solution was then incubated in a
humidified box overnight at 4°C. The following day, slides were washed in 1x MABT at
room temperature followed by two 20 minute equilibrations in pre-staining buffer [100 mM
NaCl, 50 mM MgCl,, 100 mM Tris (pH 9.5) and 0.1%-Tween 20]. The color reaction was
allowed to develop for 2-8 hours in staining buffer [100 mM NaCl, 50 mM MgCl,, 100
mM Tris (pH 9.5) and 0.1%-Tween 20 ml 4.5 pL/mL 4-Nitro blue tetrazolium chloride
(Roche) and 3.5 pL/mL 5-bromo-4chloro-3indolyl-phosphate (Roche)]. Slides were rinsed
in PBS and mounted using a 1:1 mixture of PBS and 30% glycerol. Phase contrast images

were taken with an Axioplan2 Microscope, using the AxioVision 3.1 Software (Carl Zeiss).

52



2.2.6 Generation of plasmids.

For proliferation assays, pcDNA (Invitrogen) mammalian expression plasmids
containing coding sequences of Flag-tagged ASnf2L, both an active ATPase version and the
mutated ATPase-dead version were generated. FLAG-ASnf2H active ATPase had already
been generated [169]. To correct a cloned point mutation that was identified at base 2515
(in all snf2H clones) by sequence analysis, we used the QuickChange XL Site-Directed
Mutagenesis kit (Stratagene). For a list of mutagenic primers refer to Appendix I (p155).
To generate an expression vector containing an ATPase dead hSnf2H clone, a 1.1 kb
Xhol/Spel fragment containing a dominant mutation at base 674 was removed by restriction
endonuclease digestion from a mutant hS»nf2h plasmid (the kind gift of Dr. M. Rudnicki,
OHRI/University of Ottawa). This fragment was combined with a 2kb Spel/Notl fragment
from corrected wildtype FLAG-hSnf2H coding plasmid (above) and ligated into the

pCLneo mammalian expression plasmid (Promega) using the Rapid Ligation kit (Roche).

2.2.7 Bacterial transformations.

Liquid media (SOB, SOC and LB) and Solid media (LB-agar) were prepared as
previously described [256]. Ligated plasmids were transformed into Escherichia coli.
Stabl2 (Invitrogen), X1-1 Blue, X1-2 Blue and X1-10 Gold (all Stratagene) bacterial cells
were prepared as described[257]. Briefly, 10-15 colonies that had been grown overnight at
37°C on solid media were inoculated into 250uL of SOB media and grown to an optical
density (Agoonm) Of 0.6 at room temperature with constant agitation in the dark. The
cultured cells were then pelleted and resuspended in ice cold TB media [10 mM Pipes, 55

mM MnCl, and 250 mM KCl] for 10 minutes. Cells were pelleted and resuspended in 20
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mL of TB and DMSO (final concentration 7%) and 500uL aliquots were flash frozen and
stored at -80°C until use. Transformation was performed as follows: 150uL of competent
cells were thawed and incubated with 3-7 uL of the ligation mix on ice for 20 min (only up
to 0.1 pg of previously made plasmids was used). The transformant mix was then heat
shocked for 45 seconds at 42°C without agitation and quickly transferred back to ice for an
additional 2 minutes. One mL of LB broth (with no antibiotics) was then added to the
transformant mix and the tube placed in a 37°C shaking incubator for 1 hour. Following
incubation 50-150 pL of the mixture was spread onto LB-agar plates containing the
appropriate antibiotic (20 pg/pL Ampicilin or 40 pg/pl Kanamycin). Individual colonies
representing a single transformed clone were then harvested and grown in 4mL LB
antibiotic cultures in a 37°C shaking incubator overnight. All selected bacterial clones
were screened by Endonuclease digestion following Plasmid Mini purification by GFX
Micro Plasmid Prep kit (GE Healthcare). Large-scale preparations of positive plasmid
clones were then performed by Qiagen Maxi Prep (Qiagen). The quantity of isolated DNA
was determined using the absorbance at 260 nm in a Beckman Coulter DU 640
spectrophotometer (Fullerton CA) or a Nanodrop Spectrophotometer (Alpha Innotech).
The quality of isolated DNA was determined by the ratio of absorbance at 260nm divided

by the absorbance at 280 nm [256].

2.2.8 Cell culture techniques.

2.2.8.1 Transfection of mammalian cells.
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For transient transfections 1x10° cells (293, NIH/3T3, N1E115, ROSE199 and
HeLa) were seeded onto plates overnight. Each dish was transfected with equal molar
ratios of plasmids (for example FLAG-Snf2H or FLAG-Snf2L, wildtype and mutant) using
2 pL of Lipofectamine Reagent or Lipofectamine 2000 in DMEM (without FBS additive).
Empty plasmids and wild type cells were used as control treatments. Four hours post-
transfection cells were transferred to growth media. Subsequent to a 48-hour recovery
period, replicate plates were either harvested or induced to differentiate and then harvested
for protein or RNA extraction. In order to establish stable transfected lines, 1000 cells
(293T and N1E115) were treated in the same manner as transient transfections except that
after the 48-hour post-transfection period, growth media was replaced with selection media
(growth media containing 0.8 mg/mL G418) to select for stable integration of plasmids.
G418 resistant colonies were isolated and scraped/harvested by pipetting and transplanted
to a 24-well dish (single well per colony). Following successive expansion under growth
conditions, clones were screened by PCR amplification, RT-PCR amplification or Western

blot analysis.

2.2.8.2 Proliferation assays.

Stable 293-T NIH3T3 clones (and “empty” plasmid controls) expressing active or
dominant negative forms Snf2H were assessed for proliferation. Cells were seeded at
1x10° cells per 100 mm x 20 mm culture dishes in growth media (in triplicate). The
number of viable cells was determined by counting triplicate samples at every 24-hour

period for 7 days. All counts were performed using a haemocytometer.
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2.2.8.3 Colony forming assay (Soft Agarose).

Culture dishes containing Bottom Agarose [1% agarose (UltraPure Low Melting
Point Agarose, Invitrogen] in water were autoclaved and added to 2X DMEM / 20% FBS
plus 0.4 mL or Pen Strep and stored at 37°C. The next day 1x10° of cells (wild type, empty
vector and active and dominant negative Snf2H stable clones) were harvested and mixed
(1:1) with the same ingredients as the Bottom Agarose and quickly overlayed onto the
previously made Bottom Agarose plates. Plates were left to solidify for 10 minutes at room
temperature then transferred for up to 20 days incubation in 37°C with 0.5% CO,. Phase
contrast images of agarose imbedded colonies were taken with an Axioinvet S100

microscope, using the AxioVision 3.1 Software (Carl Zeiss).

2.2.9 Genomic DNA isolation from mammalian tissues and cells.

Tissue samples were mechanically disrupted by 15-20 seconds pulse with a Tissue
Tearor (Biospec Products Inc.) and then pelleted. Genomic DNA was isolated from cells
using Tail Lysis Buffer [S0 mM Tris-Cl (pHS8.0), 10 mM EDTA, 10 mM NaCl, 1% SDS]
containing 20ug/mL freshly added Proteinase K. Following 24-48 hours incubation in Tail
Lysis Buffer at 56°C, DNA was isolated from protein and cell debris by three
phenol:chloroform:isoamyl alcohol (25:24:1) extractions followed by ethanol precipitation.
Quality and quantity of purified DNA was assessed in the same manner as plasmid DNA

(above)
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2.2.10 Semi-quatitative RT-PCR.

RNA was isolated for the generation of cDNA by reverse transcription. RNA from
pelleted mammalian cells, or mechanically disrupted mouse tissues, was isolated using
guanidium thiocyante buffer [4 M guanidium thiocyanate, 20 mM sodium acetate (pHS.4),
0.5% sarkosyl] and phenol isolation [258] or using Trizol Reagent (Invitrogen). The
quantity and quality of purified RNA was assessed similarly to DNA, above. First strand
cDNA sysnthesis was performed with 2.5-5 pg of total RNA was reverse transcribed as
described, by Yip and Picketts[259]. Complimentary DNA products were used for PCR
amplification under standard conditions [0.5-1 pL, cDNA, 1x PCR buffer, 0.2 mM dNTPs,
0.5 mM primers (each) and Taq DNA polymers] for 24-30 cycles of 94°C for 30s, 56-60°C
(depending on primer pair) for 30s, 72°C for 1 min, followed by 10 min at 72°C. For a
complete list of primers refer to Appendix I (pp155). Following PCR amplification, 10-15
uL of the products were resolved on a 0.8-2.0% agarose gel or an 8.0-10.0% TBE-PAGE
gel and visualized with ethidium bromide staining. ImageJ] was used for densitometry, and

image processing (free software available at http://rsbweb.nih.gov/i}/).

2.2.11 Quantative realtime RT-PCR.

RNA for quantitative realtime RT-PCR experiments was isolated using RNeasy
Plus Midi kit from Qiagen (Mississauga, ON). Complimentary DNA was synthesized as
described above. Quantitative “realtime” PCR was then performed with an Mx 3000

realtime cycler (Stratagene) using the ABsolute QPCR SYBR Green Mix (Thermo
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Scientific). PCR conditions were as follows: 10 minutes at 95°C followed by 35-50 cycles
of 30 seconds at 95°C, 30 seconds at 60°C and 30 seconds at 72°C. For a complete list of
primers used for quantitative realtime PCR refer to Appendix I (ppl155). Using the
standard curve corresponding threshold method of quantification, PCR product formation
was monitored and the threshold cycles were determined using the Mx4000 software. All
data was normalized to Gapdh and 18S RNA expression levels and calculated using the
delta delta CT (ddCt) method defined as fold change = 2~ (EXSDELCT- WHCT)

http://www.ambion.com/techlib/basics/rtpcr/index.html.

2.2.12 Polysome assay.

3x10° cells (Hep G2, 293T and SH-SY5Y) cells were treated with 0.1 mg/mL
cyclohexamide for 3 minutes at 37°C. Cells were harvested by and washed twice with ice
cold PBS containing 0.1 mg/mL cyclohexamide. Cell pellets were resuspended in 1 mL of
Lysis Buffer [300 mM NacCl, 15 mM MgCl,, 15 mM Tri-Cl (pH 7.4), 1% Triton X-100 and
containing 0.1 mg/mL cyclohexamide and 1 tablet/10 mL Complete RNAse inhibitors
Cocktail] at 4°C. The nuclei were pelleted by centrifugation at 1000g for 5 minutes at 4°C
and the resulting supernatant (containing polysomes) was further spun for 5 minutes at
10,000 g in a microcentrifuge to remove cell debris. The lysates (supernatant) were layered
on a continuous sucrose gradient [10-15% sucrose, 300 mM NaCl, 15 mM MgCl,, and 15
mM Tris-Cl (pH7.4)] and centrifuged for 90 minutes at 39,000 r.p.m. in a SW41-Ti rotor
(Beckman). The absorbance across the gradient was read at 245 nm in a Beckman Coulter
DU 640 spectrophotometer (Fullerton CA). Fractions were collected every 30 seconds and

flash frozen in liquid nitrogen. RNA was recovered from fractions by phenol-chloroform
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extraction, ethanol precipitation and purified using the RNeasy micro kit (Qiagen). Total
RNA from non-cyclohexamide treated cells was used as a positive control. The resulting
fractions were processed for semi-quantitative RT-PCR (above) and separated on an 8%
TBE-PAGE gel [8% Acrylamide, 0.5% APS, TEMED, 45 mM Tris-Borate, 1 mM EDTA]
by electrophoresis in a Bio-Rad Mini Trans Blot Cell (Bio-Rad) and visualized with

ethidum bromide staining.

2.2.13 Protein isolation.

Protein samples were prepared from flash frozen cortices of control, heterozygous
or Ex6DEL mice and embryos or cell pellets by manual dissociation followed by lysis in
freshly made modified radioimmunoprecipitation assay (RIPA) extract buffer [1% Nonidet
P-40, 0.1% Sodium Dodecyl Sulfate, 0.5% sodium deocycholate and one tablet/10 mL of
Complete Mini, EDTA-Free Protein inhibitor cocktail (Roche)] [260]. Nuclear protein
extracts were generated from nuclei isolated for 15 minutes at room temperature in a Cell
Lysis Buffer (10 mM Tris-Cl (pHS8.0), 1.5 mM MgCl12, 5.0 mM KCL 0.5 mM DTT, 1.0
mM PMSF, 0.5% NP-40) and centrifuged for 5 minutes at 1000 r.p.m. in a microcentrifuge
at 40C. Isolated nuclei were subjected to DNasel treatment (100 U/mL DNase I in Cell
Lysis Buffer) for 15 minutes on ice, and then centrifuged at 5000 r.p.m. in a
microcentrifuge at 4°C. A final resuspension of nuclear proteins was then performed in
Nuclear Lysis Buffer (20 mM Tris-Cl (pH8.0), 25% glycerol, 1.5 mM MgCl,, 400 mM
KCl, 0.2 mM EDTA and one tablet of Complete Mini, EDTA-Free Protein inhibitor

cocktail (Roche) / 10mL. Protein extracts were quantified by Bio-Rad Protein Assay with
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spectrophotometric quantification (A7sonm) according to manufacturer’s instructions (Bio-

Rad).

2.2.14 Cell fractionation assay.

Protocols used for the cell fractionation experiments are adapted from previous
experiments [260, 261]. Briefly, 1-2x10® cells (a549, or HEK 293-T) were trypsinized and
the resulting cellular pellet harvested by centrifugation at 5000 g in a microcentrifuge at
4°C, and washed twice in ice cold PBS. The resulting pellet was gently resuspended in
CSK Buffer [10 mM PIPES pH6.8, 100 mM NaCl, 300 uM sucrose, 3 mM MgCl,, ImM
EDTA, 0.5% Triton X-100 containing freshly added 1 mM PMSF and 1 mM DTT] and
incubated on ice for 5 min. Following a 5000 g centrifugation in a microcentrifuge, the
supernatant containing the Cytoplasmic Fraction was collected in 50 pL aliquots and stored
at -20°C. The pellets were then resuspended in 200 pL of CSK buffer containing an
additional 90 pg/mL DNasel, and incubated at 37°C for 15 minutes. An additional 60 pL
of 1 M (NH4)4SOs was added and the mixture was incubated on ice for 5 minutes.
Following a 5000 g centrifugation in a microcentrifuge, the supernatant containing the
Chromatin Fraction was collected in 30 pL aliquots and stored at -20°C. The pellet was
once again resuspended in 1:1 100 pL CSK buffer: 100 L 4M NaCl and incubated on ice
for 5 minutes. Following a final 5000 g centrifugation in a microcentrifuge, the supernatant
containing the Salt Wash Control was collected in 25 pL aliquots and stored at -20°C. The
resulting pellet, containing the Nuclear Matrix Fraction was resuspended in 200 pL of 8M
Urea Buffer [8M Urea, 100 mM NaH>PO4, 10 mM Tris-Cl (pH8.0)], 25 uL aliquots were
then stored at -20°C. 20 pL of the cytoplasmic fraction, 12 uL of the chromatin fraction, 10

uL of the nuclear fraction and 10 pL of the salt wash were used for Western analysis
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representing 1/20 total volume of the sample. Antibodies against P38 (cytoplasm), Histone

H1 (chromatin) and Lamin A/C (nuclear matrix) served as controls for the three fractions.

2.2.15 Western blot analysis.

Protein lysates (25-50 pg) were resolved by SDS-PAGE on 1.0 mm NuPAGE 3-8%
Tris-acetate Gels (Invitrogen) or on 8-10% continuous SDS-PAGE gels and then
transferred to Hybond-C Extra membrane (Amersham Biosciences) by electroblotting in
Tris-Glycine Buffer [S0 mM Tris, 40 mM glycine, 1 mM SDS, plus 20% methanol]. For
Western blots all antibody dilutions were made in Block Solution containing 5%
dehydrated milk in Tris-buffered saline [TBST; 150 mM NacCl, 25 mM Tris-Cl (pH8.0)
with 0.5% Tween-20]. For a complete list of primary and secondary antibodies used for
Western analysis see TABLE 2 and TABLE 3, above. Antibodies for f-Tubulin and B-
actin were used as a protein loading controls. Western blots were typically incubated with
primary antibody for 5-16 hours at 4°C, followed 3 times by, 15 minute washes in TBST.
Horseradish peroxidase conjugated secondary antibodies were then incubated for 1 hour at
room temperature, washed and the signals detected by chemiluminescence reaction with
ECL Plus Western Blotting Detection System (GE Healthcare). Relative protein sizes were
calculated by the inverse log (mm migration) compared to log migration of Precision Plus

Protein Dual Colour Standards (Bio-Rad).
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2.2.16 Immunoprecipitation.

Cortices were dissected from E15.5 embryos, as described above. Dissociated
tissues were lysed in WCL Buffer [S0 mM Tris-Cl (pH7.4), 150 mM NaCl, 1 mM EDTA,
0.5% NP-40, 10% glycerol and 2mM DTT, 1 tablet of proteinase inhibitors was added to
10 mL of buffer] for up to 2 hours on ice, and cell debris was precipitated by centrifugation
at 13,000 g in a microcentrifuge at 4°C. Protein concentration was quantified by Bio-Rad
Protein Assay (Bio-Rad). For immunoprecipitation, 500-1000 pg of protein extract was
corrected to 1 mL with IP Buffer [WCL Buffer containing 0.02% sodium azide and 1%
NP-40]. Each sample was pre-cleared with sepharose A or sepharose G beads (blocked for
up to 1 hour with 50 mg/mL BSA); 100 pL of the resulting supernatant was kept as an input
control. 5 pg Sheep IgG was then added to the supernatant for 3 hours to overnight, with
constant rotation at 4°C and pelleted by centrifugation at 2500 r.p.m at 4°C. Beads were
washed twice in IP Buffer and 25 pL of Laemlli Buffer [4% SDS, 20% glycerol, 10% 2-
mercaptoethanol 0.004% bromophenol Blue and 124 mM Tris-Cl (pH8.0)] was added,
samples were then stored at -20°C. Samples were readjusted to 1 mL with IP Buffer and 5
ng of Snf2L antibody was added and incubated for 6 hours at 4°C with rotation, then
blocked sepharose A or sepharose G beads were added and incubated further, overnight and
harvested as previously described and stored at -20°C. Samples were boiled for 5 minutes,
spun down by pulse centrifugation and separated on a 10% PAGE Western Gel.

Immunoprecipitated samples were then visualized by Western analysis.
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2.2.17 Chromatin immunoprecipitation.

Chromatin Immunoprecipitation (ChIP) was performed as described [262, 263].
Briefly, for in vivo ChIP analysis, E15.5 embryonic cortices were dissected and transferred
to HBSS then cells were mechanically dissociated by pipetting up and down through fire-
polished and medium coated Pasteur-pipettes. The viable cells were then quantified using a
1:1 dilution of trypan blue and a haemocytometer (VWR). 1-2x10 viable cells were then
fixed by incubation for 1 hour at room temperature in 1% PFA (final concentration), then
washed several times in HBSS and the pellet was collected by 5 minutes centrifugation,
2000 r.p.m. in a microcentrifuge at 4°C and stored at -80°C. For in vitro ChIP 1x10’ growth
NI1E115 or differentiated N1E115 cells that had been fixed in growth media [DMEM plus
10% FBS] containing 1% formaldehyde for 10 minutes at room temperature. The
formaldehyde was then “quenched” with the addition of 125 mM glycine for 5 minutes.
Fixed cells were then harvested by carefully scraping them from the cell culture dish in ice
cold PBS containing Complete Mini, EDTA-Free Protein inhibitor cocktail (Roche). Cell
pellets for in vitro ChIP analysis were similarly washed and stored. Cell pellets were
resuspended in 400 pL of a cell lysis buffer [SO0 mM Tris-Cl (pH8.0), 10 mM EDTA and
1% SDS] and incubated for 30-60 minutes at room temperature. The resulting suspension
was then treated for 5 to 12 x 10 sec sonication pulses using a Vibra Cell (Sonics and
Materials Inc.) set at 30-35% amplitude on ice. At this point 5 pL. of each sample was
separated on a 0.8% agarose gel to assess sonication efficiency. If fragments retained a size
larger then 0.8-1.5 kb then additional sonication steps were applied. Cell debris was
removed from supernatant by centrifugation at 14000 g in a microcentrifuge for 15 minutes

at 4°C. Pre-blocked [0.2 mg/mL sheared salmon sperm DNA and 0.5 mg/mL BSA in Low
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Salt Wash Buffer, see below] protein sepharose A or G beads (GE Healthcare) beads were
then added in order to pre-clear the supernatant for a minimum of lhr with rotation at 4°C.
At this point, 100 uL of each sample was removed to represent 1/10 volume of the input,
and to the remainder of the sample, 5-10 pg of Snf2l, Snf2h, p107 (positive control ChIP)
and purified Sheep IgG (mock treatment) was then incubated overnight with rotation at
4°C. Protein A or G beads were then added and incubated for 3-6 hours with at 4°C. Beads
were then pelleted by centrifugation at 2000 r.p.m. in a microcentrifuge at 4°C and washed
sequentially by rotation at room temperature followed by centrifugation at 2000 rpm with
Low Salt Wash Buffer [20 mM Tris-Cl (pH 8.0), 150 mM NaCl, 2 mM EDTA, 1% SDS
and 1% Triton X-100], High Salt Wash Buffer [20 mM Tris-Cl (pH 8.0), 500 mM NaCl, 2
mM EDTA, 1% SDS and 1% Triton X-100], Lithium Chloride Wash Buffer [250 mM
LiCl, 10 mM Tris-Cl (pH 8.0), 1 mM EDTA, 1% deoxycholate and 1% NP-40], and twice
with TE Buffer [10 mM Tris-Cl (pH 8.0), 1mM EDTA]. Enriched chromatin DNA
complexes were then eluted from the sepharose beads in Elution Buffer containing 100 mM
sodium bicarbonate (NaHCO;) and 1% SDS, and centrifuged. Supernatants were then
reverse-crosslinked by incubation for 6 hours at 65°C and RNase treated for 1 hour at 37°C.
Following this samples were incubated with Proteinase K (20 pg/mL) for an additional 2
hours at 37°C, cleaned by phenol: chloroform: isoamyl alcohol (25:24:1) followed by
ethanol precipitation in the presence of 1 pL glycogen. Samples were then assessed for
fold enrichment along the Foxgl promoter by quantitative realtime PCR as previously
described; see 2.2.11 Quantative realtime RT-PCR. For a complete list of primers used in
ChIP analysis refer to Appendix I (ppl155). Fold change was calculated similarly to

realtime qQRT-PCR analysis using the ddCt method where fold change = A(ChIP (dCT) -

Input(dCT)).
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2.2.18 Computational and sequence analysis.

Genomic, open reading frames and cDNA sequence analysis, restriction
endonuclease sites and some primer design, was performed using DS gene v1.5 software
(Accelrys Inc., USA). All sequencing reaction analysis, and contig analysis was performed
using Sequencher version 4.1.4 software (Gene Codes Corp., Ann Arbor, MI). Analysis of
proximal promoter regions of potential ISWI targets, Snf2H and Snf2L. was performed

using the UCSC Genome Browser available on the internet (http://genome.ucsc.edu/cgi-

bin/hgGateway) and Matlnspector release professional 7.7.3 (http:/www.genomatix.de/

products/MatInspector/)[264]. The bulk of primer design for ChIP and Realtime RT-PCR

analysis was performed using the free Primer3 v4.0 software (http://frodo.wi.mit.edu/)

[265]. All primer pairs were checked against homologous sequence databases using
standard nucleotide-nucleotide Basic Local Alignment Search Tool [BLAST,

http://blast.ncbi.nlm.nih.gov/Blast.cgi][266].

2.2.19 Statistics.

For all data sets (with n = number of biological replicates). Error bars in histograms
depict the SEM. Group comparisons were made using a minimum of 3 biological
replicates and assayed for significance using a two-sample Student’s z-test with equal
variance, where, p-values smaller than 0.05 were considered significant (*). Calculations
of the arithmetic average, standard deviation, the standard error of the mean and Student’s

t-test were performed with Microsoft Excel.
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3.0 Results.

3.1 Characterization of SNF2L and SNF2H expression and localization in
mammalian cells.

3.1.1 Sub-cellular localization of SNF2L and SNF2H to the nuclear matrix in
mammalian cells.

The mammalian ISWI homologs, SNF2H and SNF2L share an approximately 84%
amino acid identity [175]. To begin to assess the role of these proteins mammalian cells
were screened for subcellular localization by immunohistochemistry, using primary
antibodies raised against the N-terminus of both proteins. SNF2H localization is highly
restricted to the nucleus by indirect immunofluoresence, when compared to DAPI
counterstained interphasic NIE-115 cells (Figure 9a, top panel). Snf2l subcellular
distribution pattern illustrates concentrated expression within the nucleus and also a diffuse
expression throughout the cytoplasm (Figure 9a, bottom panel). The association of SNF2H
and SNF2L to chromatin and their similarity to other SNF2 family members suggested that
they may also bind to the nuclear matrix. To further characterize the subnuclear
distribution, cytoplasmic, chromatin and core nuclear matrix fractions were extracted
following high salt treatment from unsynchronized cells and were analysed by Western blot
with the SNF2H and SNF2L antibodies (Figure 9b) [267]. SNF2H is restricted to the
nuclear matrix fraction (Figure 9b, top panel). SNF2L is concentrated in the nuclear matrix
but is detected in low abundance in the chromatin and cytoplasmic fractions as well (Figure
9b, second panel). The efficacy of the fractionation procedure was determined by

immunoblot assay with control antibodies specific to p38, a stress-activated protein found
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Figure 9 — Expression of mammalian ISWIs in cultured cells.

[A] Detection of endogenous expression of the mammalian ISWI orthologs with
antibodies raised against the N-terminus regions of SNF2H (top) and SNF2L (bottom) by
immunohistochemistry (green) in NIE115 cells under growth conditions. Snf2h expression
is localised exclusively in the nuclei, while Snf2l is distributed throughout the cell with
predominant expression in the nuclei and diffuse expression in the cytoplasm. Nuclei are
counterstained with DAPI (blue). [B] Mammalian ISWI expression is highly associated
with the nuclear matrix. HEK 293-T (shown), HeLa, A549 and N1E115 cells were
extracted to obtain the cytoplasmic, chromatin and core nuclear matrix fractions from
cultured cells. WASH sample represents a negative control, containing all remaining
proteins (2M NaCl). Equivalent amounts of each fraction were separated by SDS-PAGE
and analyzed by Western blot with antibodies for SNF2H, SNF2L, p38 (predominant
cytoplasmic expression), Histone H1 (chromatin localization) and Lamin A/C (nuclear
matrix subnclear localization).
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in the chromatin and the cytoplasm, histone H1/H®, a component of chromatin and Lamin

A/C, a core nuclear matrix associated protein [267-270].

3.1.2 Temporal expression of SNF2L and SNF2H during neurogenesis.

It was previously shown that SNF2H and SNF2L are important factors expressed in
the developing brain [169, 175]. Initial experiments examining the spatial and temporal
expression of Snf2] and Snf2h indicated that although there are overlapping expression
patterns of the two homologs, there were clear variations in specific tissues and cell
populations during development. Snf2h expression is elevated in proliferating
neuroprogenitor populations, such as the external granule cell layer of the cerebellum and
neuroepithelial cells of the cortical ventricular zone, and remains relatively low in
differentiated neuronal regions [175]. In adult mice Snf2/ transcripts are restricted to the
CNS and reproductive tract. In the brain they were detected by Northern blot analysis and
in situ hybridization and found to be localized predominantly in the cortex and inner
cerebellar layers which suggested a role in maturing neuronal populations [175, 187]. In
order to examine the temporal expression of SNF2L and SNF2H during the functional
maturation of neural cells, cDNA was generated from total RNA isolated from the human
SH-SY5Y and murine N1E115 neuroblastoma cell lines and transcript levels were
measured across a 4 day differentiation time course. During this time course these cells are
induced to differentiate morphologically to a neuronal phenotype, wherein they express
many of the known neuroregulatory factors [271, 272]. In humans, an alternative SNF2L
transcript, incorporating exon 13 (+ exon 13) is also expressed, and corresponds to an

ATPase dead isoform [179]. Using a primer set which amplifies across exon 13; the levels
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of SNF2L are increased transiently over the first 48 hours, then return to levels observed
prior to differentiation (Figure 10a). In the N1E115 cells where this splice variant is not
present, Snf2l transcripts are steadily increased over the entire 96 hour time course (Figure
10cd). Densitometric analysis of the scanned images showed that Snf2/ increases in a 2—
Fold above the growth levels (0 hr) during N1E115 differentiation (Figure 10d). Both
exon 13 splice variants are identified in polysome fractionation assays, suggesting equal

affinity for translation (see APPENDIX III, pp162).

3.2 SNF2H promotes proliferation and can confer oncogenic growth characteristics.

The genetic amplification of oncogenes causes cancer. SNF2H has been shown to
be expressed in proliferating tissues and to be specifically elevated in proliferating
neoplastic tissues [175, 216]. Moreover, it was previously shown by Western blot that
SNF2H has increased expression in high grade malignant ovarian tumours and in
established ovarian carcinoma cell lines (hOSE) with drug resistance to cisplatin
(APPENDIX 1V, ppl63). In order to determine if SNF2H has specific oncogenic
properties, NIH3T3 cell lines that stably expressed either a FLAG epitope-tagged SNF2H
or a dominant negative version were established (refer to Figure 11a). The FLAG tag was
used to facilitate identification of positive clones by Western blot (not shown),
immunohistochemistry and RT-PCR (see Figure 11b). SNF2H expression in interphase
cells is nuclear localized, corresponding to the wildtype localization of the protein (Figure
9). An equal number of cells from NIH3T3, empty vector (empVEC) clones, over

expressing SNF2H clones (OEXP) and clones expressing the dominant negative version of
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Figure 10 — A semi-quantitative expression profile of Snf2!/ and Snf2h during a
neuronal differentiation time-course.

Complementary DNA was generated from total RNA extracted from SH-SYSY (A,
human) and N1E 115 (C, murine) cell lines during proliferation conditions (0 hours) and at
24, 48, 72 and 96 hours after initiation of differentiation. Expression of Snf2/ (top panel)
and Snf2h (middle panel) was assessed at each time-point by RT-PCR analysis. B-actin
was used as a loading control. [A, C] -RT represents a negative control for genomic
contamination; hSNF2L, mSnf2/ and hSNF2H plasmid lanes are plasmid constructs
containing the cloned Snf2l and Snf2l sequences and serve as positive controls for the PCR
reaction. PCR products were separated by TBE-PAGE electrophoresis on an 8.0% gel and
visualized by ethidium bromide staining. Digital images of the gels were then analysed for
band intensity by densitometry using ImagelJ software (Imagel, U. S. National Institutes of
Health, Bethesda, Maryland, USA, http://rsb.info.nih.gov/ij/) and presented as Fold
Enrichment over B-actin for SH-SY5Y (n=1) [B] and N1E115 (n=1) [D]. The Snf2/ PCR
reaction in A (top panel) amplifies two RNA species Snf2/ * exon 13 (as labelled). There is
an increase in Snf2/ expression during neuronal development and a selective increase in the
human only -exon 13 message during neuronal differentiation.
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Figure 11 — Over expression of FLAG-Snf2h in NIH 373 cells results in increased
proliferation.

[A] A schematic representation of the Flag-tagged human Snf2h expression vectors (WT
Snf2h; top, Dominant Negative Mutant Snf2h version; bottom). The Flag-tag (green box)
was cloned upstream and in frame to the human SNF2H cDNA (grey box). Expression is
regulated by the constitutively active CMV promoter (black box, with arrow). SV40
regulated expression of neomycin resistance gene (Neo®; turquoise) provided selection for
transfection into NIH 3T3 cells. Ampicillin resistance (peach box) was used for bacterial
subcloning and amplification. The ATPase domain of SNF2H is highlighted by the red
dashed box. [B] Expression of Flag-SNF2H is confirmed by immunohistochemistry with
antibodies recognizing Flag (green); nuclei are counterstained with DAPI (blue). Semi-
quantitative analysis using Flag directed primers was also employed to confirm expression
of Flag-SNF2H (right panel). The blank (water) and -RT (no reverse transcriptase) lanes
represent negative controls. Flag-SNF2H plasmid is a non-cellular positive control and
293/Flag-SNF2H is a cell line previously shown to overexpress SNF2H. Experimental
samples: NIH3T3 (parental cell line), empVEC-17 (empty vector clone; does not contain
Flag-SNF2H), OEXP-10 (a representative sample of an NIH3T3 clone expressing Flag-
SNF2H expression cassette) and MUT-29 (a representative sample of a clone expressing
the dominant negative mutant version of Flag-SNF2H expression cassette). f-actin is a
positive loading control. [C] Overexpression of Flag-SNF2H increases cellular
proliferation in NIH3T3. In triplicate 10000 cells: NIH3T3 (blue), empVEC (red), OEXP
(green), and MUT (purple) were plated and maintained under typical growth conditions,
viable cells were quantified following 24, 48, 72 and 94-hours. The sample size, biological
replicates (each plated in triplicate) is shown, the error bars represent +/- SEM.
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SNF2H (MUT) were plated and counted after every 24 hours for 4 days (refer to Figure
11c). At the end of the four day period there were approximately twice as many cells in

the OEXP clones (6.43x10° * 0.38x10°, n = 12) compared to the NIH3T3 (3.30x10° *
0.15x10°, n = 14) (p= 0.007) and empVEC (3.34x10° *0.42x10°, n=3) (p= 5.5E-
06)controls. Similarly, there were more than three times as many OEXP cells than the
dominant negative mutant lines (1.97x10° £ 0.18x10°, n =12) (p= 3.2E-13), suggesting a
decrease in proliferation with over expression of the dominant negative form. Moreover,
expression of the dominant negative SNF2H conferred an additional 40% reduced growth
compared to the controls (p=4.4E-08).

To further explore the capacity of SNF2H to enhance cell growth, the ability of
SNF2H to form foci in a nutrient rich soft agarose culture was measured. This capacity to
induce foci formation in culture is considered to be one of the general properties of an
oncogene, and has been used to describe the prototypical oncogene, RAS [273]. All
treatments (NIH3T3, empVEC, OEXP, and MUT lines) were able to induce colony
formation in soft agarose (see Figure 12). However, there were a far greater number of
colonies, and colonies of much larger size, produced from OEXP treatments compared to
the controls and MUT lines (Figure 12 abcd). The number of colonies (groupings of more
than 4 cells) was quantified and presented as % focus formation (number of colonies / total
number of cells, see Figure 12 e). There were less colonies formed in the MUT treatments
(0.41% * 0.07%, n = 4) compared with the NIH3T3 (0.91% * 0.13%, n = 4)(p= 0.003) and
empVEC (0.81% * 0.15%, n = 4) controls. Moreover, the OEXP clones showed a 10-fold
increase over controls (9.06% *~ 0.51%, n = 4)(p= 4.8E-08). These results indicate that
SNF2H plays a key role in the regulation of cell proliferation and that the overexpression of

this gene may induce cancer.
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Figure 12 — Over expression of Snf2h increases number and size of foci formation of
NIH3T3 clones in soft agar.

Foci formation, a hallmark oncogenic assay, was performed using SNF2H clones.
Representative pictures of soft-agar colonies (foci) in [A] NIH3T3, [B] empVEC, [C]
OEXP and [D]; MUT are shown. Very large multiple cell colonies are only found in
OEXP cultures. [E] Random boxed regions within each micrograph were screened for foci
(greater than 4 cells) and divided by the total number of individual cells, representing the
% Foci Formation. Each experimental treatment was performed in triplicate for n=4,
biological replicates, the error bars represent SEM. (*; P < 0.050).
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3.3 The generation of the exon 6 deleted gene-targeted Snf2l mice (Ex6DEL).

To investigate the function of Snf2! during mouse development the locus was
targeted for conditional inactivation by the Cre-LoxP system. For a complete discussion of
the cloning and selection of exon 6 targeted transgenic mice please refer to Appendix II
(ppl61). Briefly, a 4.84 kb Kpnl/Xmnl fragment of genomic DNA spanning the targeted
region of the Snf2/ gene was used to generate the targeting construct and ultimately the
generation of Snf2L exon 6-floxed mice which contained the neomycin resistance gene,
used for ES clone selection (refer to Figure 13a). One recombinant embryonic stem cell
clone was generated in J1ES cells and through blastocyst injection used to develop two
conditional Snf2I-floxed (designated Snf2i”f females and Sanlf/y males) animal lines [253].

The early expression of both mammalian ISWI genes at embryonic stage E9.5
suggests an important developmental role for both Snf2h and Snf2l [175]. In order to
assess the global developmental effects of loss of Snf2] function heterozygous female mice
(Snﬂlf/", Sv129 background) were crossed to male lines ubiquitously expressing Cre
recombinase protein under the control of the Gata-I promoter (Gata-1 Cre™, CD-1
background [254]). Successful targeting of Snf2l (Snf2l" ” females and Snf21” males, here
forth referred to as Ex6DEL) was verified by Southern blot and standard PCR. Southern
blot analysis (Figure 13b) on genomic DNA isolated from tail, brain and heart from a
heterozygous Ex6DEL female, Ex6DEL male and wildtype male mice shows that a shorter
fragment always segregates with the Ex6DEL allele. The heterozygous female has both

wildtype Snf2] and the Ex6DEL alleles. Likewise, a sample PCR analysis representing a
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Figure 13 — Generation and characterization of snf2/ gene-targeted mice.

[A] A fragment of the mSnf2/ genomic sequence (wt) was used to engineer a targeting
vector containing a floxed neomycin cassette (NeoR) within intron 5 and loxP sites (green
triangles) flanking exon 6 (yellow box). Smal (S) and HindIll (H) sites are shown, and
exons are represented by black boxes. A schematic representing the homologous
recombinant (hr) with the floxed allele is shown. The orange box represents the relative
position of DNA probe used for Southern analysis below, and the blue and red arrow head
depict position of primer sets used to PCR and RT-PCR analysis of recombination. [B]
Female mice homologous for the floxed S/l allele (Snf2! 1%} were bred to Gata-1 Cre
male mice to generate the Ex6DEL mice (Snf2/ g %) and the HET Females (Snf2/" M. In
further F1 crosses female mice heterozygous for the Ex6DEL allele were bred to male
Ex6DEL mice (Snf2I"™* and Snf2I" , respectively) to generate WT Males (Sn2PY) and
female Ex6DEL mice (Snf2I").: Confirmation of exon 6 excision by Cre-recombinase is
shown by Southern hybridization to DNA extracted from adult tail, brain and heart mouse
tissue digested with HindIIl. Relative position of the probe is shown in [A], orange box.
[C] A PCR based screening approach was used to genotype successive litters, generating a
504 bp wildtype (WT)-Snf2/ band and a 324 bp Ex6DEL band representing the deleted
allele. B-actin is used as a positive PCR control. The relative position of primers used for
genotyping is denoted by the blue arrowheads in [A].
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typical genotyping gel (Figure 13 c) shows a similar banding pattern with the shorter band
segregating exclusively with the Ex6DEL allele.

A smaller form of the exon 6-deleted Snf2l mRNA 1is stably expressed in
homozygous Ex6DEL males and heterozygous females (Snf2I" ") which express both
truncated (324 bp) and wildtype (504 bp) transcripts at similar levels (Figure 14a). The
deletion of exon 6 (180 bp) does not result in the complete ablation of a protein product.
However there is a much more robust signal from extracts prepared from embryonic tissues
(Figure 14b), suggesting that Snf2l production is somewhat attenuated in adults.
Immunoblot analysis further reveals that the corresponding protein is reduced in size (~125
kDa) when compared to the wt protein product (~133 kDa). The estimated mass of the
amino acids encoded by Snf2/ exon 6 is 6.9 kDa, suggesting that the smaller band
represents a stably expressed truncated product from the Ex6DEL allele. Furthermore,
Ex6DEL protein production was confirmed by Snf2]l immunoprecipitation, wherein the
shorter Snf2] product was readily extracted from whole cell lysates (Figure 14c). Taken
together these results indicate that loss of exon 6 has little effect on the stability of the
mRNA and the Ex6DEL transcript is translated to protein at equivalent levels to wildtype

protein.

3.4 Characterization of the Ex6DEL mice.

3.4.1 Increased head size in the Ex6DEL mice.

Snf2l-null mice are viable, born in classic Mendelian ratios and have no overt

behavioural phenotypes. However, the Ex6DEL mice have larger heads with no significant
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Figure 14 — Expression of the Ex6DEL Snf2] allele in mice.

[A] Reverse transcriptase-PCR analysis of RNA isolated from whole brain, demonstrating
the excision of exon 6 from a homozygous Ex6DEL male (Snf2/"%), heterozygous Ex6DEL
female (Snf2I"%) but not the wildtype male littermate (Snf2/"Y). B-actin is used as a positive
RT-PCR control, and HepG?2 cells represent a non-Snf2/ expressing tissue type (liver). The
relative position of primer pairs spanning exons 3 to exon 7 is denoted by the red
arrowheads in the previous figure (Figure 13a). [B] Western blot analysis of proteins
isolated from E15.5 cortices of WT, HET and Ex6DEL animals for Snf2l (top panel) and
B-tubulin a loading control (bottom panel) reveals that the exon 6 deleted Snf2] band (~125
kDa) is stably produced and is smaller than the full-length Snf2] (~133 kDa). [C] Whole
cell lysates from E15.5 cortices of WT and Ex6DEL animals were used for
immunoprecipitation with Snf2l antibodies; immunoprecipatates were analyzed by
immunoblotting with Snf21 antibodies to show that the smaller 125 kDa protein is isolated
from Ex6DEL tissue, as is the full length Snf2l 133 kDa protein from WT tissue. Sheep
IgG represents the pre-immune sample and is a negative control.
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difference in body weight (Figure 15a, and data not shown). Upon dissection Ex6DEL
brain size and weight was increased (Figure 15a) and brain weight to body weight ratios
was enhanced 1.4-fold (males) and 1.5-fold (females) over the sex-matched wildtype and
heterozygous mice (Figure 15b). In order to test for other developmental irregularities,
mice at 11 weeks of age were sacrificed and the relative size of other organs was assessed
(Figure 16 ab). Brains from these Ex6DEL mice had a 1.4-fold increase in brain: body
mass ratio, while the kidneys and testes all showed only a meagre increase. The heart,
while showing an increasing trend was not statistically significant (p= 0.0522). The values
obtained for the controls are comparable to values obtained in studies of normal mice [274].
Despite the increase in brain size there was no increase in the propensity toward tumour

formation (data not shown).

3.4.2 Global inactivation of Snf2l leads to hypercellularity in the brain.

To determine the cause of the brain phenotype, frozen sections from 3 month old
(Figure 17), mice were analyzed with different histochemical stains (Figure 17ab, DAPI,
shown). There was an observed increase in cell number within the layers of the Ex6DEL
cortices, but no significant disorganization within the cortical lamina in the embryonic and
postnatal tissues. The largest difference in cell numbers between adult Ex6DEL mice and
wildtype controls lies within the Intermediate Zone (IZ) and Ventricular Zone (VZ) of the
cortex, where the difference is 1.8-fold increase to a 1.14 fold increase in layers II/III
(Figure 17c). Typically layers II and III are combined because layer II is either very

narrow or even indistinguishable as a separate layer in the mouse neocortex [275, 276].
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Figure 15 — Ex6DEL mice develop normally with larger brains.

[A] Photographs of the heads and the dissected brains of adult (~23 weeks) male wildtype
(WT), Ex6DEL and a Heterozygous (HET) female mouse for comparison of head size and
brain morphology. [B] Graphical representation of the brain size as a function of the brain
weight to body weight ratio. Red bar represents the mean ratio, compared between sex
matched animals. There is a 1.4-fold increase between the male and 1.6-fold increase for
female Ex6DEL animals and their sex matched control littermates, heterozygous females
are indiscriminate from wildtype controls. (*; P < 0.050, the sample size is given in the
brackets, error bars represent SEM).
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Figure 16 —- Ex6DEL mice have marginally larger organs then wildtype littermates.

[A] Photographs of the heads and the dissected organs of adult (~23 weeks) two male
wildtype (WT) and an Ex6DEL mouse for comparison of head size and brain morphology.
[B] Graphical representation of the Brain, Kidney, Heart and Testes size as a function of
organ weight to body weight ratio between 11 week old Ex6DEL (black bars) and WT
(gray bars) male animals. All organs show a larger ratio in the Ex6DEL animals except in
the heart where the larger trend is observed but it is not statistically significant. (* P < 0.05,
# P =0.0525; N = 14 Ex6DEL and N = 23 control animals) Error bars (B, C) represent the
SEM. Raw data, including organ and body weights used in this analysis can be found in
Appendix IV (pp163).
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Figure 17 — Increased cell numbers observed in the adult Ex6DEL cortex.

[A] A 12 pm coronal section through the cortex of a three month old Ex6DEL mouse
stained with DAPI with a section through the laminar cortical layers, highlighted by the
white dashed box, is typical of the region (field of view) used for quantifying nuclei. [B]
An example of the 160 um (width) sections used for counting nuclei from wildtype (WT)
and Ex6DEL male animals within the distinct cortical layers (II/III-VI), marginal zone
(MZ), pial surface (PS), intermediate zone (IZ), ventricular zone (VZ) and the
hippocampus (HC). [C] Graphical representation of cell number in the adult brain shows a
significant increase in the number of nuclei between the Ex6DEL (black bars) and WT
(gray bars) in all cortical layers except in Layer VI. Due to the difficulty in distinguishing
layers II and III, they were grouped together (*, P-values < 0.05; N = 3) error bars
represent SEM.
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By totalling up the average number of cells in all layers of the section (160 um) the average
for Ex6DEL is 2017.6+/- 86.7 (n = 3), while for wildtype it is 1409.6 +/- 40.7 (n = 3),
representing a 1.4-fold increase (p = 0.003). Note that the specific fold-increases for layer
VI is 1.28 but that this value is not significant (p = 0.20). In the one-week postnatal
animals (P7.5) an increase in cell number was observed for all cortical layers (Figure 18),
most notably in layer IVIII (1.9-fold) and layer V (1.6-fold, n =4), which are shown at
higher magnification (Figure 18b). Similarly by totaling the average number of cells
throughout the layers (100 pm) for Ex6DEL is 130.9+/- 4.5 and for 81.9+/-2.6 for wildtype,
representing a 1.6-fold increase (p = 4.6E-06). The observations of increased cell numbers
and brain weight in postnatal animals is consistent in Ex6DEL mice (Snf2l'/y or Snf2l M,

female mice heterozygous for Snf2l (Snf2l ) appear entirely normal.

3.4.2.1 Hypercellularity in the cortex is the result of a defect during embryonic
neurodevelopment.

Due to the similar phenotypes between animals aged 3 month and one week,
embryonic time points were also assessed for hypercellular cortices (Figure 19). At
embryonic day 15 (E15.5) increases in the Ex6DEL tissue are observed in the MZ, 1Z and
VZ (1.33-, 1.25- , and 1.34-fold, respectively) (Figure 19 b). Again the total number of
cells per section (55 pm) is 483.3+/-19.8 for Ex6DEL and 384.2+/- 24.1for wildtype (1.3-
fold, p=0.009, n = 6). By this point only the marginal zone is identifiable, the developing
cortical plate (CP) consists only of the layer V and layer VI which are indistinguishable,
and the migrating cells that are to become layer IV neurons, in transit [53, 55, 64]. These
results suggested the increase in cells observed in the postnatal cortex were the result of a

defect which arises during embryonic development.
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Figure 18 — Increased cell numbers observed in 1 week old Ex6DEL cortex.

[A] A 10um DAPI stained coronal sections (100 pm width) from one-week old (P7.5) WT
and Ex6DEL mice display increased cellularity throughout the cortical strata (IZ-MZ),
intermediate zone (IZ). [B] Sample images of increased magnification from superficial
layers II/III and a deep layer (V) are shown. [C] Graphical representation of cell number
in the P7.5 brain show a significant increase in the number of nuclei between the Ex6DEL
(black bars) and WT (gray bars). In all cortical layers the intermediate zone and
ventricular zone regions where not tallied. Due to the difficulty in distinguishing layers II
and III they were grouped together (*, P-values < 0.05; N = 4) error bars represent SEM.
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Figure 19 — A trend toward increased cell number is also observed in the E15.5 brain,
suggesting that the defect arises during embryonic development.

[A] A 10um DAPI stained coronal section (55um width) from WT and Ex6DEL
embryonic (E15.5) cortices were also scored for cell number. By this stage in cortical
development only the marginal zone (MZ) and deep cortical layers (V and VI) have
formed but are indefinable and as such these layers where counted as one region, the
cortical plate (CP). IZ (intermediate zone), VZ (ventricular zone). [B] Quantification of
cell counts demonstrates the increase observed in the postnatal samples is not recapitulated
in the cortical plate of the embryonic tissue, but is observed in the subventricular and
intermediate zones (SVZ, 1Z) in the number of nuclei between the Ex6DEL (black bars)
and WT (gray bars). (¥, P-values < 0.05; N = 6) error bars represent SEM.
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3.4.2.2 Hypercellularity is also observed in the hippocampus.

Other regions of the CNS that displayed increased cellularity were also identified.
Similar increases were observed in the adult hippocampus (Figure 20). The hippocampus,
like the cortex, is a key component of the telencephalon, which in turn is a key constituent
of the limbic system that plays major roles in long term memory and spatial navigation
[277, 278]. Also similar to the cortex, the hippocampus is made up of stratified layers of
distinct neurons (Stratum Moleculare, Stratum Lacumosum Moleculare, Stratum Radiatum,
Stratum Pyramidal or Cornu Ammonis, and the Stratum Oriens, labelled in Figure 20ab),
which migrate radially, from the Dentate gyrus (DG). Figure 20ab depicts NISSL
substance stained hippocampal sections from a wildtype and Ex6DEL mouse, and inset are
magnifications from the Stratum Radiatum. There are significant increases in every layer
of the Ex6DEL hippocampus, (Figure 20c). The stratum pyramidal cell layer could not be
counted due to the dense cellular nature, however qualitatively there is an increased
thickness and darker staining of these regions, particularly in the CAl and DG of the

Ex6DEL tissue (see Figure 20a).

3.5 Regulation of Snf2h in the Ex6DEL Snf2l mutants.

Snf21 and Snf2h are highly similar, approximately 84% at the amino acid level, and
they perform similar functions. Reports that Snf2]1 has been found in Snf2h complexes
(specifically, CHRAC and ACF [178]) suggest that these two proteins may, under certain
circumstances, functionally replace one another. Furthermore, Brm-null mice are viable

through functional compensation by the closely related Brgl [198]. Perhaps in the absence
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Figure 20 — An increased number of cells is also observed in all layers of the adult
hippocampus.

Coronal sections (12 um) through the hippocampus of a three month old wildtype [A] and
Ex6DEL [B] mouse stained with cresyl violet (NISSL). The hippocampal strata and the
visible Cornu Ammonis regions CA1, CA3, and the dentate gyrus (DG) are labelled within
panel B. Insets are magnifications from the Stratum Radiatum, showing increased nuclei
(number at the bottom right). [C] Graph depicting cell counts from the adult hippocampus
shows a significant increase in the number of nuclei between the Ex6DEL (black bars) and
WT (gray bars) in all hippocampal strata. (*, P-values < 0.05; # P-value > 0.05; N = 3)
error bars represent SEM.
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of a functional Snf21 protein, Snf2h is able to replace it. In order to test if Snf2h levels are
enhanced in the Snf2l-functionally null Ex6DEL brain tissue, RT-PCR analysis was
performed on E13.5 and E15.5 cortical RNA (Figure 21a). Primers directed to a region of
Snf2l that span exon 6 (specifically exon 3 to exon 7) were used to amplify the wildtype
Snf2l or Ex6DEL messages. Similarly, primers specific to Snf2h were used to amplify
Snf2h message. There was no change in the levels of Snf2h between wildtype and Ex6DEL
tissues. These results were confirmed by Western blotting cortical protein extracts and
probing with Snf2l and Snf2h antibodies (refer to Figure 21b). The results do not refute
that the Snf2l-null mice are viable through compensation by Snf2h, but show that there is

not an upregulation of this protein/transcript in response to the loss of Snf2l.

3.6 Molecular characterization of increased cell number in Snf2]l Ex6DEL mice.

The largest difference in cell populations between the Ex6DEL mice and wildtype
controls lie within the VZ and IZ (Figure 19). These regions typically contain the bulk of
proliferating neuroprogenitors cells and constitute the germinal neuroepithelium, and the
IPC (discussed in the Introduction, section 1.1.4). It has been proposed that even the most
subtle of changes in the relative production of neuroprogenitor cells can lead to alterations
in the neuronal population and thus cortical size [279, 280]. In order to assess imbalances
in the progenitor populations, a qualitative analysis of neuroprogenitor and neuronal
markers was performed by in situ hybridization at two developmental time points. At
E15.5, the expression levels of pax6, cyclindl, glil and hes5, are specifically confined to
populations of neuroprogenitors, and display a increased level of gene expression in the

Ex6DEL animals (Figure 22). The levels of tbr-1 and id2, markers of early born
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Figure 21 — Snf2h levels are not affected in Ex6DEL mice.

[A] Complementary DNA was generated from total RNA extracted from E13.5 and E15.5
cortices from both wildtype (WT) and Ex6DEL embryos. Selective expression of Snf2/
(first panel) and Snf2h (second panel) was assessed by RT-PCR analysis. B-actin and
Gapdh bottom panel is a loading control. —RT (without reverse transcriptase) is a negative
control for genomic DNA contamination. PCR products were separated by electrophoresis
on a 0.8% agarose gel and visualized by ethidium bromide staining. [B] Western blot
analysis of proteins isolated from E13.5 and E15.5 cortices of WT and Ex6DEL embryos
for Snf2l1 (top panel) and Snf2h (middle panel). Results indicate that there is no change in
Snf2h levels between genotypes. Tubulin is a loading control.
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Figure 22 — Distribution of neuroprogenitor populations and differentiated neurons
in the E15.5 mouse cortex are affected by Snf2l function.

Coronal sections through the E15.5 cortex of WT (left) and Ex6DEL (right) embryos were
analysed for expression of neuroprogenitor and neuronal markers. Hybridization of RNA
probes for Pax6 (A,B; n =5), Cyclindl (C,D; n=15), Glil (E,F; n=3) and Hes5 (G,H;n=
2) show increased expression in the ventricular zone (vz) of the Ex6DEL tissue.
Expression of these markers is limited to proliferating populations and are absent in the
differentiated neurons of the cortical plate (cp). Likewise, the hybridization patterns of
two regulators of differentiation, 7br-1 (1,J; n =5) and /d2 (K,L; n = 5) suggest an increase
in differentiated neurons within the cortical plate (cp) of ex6DEL mice. The lateral
ventricle is also labelled (1v).
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postmitotic neurons of layer VI and of dopaminergic neurons, respectively, also showed
increased expression (refer to Figure 22 i-1) [281-283]. Interestingly, at E13.5, pax6 levels
are unchanged while cyclindl levels are enhanced (see Figure 23 a-d) in much the same
manner as observed in E15.5 tissue. At E13.5, the levels of tbr-1 and id2 are marginally
increased (Figure 23 e-h) suggesting that the defect in cell proliferation is not as prominent
at this earlier timepoint. Moreover, a similar upregulation of pax6 and glil gene expression
was observed in the developing cerebellum (see Figure 24). Development of the
cerebellum takes place much later than that of the cortex, initiating near the end of
embryogenesis and proceeding into the second week following birth [284]. The
proliferative region of the developing cerebellum is the external granular layer (EGL), the
outermost layer, and as cells from this region exit the cell cycle and differentiate into
neurons they migrate inward to populate the inner granular layer (GL) [284]. The enhanced
levels of neuroprogenitor markers (pax6 and glil) are suggestive of heightened

proliferation, as observed in the cortical germinal epithelium.

3.6.1 Size increase and hypercellularity in the neocortex through heightened
neuroprogenitor proliferation.

There are three well-documented mechanisms leading to hypercellularity: (1) A
decrease or disruption in the apoptosis pathway resulting in increased cell survival [285-
287], (2) an increase in ectopic neuronal cell proliferation or the continued generation of
daughter cells even beyond terminal differentiation [288], or (3) a delay in cell cycle exit,
increase in cell cycle re-entry or a shortening of the cell cycle, all three of which could

result in the generation of a larger neuroprogenitor pool.
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Figure 23 — Distribution of neuroprogenitor populations and differentiated neurons
in the E13.5 mouse cortex are only marginally affected by Snf2l function.

Coronal sections through the E13.5 cortex of WT (A,C,E,G) and Ex6DEL (B,D,F,H)
embryos were analysed for expression or neuroprogenitor and neuronal markers.
Hybridization of RNA probes for Pax6 (A,B; n = 3) and Cyclindl (C,D; n = 3) show no
change in Pax6 populations and only a marginal increase in Cyclindl within the ventricular
zone (vz) of the Ex6DEL tissue. Expression of these markers is limited to proliferating
populations and are absent in the differentiated neurons of the cortical plate (cp). The
lateral ventricle is also labelled (1v). Similarly the hybridization patterns of two markers of
differentiated neurons, Thr-1 (E,F; n = 3) and /d2 (G,H; n = 3) are not increased suggesting
that differentiated neurons of the cortical plate are not augmented at this time point.
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Figure 24 — Distribution of neuroprogenitor population in postnatal developing
cerebellum is affected by Snf2l function.

Coronal sections through the p7.5 cerebellum of wildtype (WT) and Ex6DEL embryos
were analysed for expression of the neuroprogenitor marker Pax6 and the transcriptional
activator Glil. Hybridization of RNA probes for Pax6 (A,B) and Glil (C,D) show a
particular increase in Pax6 and Glil staining populations in the external granular layer
(EGL) of Ex6DEL tissue. Expression of these markers is limited to proliferating
populations and are absent in the differentiated neurons of the white matter (WM). Also
shown is the Purkinje cell layer (PCL) and internal granular layer (GL).
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In order to determine if the inactivation of Snf2/ led to a modification in apoptosis
during neurogenesis, cell death was assessed using TUNEL [Terminal Deoxynucleotidyl
transferase-mediated UTP-nick End Labeling] staining. Positive apoptotic cells were
identified by immunohistochemistry and quantified (Figure 25ab). The ratio of TUNEL
labelled cells within the developing neocortex revealed that the proportion of cell death was
not substantially changed between the wildtype control (0.048 £ 0.006/100 pm?, n =3) and
Ex6DEL (0.050 *0.002/100 pm?, n = 3) animals at E13.5 (Figure 25¢). These data suggest
that decreased programmed cell death is unlikely for the increased brain size in EX6DEL
mice.

To determine if the inactivation of Snf2/ led to an increase in ectopic cell division,
pregnant females carrying wildtype Snf2/ and Ex6DEL embryos were injected with
bromodeoxyuridine at E15.5 of gestation and harvested three hours later. BrdU
incorporation labels cells undergoing DNA synthesis at the time of the BrdU injections.
Mutant and control embryos were assayed for BrdU incorporation in the developing
neocortex by immunohistochemistry (Figure 26ab). There were few BrdU positive cells in
the cortical plate suggesting that the increase in cell number does not arise from ectopic
proliferation. The vast majority of BrdU staining lies throughout the intermediate zone
(Figure 26ab, bottom panels). Although there was an increase in total BrdU positive cell
numbers, the proportion of cells labeled by BrdU compared to total cells (stained with
DAPI, not shown) remained consistent with wildtype controls (Ex6DEL 0.37 £ 0.07 and

WT 0.28 £ 0.03 per 180 pm? respectively; n = 4, Figure 26c¢).
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Figure 25 — Levels of apoptosis in the EX6DEL embryonic cortex is not affected.

E13.5 cortical sections (coronal, 10um) co-stained for apoptotic-TUNEL positive (red) and
DAPI (blue), [A] Wildtpye, [B] Ex6DEL. Scale bar represents 10 pm. [C] Graph
depicting no substantial change in the Apoptotic Index, the proportion of TUNEL positive
cells from DAPI per 100 um?” (n=3, biological replicates) error bars represent SEM.
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Figure 26 — The BrdU labelling index of newly born cortical cells is not increased.

Immunohistochemistry for BrdU (green) in 3 hour (2x1.5) pulse-labelled E15.5 embryos of
[Alwildtype (WT) and [B] Ex6DEL sections (coronal, 12 pm) through the developing
neocortex (upper panels). The cortical plate (cp), intermediate zone (iz), ventricular zone
(vz) and lateral ventricle (lv) are labelled. The white dashed boxes are representative of
the magnified regions (lower panel) depicting BrdU staining in the ventricular and
intermediate zones (VZ > IZ), marked by the dashed yellow line, were used for counting
the proportion of BrdU labelled cells. White scale bar = 16 pm. [C] Graph depicting of the
BrdU labelling index (proportion of BrdU+ cells counterstained with DAPI (not shown),
(N = 4), error bars represent SEM.
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The larger number of BrdU positive cells in the “proliferative” ventricular zone
coupled with the in sifu gene expression analysis of neuroprogenitor markers suggested that
there may be a larger pool of neuroprogenitors. To assess this possibility mitotic cells were
quantified. E15.5 brain sections were labeled with an antibody directed against the M-phase
marker phospho-Histone 3 [PH3] [119, 120] (see Figure 27ab). The number of PH3
positive cells along the boundary of the lateral ventricle and ventricular zone were
quantified as a proportion of the total number of DAPI positive cells (Apical Layer, Figure
27¢). There was a 2.7-fold increase in the Ex6DEL tissue (0.548 *0.001 vs 0.203 *0.002
per 120 um (width), respectively; n = 3). The number of PH3 positive cells to the number
of DAPI cells in the VZ, remained constant at 2.9-fold (0.118 £ 7.9x10” vs 0.040 * 0.002
per 120 pm?, respectively; n = 3). These results suggest that while S-phase may not be
affected the proportion of mitotic cells is increased. Furthermore, there was an observed
increase of mitotic cells along the subplate (not quantified), which forms the boundary
between the cortical plate and intermediate zone (Figure 27ab, demarked by the dashed
line). This suggested that there was also an in increase and secondary division, observed

during cortical genesis in the Ex6DEL mice.

3.6.2 Neuroprogenitor expansion as a result of increased symmetric division during
embryonic neocortical development.

The initial observation of hypercellularity in the cortex was evaluated by counting
the number of DAPI+ cells on a layer-by-layer basis. In order to further assess how many

cortical cells are born at any given time BrdU birthdating experiments were employed.
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Figure 27 — Hypercellularity in Ex6DEL cortices is the result of heightened
proliferation of progenitor cells during neocortical development.

Triple immunofluorescence images of E15.5 embryonic cortex sections (coronal, 10 pm)
for the mitotic cell marker Phospho-histone H3 (green) and the early neuronal specific -
IIT Tubulin (also known as Tuj, red) demonstrate an increase in mitotic cells along the
apical boundary of the ventricular zone of wildtype Control [A] and Ex6DEL [B] cortices.
Nuclei are counterstained for DAPI (blue). An increase in the number of mitotic cells is
also observed at the subplate, a region denoted by the boundary between TUJ positive and
TUJ negative stained cells (marked by three dashed lines, incorporating a 30 um width).
Scale bar; 30 um. [C] and [D] represent magnifications of the 125 pm? area used for
quantification of cells, denoted by dashed white boxes in A and B. [E] A graph showing
the mitotic index (proportion of phospho-histone H3 positive cells to DAPI) within the
ventricular zone (125 pm?) of wildtype control (grey bars) and Ex6DEL (black bars) male
animals (*, P-value >0.05; N = 3 biological replicates, error bars represent SEM).
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Pregnant females carrying wildtype Snf2]l and Ex6DEL embryos were injected with BrdU
at E13.5 of gestation. Embryos were allowed to reach full term and pups were harvested at
one week of age (P7.5), when the cortical stratification is complete [49, 53, 55]. Ex6DEL
mutant and control littermates were assayed for BrdU incorporation in the cortex by
immunohistochemistry (Figure 28). A 2-fold increase in the proportion of total BrdU
positive cells (green) compared to wildtype littermates was observed. Quantification of
fluorescence distinguished two patterns of BrdU staining, densely stained BrdU positive
cells (Figure 28cd, yellow arrows), corresponding to cells containing a high amount of
BrdU incorporation, and lightly stained or faint BrdU positive cells (Figure 28cd, white
arrows) representing those with lower amounts of BrdU. The density of BrdU represents
the relative number of divisions since the time of injection at E13.5, where the level of
incorporated BrdU is directly proportional to the number of cortical progenitors divisions
[43]. We observed a reduced proportion of densely labelled cells in the Ex6DEL cortical
layers (0.053 £0.007 per 150 pm?, n = 3) compared to the WT (0.126 * 0.013 per 150 um?,
n = 3), representing a 2.4-fold increase (Figure 28f) and suggesting that fewer cells exited
the cell cycle following pulse-labelling. Consistent with this finding there were more
faintly labelled cells in the Ex6DEL samples suggesting that many cells labelled during the
BrdU pulse underwent additional rounds of proliferation. These additional rounds of
proliferation are limited to only a few extra rounds and do not totally dilute the BrdU label
and as such a larger proportion (0.396 *0.005 per 150 um?, n = 3) of lightly stained BrdU
positive cells where observed in the Ex6DEL tissue compared to the wildtype sample

(0.097 £0.006 per 150 umz, n = 3), representing a 4.1-fold increase.
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Figure 28 — BrdU birthdating of E13.5 born neurons shows increased proliferation.

Ex6DEL progenitor cells born at embryonic day E13.5 are far more abundant in the
superficial cortical strata than are observed in the wildtype cortex (Control). E13.5
pregnant dams were pulse labelled with BrdU, and the resulting pups were sacrificed at
postnatal day 7.5. More BrdU labelled cells (green) have migrated into the superficial
cortical layers in the Ex6DEL [B] mice than in the controls [A]. DAPI (blue) was used as
a counter stain for nuclei. Bottom panels [C, D] are magnified regions depicting the
different staining patterns, dense (yellow arrows) and faint (white arrows). lv — lateral
ventricle, svz — subventricular zone, iz — intermediate zone, ps — pial surface, and the
distinct cortical layers, mz (marginal zone, Layer I) and II-IV. Yellow scale bars: 60 pm.
[E] A photograph of a 12 um coronal brain section at approximately -2.46 mm Bregma
from wildtype mouse stained with Cresyl violet depicting the typical region of the lateral
cortex used in [A] and for BrdU positive cell quantification (dashed box). [F] A graphical
representation of the proportion of BrdU+ staining cells to DAPI in coronal sections (120
um) of the lateral cortex. There is a higher proportion of BrdU+ cells (total) in the
Ex6DEL cortex (black bars) compared to control (gray bars) suggesting an increased
proliferation of progenitors at E13.5. An increase in the proportion of Faint stained BrdU+
cells (yellow arrows in C and D) suggests that the Ex6DEL progenitors undergo
consecutive rounds of proliferation, thereby diluting the incorporated BrdU. A
concomitant decrease in the proportion of Dense BrdU+ cells (white arrows in C and D) is
also suggestive of an increase in progenitor proliferation. (* P-value < 0.05; N = 3
biological replicates, several sections were assayed).
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3.6.3 A heightened incidence of cell cycle re-entry results in neuroprogenitor
expansion within Ex6DEL cortices.

In order to further assess the potential cell cycle re-entry of Ex6DEL
neuroprogenitors the proportion of cells which had exited the cell cycle 24 hours following
BrdU labelling was calculated. The E12.5-E13.5 interval was chosen because during
normal mouse cortical development there is a well-documented rapid increase in the
production of committed neurons; it is the initiation of cortical migration for layer V and
layers I and VI are already well formed in the cortical plate [49, 53]. Ex6DEL mutant and
control embryo-littermates were assayed for BrdU incorporation in the embryonic
developing neocortex. The proportion of cells re-entering the cell cycle can be assessed by
co-staining with BrdU (red) and Ki67 (green), a second nuclear marker of proliferation
[289] (Figure 29 ab). The cells that have exited the cell cycle (BrdU+ and Ki67-, red), are
more numerous in the Ex6DEL cortices compared to wild type mice. However, when
expressed as a proportion of total BrdU positive cells a slight decrease in cell cycle
withdrawal, or cell cycle exit, in the Ex6DEL cortices was noted (Figure 29 c). The subsets
of BrdU-labelled neuroprogenitors that are in cycle are all Ki67+ (green fluorescing),
whereas cells re-entering the cell cycle are represented as the BrdU+ and Ki67+ fraction
(yellow, depicted by white arrows and arrow heads, Figure 29 ab). Similar to the PH3
stained cells in Figure 27, a higher concentration of double labelled cells in the ependymus
(white arrows) and subplate (white arrowheads) regions of Ex6DEL cortices was noted,
further signifying a heightened secondary cell cycle re-entry at both mitotic regions.
Indeed the proportion of cells that re-entered the cell cycle (BrdU+ and Ki67+ / BrdU+) in
the mutant mice displays a 4-fold increase over control littermates (0.334 * 0.046 vs 0.094 *

0.008 per 100 pm?, respectively; n = 3, Figure 29d). These data suggest the root cause of
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Figure 29 — Increased cell number in the developing neocortex, resulting from an
expansion within the proliferating progenitor pool.

To further analyze the potential increase in progenitor proliferation we assessed the cycling
progenitors for the ability to re-enter the cell cycle. E12.5 Wildtype [A] and Ex6DEL [B]
embryos were pulse labelled with BrdU to label S-phase cells. At E13.5 frozen cortical
sections (10um) were double labelled for BrdU (red) and a second S-Phase marker Ki67
(green). Cells that have re-entered the cell cycle are positive for both BrdU and Ki67 and
appear yellow (white arrows, along the ependymal layer and arrow heads at the subplate).
Yellow scale bar = 20 um. [C] A graphical representation of the relative proportion of
cells that exit the cell cycle (BrdU+ Ki67- (red only) / total BrdU+ cells) shows that a there
is no difference in the proportion of BrdU+ cells that exit the cell cycle between the control
and Ex6DEL animal cortices. [D] However a higher proportion of BrdU+ progenitors
choose to re-enter the cell cycle (BrdU+ Ki67+ (yellow) / total BrdU+) representing a 3.5-
fold increase. Interestingly in the EX6DEL cortex there was an increase in BrdU+ Ki67+
double-labelled cells (re-entered) that arise at the subplate (white arrowheads, d) as well at
the ependymal layer (white arrows, d) suggesting an accompanying increase in secondary
divisions. Sample size, n = 3.
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hypercellularity in the developing cortex of the Ex6DEL mice is that a higher proportion of
neuroprogenitors in the mutant mice are failing to commit to differentiation and are re-

entering the proliferative pool to derive more neuroprogenitors.

3.6.4 Increased symmetric and asymmetric orientation of divisions is observed within
the neuroprogenitor pool of Ex6DEL cortices.

The orientation of division can be used as an indicator of the type of division

(discussed in Introduction section 1.1.3). y-tubulin staining can be used to identify the

orientation of division. In order to further identify populations of dividing
neuroprogenitors, both the ventricular zone (VZ, which contains neuroepithelal, and radial
glial progenitors) and the Intermediate Progenitor cell Layer (IPL), which contain
intermediate/basal progenitors), were delineated by B-IlI-tubulin staining (also known as
Tuj) in Figure 30ab. The boundary between Tuj positive (red) and negative (blue) cells
represents a clear divide between the VZ and IPL, the very edge of the cortical plate
representing the uppermost limit of the IPL. y-tubulin stains the mitotic spindle fibres,
these fibres being the key components of the centrioles, are concentrated, and segregate to
the poles of the dividing cell at either end across the axis of division. Sections (100 pm,
width) through the cortices of Ex6DEL and Wildtype mice were stained for y-tubulin
(green) and positive cells were quantified from within the VZ and IPL (Figure 30 ab).
Comparing asymmetric and symmetric oriented cells by the alignment of y-tubulin positive
cells (axis of division) to the lateral apical plane of the ventricular zone, the relative
orientation of division can be assessed (examples are shown, Figure 30 ab, magnifications).

In both VZ and IPL the number of asymmetric and symmetric divisions was greater in the
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Figure 30 — A selective increase in symmetric orientated division of progenitor cells
from the subventricular zone and intermediate progenitor layer results in expansion
of the proliferative pool.

In order to clearly identify asymmetric mitotic events (yellow arrows) from symmetric
divisions (white arrows), E13.5 cortical sections (10 um) from Wildtype [A] and Ex6DEL
[B] cortices were double labelled for y-tubulin (green), B-III-tubulin (red) and nuclei were
counterstained with DAPI (blue). 7y-tubulin stains the mitotic spindle fibers which
segregate at either pole in dividing M-phase cells making it possible to distinguish the axis
of division. Below are magnifications from within the IPL and VZ depicting orientation of
division (white line). CP = cortical plate, IPL = intermediate progenitor layer (including
the intermediate zone and subplate region), SVZ = subventricular zone. Scale bars = 100
um. [C] A graphical representation of the relative proportion of asymmetric divisions
(divisions along the axis of migration) in 100 um sections of WT (grey bars) and Ex6DEL
(black bars) cortices. There are more asymmetric divisions in the SVZ, but not in the IPL
of the Ex6DEL mice. [D] A graphical representation of the relative proportion symmetric
divisions (perpendicular to the axis of migration) in 100 pum sections of WT (grey bars)
and Ex6DEL (black bars) cortices. There are more symmetric divisions in the SVZ and
IPL of the Ex6DEL mice. [E] A graphical representation of the number of nuclei counted
in the 100 um sections of cortical plate of WT (grey bars) and Ex6DEL (black bars) E13.5
embryonic tissue. There are more nuclei in the VZ and of the Ex6DEL mice. (* indicates
P-values > 0.05, n=4 biological replicates). Error bars represent SEM.
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Ex6DEL cortices than are observed in the Wildtype tissues. There are 2-fold more
asymmetric divisions (perpendicular to the apical plane) and a 4-fold increase in symmetric

divisions (parallel to the apical plane) in the Ex6DEL cortices (Figure 30 cd).

3.7 Foxgl is a Snf2l target gene.

3.7.1 Potential regulation of neurogenic and cell cycle factors by Snf2l.

To further examine the mechanism underlying the observed cell cycle re-entry
phenotype in Ex6DEL mice, a global gene expression analysis was performed. Cortical
RNA isolated from E15.5 wildtype and Ex6DEL animals were analysed by microarray
(MEEBO - Mouse Exonic Evidence Based Oligo, an open-source long (70-mer) oligo set
to represent the mouse genome [290]). This analysis demonstrated altered expression (>2-
fold) of 256 genes (183 decreased and 73 increased) including numerous genes encoding
neurogenic transcription factors (refer to APPENDIX VI, for raw microarray data, pp165).
These results suggest that loss of Snf2l alters the neurogenic program perhaps by disrupting
the regulation of cell cycle genes and neurogenic factors that affect the timing of
differentiation. One of the genes identified by a decrease in expression was p2] cipl
(Cdknla, 2.23-fold decrease, n = 3). In order to further examine cell cycle regulation qRT-

PCR was used to analyze the cyclin dependant kinase inhibitors, p16™, p21°?! p275%!,
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Figure 31 — qRT-PCR analysis of RNA isolated from E15.5 cortices of WT and
Ex6DEL mice.

Total RNA was extracted from E15.5 cortical dissections. qRT-PCR was used to analyze
the expression of the several targeted genes, including cyclin dependant kinase inhibitors
(p16™*, p21°°, p27°! p57%P)and Cyclinb2 and Cyclindl (Cell Cycle Factors) [Al.
Results indicate that p/6™* p2I°? and p27*”' have decreased expression (fold-change
compared to WT) while the p5 7KP? Cyclinb2 and Cyclindl were not changed compared to
control values (1.0, red line). We also verified microarray data for a selection of
misregulated genes (in graph [A] and [B]) confirming an upregulation of foxg/. (n=3-4,
error bar represent SEM).
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and p575%"°. There was a noted decrease in all except for p575%, suggesting that some cell
cycle regulators are misregulated (Figure 31a).

Several genes from the screen were validated by QRT-PCR, a selection of which is
shown in Figure 31 ab. One gene, Brain factor-1 / Foxgl, a forkhead homeodomain
transcription factor was identified as being the most highly upregulated gene by microarray
(7.38-fold, APPENDIX VI, Table A, ppl65), and validated to be 1.4-fold by qRT-PCR
(Figure 31 b). Foxgl is of particular interest as it is expressed in intermediate progenitor
cells of the developing forebrain [291]. Moreover, Foxgl has been implicated directly in
the regulation of neuroprogenitor expansion by negatively regulating expression of p21 Cip
and Mashl, two genes identified by the gene screen as down regulated in Ex6DEL tissue

that are important for differentiation of neurons (Figure 31) [291, 292].

3.7.2 Snf2l binding to proximal Foxgl gene.

The Foxgl gene is composed of two exons (see Figure 32a), with highly conserved
regions 2 kb upstream and 1.5 kb downstream. Chromatin immunoprecipitation (ChIP)
was used to analyze the proximal promoter (~500 bp) and the first exon, encompassing the
start of the ORF until the ATG start codon (Figure 32a). Using a panel of 5 primer sets,
ChIP was performed on wildtype E15.5 cortices. ChIP results indicate binding of Snf2l to

two regions of the proximal promoter (Figure 32b).
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Figure 32 — Characterization of SNF2I binding to the foxgl gene.

[A] A schematic diagram showing foxg!/ gene structure. The gene is comprised of two
exons. Location of primer sets used for gPCR following ChIP with Snf2] antibodies is
shown. Predicted PCR product length is shown in brackets. The ORF (Black box), 5’UTR
(grey box), 3° UTR (blue box), transcriptional start site (arrow) and translational start
(ATG) are labelled. The PCR primer pair E, which shows the highest amplification
following ChIP is shown in red. [B] A graph showing the relative fold-enrichment of
Snf2] binding on the foxgl gene using cortical samples for WT embryos (n= 4, error bar
represent SEM).

107



2.0 kb > ATG +2.37 kb
A (412) E0837)
B (478) D (639)
N |
C (489)
B
5.0
45
4.0
3.5

3.0
25

2.0 I
1.5 - -
1.0
0.5 -
0 -
A B C D E

Relative Fold Enrichment




Figure 33 — Foxgl expression in the developing neocortex

Coronal sections through the E15.5 cortex of Snf2l WT (A, B ((rostral cortical sections), C,
D (caudal cortical sections)) and Ex6DEL (E, F (rostral cortical sections), G, H (caudal
cortical sections)) embryos that are wildtype or heterozygous for Foxgl were analysed for
expression of Foxgl/ by RNA in situ hybridization. Panel I represents a WT mouse
sections stained with the Foxgl antisense probe control. In situ analysis shows increased
expression (purple) of foxg/ in Ex6DEL tissue with an expected decrease in the Foxgl
heterozygous cortices in both Snf2] WT and Ex6DEL cortices. The bottom box shows lack
of staining using an antisense probe for hybridization. The red asterisks denote sectioning
artefacts which appear densely stained. The lateral ventricle (Iv), ventricular zone (vz) and
cortical plate (cp) are labelled.
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3.7.3 Reduction of Foxgl message in Ex6DEL mice by gene dosage.

To determine the genetic contribution of Foxg! to the Ex6DEL phenotype, we bred
a Foxgl-null allele onto the Ex6DEL line. Homozygous deletion of Foxg! results in
embryonic lethality [293], but Foxgl™" animals are viable [252]. Ex6DEL heterozygous
females were bred to Foxgl" males in order to reduce Foxgl expression in the developing
embryonic cortex. A primary assessment of Foxgl gene expression in E15.5 cortex was
determined by in situ hybridization (Figure 33). As expected Foxg! was increased in the
Ex6DEL mice over Snf2l wildtype (compare left box to right box). These results also
confirmed that the removal of one Foxgl allele in the Foxgl™ genotype did reduce
transcript levels in both wildtype Snf2] and Ex6DEL backgrounds (compare Snf2/ WT /
Foxgl™ (A,C) to Snf2l WT / Foxgl™" (B,D) and Ex6DEL / Foxgl™ (E,G) to Ex6DEL /

Foxgl™ (F,H)).

3.7.4 Rescue of Ex6DEL phenotype by limiting Foxg! dosage.

3.7.4.1 Reduced mitosis in Foxgl heterozygous mice, rescues Ex6 DEL mice.

There was a 2.7-fold increase in the proportion of PH3+ stained cells in the
Ex6DEL cortex (Figure 27). It was anticipated that reducing Foxgl dosage would rescue
this phenotype to wildtype levels. Sections from Snf2/ wildtype and Ex6DEL mice both
wildtype or heterozygous for Foxgl, were stained for PH3 (green) and Tuj (red), as

previously described, and the number of mitotic cells were quantified (Figure 34 a-d).

There was a 3.1-Fold (n = 3) increase in the mitotic cell index in the ventricular zone of
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Figure 34 — Animals heterozygous for Foxgl rescue the observed increase in mitotic
index.

Triple immunofluorescence images of E15.5 embryonic cortex sections (coronal, 10 pm)
for the mitotic cell marker Phospho-histone H3 (green) and the early neuronal specific -
III Tubulin (also known as Tuj, red) demonstrate a partial rescue in the frequency of
mitotic cells along the apical boundary of the ventricular zone of Control and Ex6DEL
cortices. Nuclei were counterstained for DAPI (blue). The cortical plate (CP), subplate
(SP), ventricular zone (VZ), apical boundary or ependymus (AP) and lateral ventricle (LV)
are labelled. An increase in the number of mitotic cells at the subplate, and the ependymal
layer is observed in the Ex6DEL cortex but this increase is partially rescued in the
Ex6DEL Foxgl™ animals. For comparison, Snf21 WT/Foxgl™" [A], Snf2VWT Foxgl™"
[B], Snf21 Ex6DEL/Foxgl™* C] and Snf2l Ex6DEL/Foxgl*" [D] are shown. Yellow scale
bars represent 125 um. [E ] Graph showing the rescue of the mitotic index (proportion of
phospho-histone H3 positive cells from DAPI) within the ventricular zone (125 pm?) and
[F] along the apical boundary (125 um) of the ventricular zone and the lateral ventricle of
wildtype and Ex6DEL male animals that are wildtype for foxgl (+/+, black/blue bars) or
heterozygous for foxgl (+/-, grey/purple bars) (*, P-value >0.05; N = 3 biological
replicates, error bars represent SEM).
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Ex6DEL for FoxglJ’/+ samples (0.337 *0.003 vs. 0.107 £ 0.006 per 120 pm?, Figure 34e).
Confirming the previous observation where only the apically stained cells were tallied,
there was a 3.2-fold increase in the mitotic cell index of apical layer in Ex6DEL mice
(0.160 £ 0.021 vs. 0.520 * 0.016 per 120 pm, Figure 34f). There was no change in the
mitotic cell index between Snf2] wildtype that were either homozygous or heterozygous for
Foxgl in either VZ or Apical layer restricted counts (Figure 34 ef). However in Ex6DEL
cortices, limiting Foxgl levels rescued this phenotype (ventricular zone: 0.033 £ 0.004 vs.
0.039 * 0.002 per 120 pum?, apical layer: 0.166 * 0.023 vs. 0.222 * 0.002 per 120 pm)
(Figure 34 ef). These results suggest that Foxgl and Snf2l function within the same genetic
pathway regulating neuroprogenitor expansion. Furthermore, the increase of mitotic cells

along the subplate is also reduced by limiting Foxgl dosage.

3.7.4.2 Reduced divisions in Foxgl heterozygous mice confer a partial rescue of
symmetric and asymmetric divisions in the cortex of Ex6DEL mice.

Indirect fluorescence for y-tubulin was again used to analyze the orientation of
division in relation to the apical plane of the germinal neuroepithilium for Snf2! wildtype
and Ex6DEL cortices that are either wildtype or heterozygous for Foxg! (Figure 35 a-d).
As previously shown in Figure 30, the populations of asymmetric and symmetric dividing
cells were increased in the ventricular zone (2.4-fold, 4.1-fold, respectively; n = 4, Figure
35 ef) and in the intermediate progenitor layer (2.2-fold, 5.0-fold, respectively; n = 4,
Figure 35 ef). Similar to the mitotic cell phenotype the total number of divisions (both
asymmetric and symmetric orientations) was rescued to approximately wildtype levels in

Ex6DEL mice that are heterozygous for Foxgl, while reducing Foxgl dosage has no effect
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Figure 35 —Animals heterozygous for Foxgl confer a reduction in symmetric and
asymmetric oriented division of progenitor cells.

E15.5 embryos heterozygous for Foxgl demonstrate a partial rescue of symmetrically and
asymmetrically oriented mitotic divisions in both the ventricular zone (VZ, defined by the
boundary between Tuj positive and Tuj negative cells) and intermediate progenitor cell
layers (IPL, defined by presence of Tuj, and cytoarchitectural features of the cortical plate
(CP)). Triple immunofluorescence images of E15.5 embryonic cortex sections (coronal,
10 um) for the y-tubulin (green) and the early neuronal specific (Tuj; red) and nuclei are
counterstained for DAPI (blue) for Snf2l WT/Foxgl” * [A], Snf21 WT/Foxgl™" [B],
Ex6DEL/Foxgl ™" [C] and Ex6DEL/Foxgl™" [D] are shown (width of images is 100 pm).
Quantification of the relative proportion of asymmetric divisions (divisions along the axis
of migration) in 100 um sections cortices from of Snf2l WT Foxgl 7 (XY++; blue bars),
Snf2l WT Foxgl™ (XY+-; purple bars), Ex6DEL Foxgl”* (-Y++; black bars) and
Ex6DEL Foxgl” " (-Y+-; grey bars). There is a partial rescue in the number of asymmetric
divisions [E], symmetric divisions [F} and number of total number of cells [G] (* indicates
P-values > 0.05, n=4 biological replicates) Error bars represent SEM.
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in Snf21 wildtype mice. The total number of cells was also assessed by counting DAPI

stained nuclei (Figure 35 g) and no difference between genotypes was observed.

3.7.4.3 Amplification of Tbr-2 intermediate progenitor cells is in Ex6DEL cortices.
Increased proliferation at the subplate (identified by PH3) and within the basal
lamina (y-tubulin positive) suggested that there was an increase in intermediate progenitor
cells (IPCs). Intermediate progenitors, as a transiently amplifying population of
neuroprogenitors, differ from the neuroepithilial progenitors (NEs) in several ways. Firstly,
IPCs are located at basal positions (abventricular) compared to the NEs which divide
apically at the ependymal layer [67]. Secondly IPCs expand the neuronal population by
increasing symmetric terminal divisions, creating two neurons at each mitotic division, or
self-amplify in order to increase population size [36, 67, 294]. However, unlike NE which
can divide symmetrically for an unlimited number of divisions, IPCs can only self-renew 1-
3 times [68]. IPCs are further distinguished from NE, which express Pax6, by the
expression of Tbr-2. Tbr-2 is a factor that directs the conversion of neuroepithilial into
Intermediate progenitors and guides neuronal expansion in the developing neocortex [68,
331]. In order to identify IPCs, E15.5 sections from Snf2l wildtype and Ex6DEL mice
were stained by antibodies which identify Tbr-2 (green) and Tuj (red, to differentiate the
ventricular zone) by indirect immunofluoresence, (Figure 36 ab). There was an observed
increase in Ex6DEL cortices. The level of Tbr-2 expression was reduced in Snf21 wildtype
and Ex6DEL mice, heterozygous for Foxgl (Figure 36 bd). The proportion of Tbr2+ cells

over DAPI+ (blue) cells in the intermediate zone was calculated, (Figure 36 e). The
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increased Tbr2 positive cells in the Ex6DEL Foxgl™" animals was rescued to wildtype

levels in the Ex6DEL Foxgl ™" tissue.

3.7.4.4 Rescue of increased cells in mature Ex6DEL cortices by limiting Foxgl dosage.

To determine if the hypercellularity observed in the mature Ex6DEL brain could be
rescued by limiting Foxgl expression, frozen sections from P7.5 brains were analyzed for
cellular and morphological differences with DAPI on a layer by layer basis (Figure 37 a-d).
The observed increase in cell number (Figure 17 and Figure 18) within the layers of the
Ex6DEL cortices remains consistent (Figure 37 e, blue and black bars), but there was no
noticeable disorganization within the cortical lamina. The increased number of cells in
Ex6DEL mice was rescued to wildtype levels in Ex6DEL mice heterozygous for Foxgl, in
all layers except in layers II/III, where the trend was consistent, but not statistically
significant (236.5 * 27.8 vs. 189.7 * 34.1, per 150 um (width), p = 0.34, n = 3) (see Figure
37 e). By totalling the number of cells throughout the 150 pm section, the number of cells
attributed to the four genotypes is as follows: Snf2l WT/Foxgl*™* have 411.7, Snf2l
WT/Foxgl™" have 391.9 but Ex6DEL/Foxgl™* with 641.8, Ex6DEL/Foxgl™" with 471.9.
These observations indicate that the principle effect resulting in the increase of cells in the
Ex6DEL cortex is though the increase, or continued expression of Foxgl, and that by
limiting the dosage of Foxgl we can partially rescue the phenotype back towards wildtype

levels.
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Figure 36 - Ex6DEL embryos have increased Tbr-2 positive progenitor populations
in E15.5 cortices, which is rescued in the Foxgl heterozygotes.

Foxgl is an important proliferative factor for intermediate progenitor cells, in order to
further identify this population of progenitors, E15.5 coronal sections (10 um) were triple
stained for Tbr-2 (green), Tuj (red) and nuclei were counterstained with DAPI (blue).
Sample images from Snf2] WT/Foxgl™" [A], Snf2l WT/Foxgl®" [B], EX6DEL/Foxgl*"
[C] and Ex6DEL/Foxgl*" [D] are shown (yellow scale bar is 120 um). [E] A graph
showing the relative proportion of Tbr-2 positive stained cells (Tbr2+/DAPI) in all four
genotypes. 120 um sections were counted and there is a significant increase in the
proportion of Tbr-2 staining in the Ex6DEL/Foxgl™" tissue that is rescued in the
Ex6DEL/Foxgl ™" samples. (* indicates P-values > 0.05, n=3-5 biological replicates) Error
bars represent SEM.
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Figure 37 — Heterozygousity for Foxgl rescues hypercellularity in postnatal Ex6DEL
mice.

DAPI stained coronal sections through the lateral cortex (10 pm width) of one-week old
(P7.5) postnatal mice show that the previously observed increased cellularty throughout
the cortical strata (MZ-VI), marginal zone (MZ) and ventricular zone (VZ), is rescued in
Ex6DEL Foxgl heterozygotes. Sample images from Snf2l WT/Foxgl™" (XY++) [A],
Snf2l WT/Foxgl®™" (XY+-) [B], Ex6DEL/Foxgl™* (-Y++), [C] and Ex6DEL/Foxgl™ (-
Y+-) [D] are shown (yellow scale bar is 100 um). [E] Graph of cell number (DAPI
positive) in the P7.5 brain show a statistically significant rescue in all cortical layers except
IVII (p = 0.347 ). Due to the difficulty in distinguishing layers II and III they were
grouped together (*, P-values < 0.05; N = 3) error bars represent SEM.
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4.0 Discussion.

The focus of this project has been to provide a detailed understanding of the
functions of Snf2]l and Snf2h in the development of the central nervous system. It is
important to establish a connection between neurogenic factors, chromatin remodelling and
transcriptional regulation during neurogenesis. Most studies of chromatin remodelling
associated proteins have focused on their abilities to alter chromatin structure rather than
their developmental functions. Our findings suggest that the Snf2l is involved in the
regulation of several genes but that the specific regulation of a single gene, Foxgl, plays a
substantial role in brain development. Stem cell maintenance, progenitor proliferation, and
properly-timed differentiation are the key components in regulating brain size, and yet,
little is known of the multifaceted functional interactions which govern these processes.
Specific defects involving cell fate among progenitor populations are caused by the loss of
Snf2]; they result in cell expansion and ultimately increase the size of the brain and other
organs. The Ex6DEL mice which exhibit an enhanced level of Foxg! display an amplified
number of neurons in all layers of the cortical plate, hippocampus, and cerebellum. A
partial rescue of this hyperplasia in the cortex was achieved by limiting the dose of Foxgl.
These findings suggest that Snf2] modulates the chromatin environment that regulates the
timely repression of Foxg! during the early stages of neuronal differentiation and that Snf21

is a key regulator of brain development.

4.1 SNF2L and SNF2H have complementary roles during development.

In vitro, Snf2l and Snf2h have an active and complementary role in the management

of proliferation and differentiation. Previous work from the Picketts’ lab has identified
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SNF2H as an upregulated factor correlating to metastatic ovarian tumours and drug
resistance in cultured cells (DJ Picketts, unpublished data). In our experiments, NIH3T3
cells overexpressing SNF2H displayed an increased growth potential, while the
overexpression of a mutant version of the SNF2H protein resulted in a 40% reduction in
growth. Furthermore SNF2H overexpression conferred an ability to grow in soft agarose
(which was absent in SNF2L overexpressing clones, MA Lazzaro and DJ Picketts,
unpublished data). It was also shown that overexpression of SNF2L had the opposite effect
and reduced the growth of cells by 20% compared to parental strains (MA Lazzaro and DJ
Picketts, unpublished data). In the developing brain, early expression of Snf2H IS
Localized predominantly to proliferating progenitors, while Snf21 expression is localized to
post-mitotic neurons [175]. Moreover, ectopic expression of SNF2L in N1E115 cells led to
the spontaneous induction of a differentiated morphology, suggesting that SNF2L is an
early regulator of this process [169]. During a N1E115 cell differentiation time course, I
observed that Snf2/ levels are steadily increased, with no corroborating change in Snf2h. In
human SH-SY5Y neuroblastoma cells, an increase in SNF2L was also observed. These
results indicate that the expression of SNF2H is intimately linked to proliferation in many

tissues, whereas SNF2L is involved in either cell cycle exit or initiation of differentiation.

4.2 Ablation of Snf2l and macroencephalic brains.

Using a Snf2l-null anmimal model, the role of Snf2l during neurogenesis was
assessed. Snf2l’s involvement in the initiation of neurogenesis and in the regulation of the
engrailed genes, led us to believe that Snf2] was a vital transcriptional regulator of

neurodevelopment [169]. Many studies of brain development factors in standard knockout
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mice have been precluded by the onset of severe malformation at earlier developmental
stages. So a strategy employing a conditionally targeted disruption in the Snf2/ gene was
chosen using the bacteriophage P1 Cre-LoxP excision system. The conditionally inactive
Snf2l line was then bred onto the ubiquitous expressing Gata-1 Cre line, effectively
developing a global Snf2] ATPase-null animal which we termed Ex6DEL (for Snf2! exon 6
deleted). Surprisingly, these experiments showed that loss of Snf21 ATPase activity does
not result in embryonic lethality, but results in increased organ size, most notably in the
brain. There is an approximately 1.4-fold increase (at 11 weeks) in the ratio of brain weight
to body weight between male Ex6DEL and wildtype animals and also between female
Ex6DEL and their wildtype and heterozygous counterparts. As the heterozygous animals
appear normal it suggests that the loss of exon 6 in the Snf2/ locus does not result in a “gain

of function” mutation.

4.3 Misregulation of multiple genes in Ex6DEL brains results in increased cortical
cells.

Macroencephaly can be caused by an increase in cell number (hyperplasia) or by
increased cell size (hypertrophy), as is observed in the Kv1.1 mutant shaker mouse [295].
A microarray screen of expressed sequences identified 256 misregulated genes with greater
than 2-fold alteration in the cortices of Ex6DEL mice (183 decreased and 73 genes
increased). Included were the perturbations of several neurogenic and cell cycle related
factors. Similar large numbers of misregulated genes have been identified in gene
expression experiments for ISWI mutants in yeast and Drosophila [171, 296]. These
results suggest that the regulation of multiple genes by ISWI is common throughout

evolution. A 2.23-fold decrease, was observed for p21“?! [Cdknla), a cyclin dependant
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kinase [CDK] inhibitor. During development the proper size of the brain is precisely
controlled by stimulatory and inhibitory signals and is intimately linked to the cell cycle.
All of the Cip/Kip family members (p21, p27 and p57) possess the ability to inhibit CDK
complexes [297-299]. Moreover the Ink4 family (pl16, p15, p18 and p19) as CDK4/CDK6
specific inhibitors are also involved in regulating CDK complexes and regulating the cell
cycle [300-302]. All members of these groups cause G1-arrest and initiate cell cycle exit.
A pointed example of this is that p21®! is induced in many cell lines undergoing
differentiation [303, 304]. Gene expression analysis by qRT-PCR of the total RNA isolated
from Ex6DEL cortices confirmed a decrease in the CDK inhibitors, p/ glkta, p21°?! and
p275%° ! with the largest alteration in p21°?! representing a 5.4-fold decrease (0.184 *
0.048). There was no change in the expression of CyclinBl or CyclinD2. Like the
Ex6DEL mice, p21 knockouts undergo normal development until challenged with DNA
damage, wherein their fibroblasts are defective in G1-arrest [305]. Moreover, postnatal p21
mutants have increased neural stem cells; in vitro these stem cells have been shown to
undergo only a few extra rounds of self-renewal before quiescence [306]. Interestingly,
targeted disruption of p275"! (down regulated 2.8-fold in the Ex6DEL mouse), results in
increased body size (ranging from 20-40%) and uniformly enlarged brains, with no
anatomical abnormality in the brain, other than increased cell number and density [299,
307, 308]. These results are comparable to observations from the Ex6DEL mouse, with the
exception of increased body size. Also akin to the Ex6DEL model is the presence of
testicular and ovarian hyperplasia (only testicles were analyzed for the Snf2l-null animal).
The p2 7Kip! gene disrupted male mice are fertile, however, unlike Ex6DEL animals, female

p27'/' mice are sterile due to impairment in luteal cell differentiation [299, 308]. The

misregulation of these CDK inhibitors in the Ex6DEL brain provides an interesting insight
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into the function of Snf2l during cell cycle regulation. Many disruptions in the balance of
cortical progenitor proliferation and differentiation cycles lead to disorganized lamination,
which is often characterized by layer-specific defects. For example, Tlx mutants undergo
premature cell cycle exit and have a smaller cortical plate with the superficial layers
specifically reduced and the deep, early born layers relatively unaffected [309, 310]. All
cortical layers (I-VI) of the Ex6DEL animals demonstrate an increased cell density with no
gross anatomical abnormality. This suggests that Snf2l inactivation affects a general
process throughout neurodevelopment rather than at a specific regulatory stage. In both the
adult and 1 week old Ex6DEL mice the largest increases lie within the Layers II/III (Figure
17c¢ and Figure 18c). This is of particular interest because these superficial layers are the
last to be born (E15.5-E17.5) and migrate to their final position just prior to birth. In the
E15.5 embryos an increase was observed in the number of cells within the cortical plate (at
this point only Layers I and VI, with the migrating cells of Layer V, not yet in position),
however, increases in cells within the subventricular zone and the intermediate zone (a
transient region of cell migration) suggest that the heightened cellular proliferation may be

exacerbated at later developmental stages.

4.4 Hypercellularity in the Ex6DEL cortex is the result of neuroprogenitor expansion.

The neurons of the cortex initially arise from divisions within the ventricular zone.
Here a population of multipotent neuroepithelial cells and their neural polarized derivative
radial glia make up the germinal epithelium of the developing telencephalon. Pioneering
work by electron microscopy in the 1970’s recorded the orientations of apical divisions in

the mammalian cerebral cortex [311]. There are three commonly accepted modes of
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division that these precursors undertake: (1) symmetrical self-renewing, which produces
two precursors, (2) asymmetrical, which generate one precursor to repopulate the
progenitor pool and another to become a post-mitotic cell (neuron, astrocyte or
oligodendrocyte), and (3) symmetrical terminal divisions, in which both daughter cells are
postmitotic. Symmetrical terminal divisions occur later in corticogenesis and are thus
thought to deplete the precursor pool [279, 280]. As corticogenesis progresses a transient
pool of secondary progenitors arises in the subventricular zone. The intermediate
progenitors (IPCs) can be expanded by up to 3 rounds of self-renewing divisions but
undergo predominantly (90%) symmetrical terminal divisions [67, 68]. These progenitors
produce the majority of cortical neurons in the later stages of corticogenesis although cells
derived from IPCs are present in all layers [36, 68]. Birthdating experiments using
thymidine incorporation intimately linked the inside-first, outside-last formation of cortical
layering to the time of cell cycle exit [53, 312]. These results highlighted the importance of
timely differentiation and laminar fate. There are many factors that affect this process and
disruption of any could cause imbalances in proliferation or differentiation cues. For
instance, a mutation that precipitates early differentiation would prevent precursor self-
renewal and prematurely deplete the progenitor population. In this case there would be less
cellular expansion, and thus a smaller cortical plate particularly in the superficial layers. In
contrast, a mutation which induces self-renewal would lead to an excessive population of
progenitors and upon differentiation would produce many more neurons and a larger
cortical plate. One clear means of progenitor amplification is a shortening of the cell cycle
creating a shorter doubling time. Considerable variations in the length of G1, and also S-
phase have been attributed to a faster proliferative rate leading to expansion within the

progenitor pool and increased size of the developing brain [313, 314]. In our experiments
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we did not observe a difference in the proportion of BrdU incorporation between the
wildtype controls and the Ex6DEL samples, although the abundance of BrdU positive cells
were increased in the Ex6DEL animals. These results indicated that there were no
differences in the relative fraction of cells undergoing S-phase. Yet, a 3-fold increase in the
proportion of mitotic cells (PH3 positive cells) was visible along the ependymal layer of the
ventricular zone suggesting a heightened amount of proliferation. An increase of this
nature indicates a disruption in cell cycle kinetics possibly a lengthening of M-phase or
decrease in the length of another phase of the cell cycle. In order to address if this effect is
a cell autonomous alteration in some aspect of cell cycle kinetics we could investigate the
length of S-Phase and the entire cycle length using IdU/BrdU co-labelling as has been
described for Pax6™ progenitors [315].

By labelling the S-phase cells at E13.5 with BrdU we were able to track the relative
abundance of marked cells in the cortical layers of animals at one week of age (P7.5).
There was a 2-fold increase in total numbers of BrdU positive cells throughout the cortical
strata of the Ex6DEL animals. The densely stained cells are the derivatives of an S-phase
cell that was labelled with BrdU at the time of injection and then this cell promptly exited
the cell cycle and migrated out into the cortical lamina. A faintly labelled cell corresponds
to an S-phase cell labelled with BrdU that re-entered the proliferative phase and thus
subsequently diluted the relative abundance of BrdU. This can be clearly defined as the
typical self-renewing symmetric division. A 4-fold increase in the proportion of faintly
stained cells amongst the Ex6DEL tissues was concomitant with a 2-fold decrease in the
proportion of densely BrdU positive cells suggesting that at the very least 2 times more
symmetric self-renewing divisions must have occurred in these animals. To further

evaluate this potential increase in self-renewal the number of cells that re-entered the cell
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cycle were identified by labelling S-phase cells and allowing them to proceed through one
round of division and co-staining with BrdU and Ki67. There was a 3.5-fold increase in
double stained BrdU+Ki67+ cells that re-entered the cell cycle.

By PH3 staining we had identified a group of dividing cells along the sﬁbplate that
were later determined to be IPCs. Staining with the centrioles staining marker y-Tubulin
was used to further identify this population and the dividing cells within the ventricular
zone. There was an increase in asymmetric and symmetric orientated divisions in both
ventricular zone and the IPC layer. Several factors affect cell cycle re-entry and cell
number in the cortex. One such factor is Paired box 6 [Pax6]. Pax6 is a transcription
factor, required for production of ventricular zone progenitors, which includes
neuroepithilial cells and their derivative radial glia progenitors and is conspicuously absent
from intermediate progenitors [68, 316, 317]. Pax6 is fundamental in repression of
precocious differentiation and an early depletion of the progenitor pool. Pax6” mice
present accelerated cortical development, increased expression of neurotrophic markers, a
reduction in interkinetic nuclear migration, and display reduced cortex size throughout
development [315, 318]. The increased cell numbers of the Ex6DEL cortex and the larger
brains suggest the Snf2] is important for cell cycle exit and differentiation. However, the
mice did not show the effects of excessive proliferation such as exencephaly. Indeed
overexpression of B-catenin leads to larger heads, with exencephalic brains that display
undulating folds, which resemble the gyri and sulci of higher mammals [319]. Increased
expression of Hes5 and Hesl denoted an increased neuroprogenitor population in the
mutant brains at E15.5. Moreover, they observed an upregulation of Thr-I expression,
demarking an increase in the production of post-mitotic neuronal cells in the cortical plate

of the B-catenin overexpressing mice suggested that the increased brain size was due to the
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increased proliferation of neural precursors [319, 320]. However, other animal models
such as the transgenic expression of CyclinDI1 give a phenotype that is much more similar
to the Ex6DEL mice. Overexpression of CyclinD1 alone is insufficient to completely block
differentiation, and will only force a couple of extra rounds of division [321]. Gene
hybridization analysis in E15.5 Ex6DEL cortex revealed an increase in cortical
neuroprogenitors, particularly of the Pax6-staining population. CyclinD1 positive
neuroprogenitors were also increased in Ex6DEL tissue. It may be that the loss of Snf2l
mainly effects IPC differentiation which results in 1-3 rounds of extra proliferation.
Consistent with this proposition we observed increases in neuroprogenitor population but
with a concomitant increase in differentiated neurons, as identified by Thr!/ and 1d2
hybridization. This also suggested that the condition is only transient in nature and can
account for why the Ex6DEL brains display a mild macroencephaly and not the more
severe exencephaly. In E13.5 Ex6DEL embryos, Pax6 cortical staining showed no change,
and only a nominal increase in CyclinD1 was observed, signifying that the increase at
neuron production previously identified at E15.5, might involve a process naturally
occurring in and around this timepoint. During corticogenesis, E15.5 represents a key
switch between the natural balance of proliferation and differentiation, midway through
neurogenesis and reflects an increase in terminal symmetric divisions particularly in the
IPC population [322]. At E13.5 increases in post mitotic cells labelled with Id2 and Thr1,
and the resulting increase in the postnatal cortical layers I, V, and VI (which represent the
early born neuronal layers) suggest that a less explicit increase in neuroprogenitors is also

present at earlier stages.
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4.5 Identification of Foxgl, a genetic target of Snf2l regulation.

Another gene of interest, which was identified with a 7.38-fold upregulation in
cortices of Ex6DEL mice by a microarray screen was the Forkhead box gl [Foxgl] gene,
previously called Brain factor-1 [Bf-1]. The upregulation of this gene was confirmed by
qRT-PCR, albeit with a much more modest 1.4-fold increase. Foxgl is a transcription
factor that is critical in forebrain development and is expressed as early as E8.0 [291]. Itis
particularly important later on in neurogenesis for its function in intermediate progenitor
cell maintenance and inducing self-renewal in the developing telencepalon [291, 323].
Foxgl is limited to the progenitor population it plays a role in maintaining an
undifferentiated state (fate conversion), preventing neurogenesis by down regulating the
WNTs, and allowing sufficient time for progenitor expansion [323, 324, 325, 326]. The
Foxgl™”" phenotype is one of reduced or even absent cortical plate formation that is replaced
by an ectopic layer of Reelin expressing Cajal-Retzius cells, followed by late embryonic
lethality associated with heightened expression of BMP4 [293, 323]. Moreover, Foxgl has
been implicated directly in the regulation of neuroprogenitor expansion by suppression of
p21°?" and Mashl, two genes also identified in the microarray screen of Ex6DEL tissue
that are important for differentiation of neurons (Figure 31) [291, 292, 327]. By ChIP-
qPCR Snf2] was bound, with a 3.5-fold enrichment, to a region overlapping a portion of the
5’UTR and the first coding exon of the Foxg! locus. Results from wildtype mouse cortical
extracts suggests that Snf2] normally has a direct role in the regulation of expression of
Foxgl and implies that in the absence of functional Snf2l, continued expression of Foxgl
might explain the increased cell number in the Ex6DEL brain. These results suggest that

under normal circumstances, Snf2l regulates the repression of this gene upon cell cycle
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exit. In yeast, [swl and Isw2 cooperate to represses transcription of the B-type cyclin gene
CIb2 during G2/M [328]. Here it is suggested that C/b2 gene repression by the yeast ISWI
proteins was similarly initiated early in the coding region of the gene and that repressive
remodelling then spreads along to cover the promoter and regulatory sequences. Further
analysis of the Histone modification occurring on the Foxgl gene are required to determine

if a similar mechanism is invoked by Snf2l.

4.6 Limiting Foxgl dosage rescues the Ex6DEL cortical phenotype.

Overexpression of Foxgl leads to outgrowth of the telencephalon and
medulloblastoma, while Foxgl” mice have severely compromised growth of the
telencephalon [327, 329]. Heterozygotes have a subtler phenotype with thinner cortices
particularly in the superficial layers (Layer I/III) [252, 291, 330]. It has been proposed that
a large proportion of the neurons born to Layer II/III arise from the subventricular zone
implying the involvement of intermediate progenitors [36, 281]. A similar thinning of the
cortex has also been observed in the Foxgl haploinsufficient hippocampus [330]. In
Ex6DEL mice haploinsufficient for Foxg/ there was a comparative decrease in Foxgl
levels and this decrease fell close to wildtype Foxgl levels suggesting that the gene’s
expression in Ex6DEL Foxgl+/- was similar to wildtype animals (Snf2I"", Foxgl™"). In
the developing cortex reduced Foxg!/ leads to a complete rescue of cell cycle kinetics
(identified by PH3 staining) in both the apical layer of the ventricular zone and the
ventricular zone, incorporating the subplate region. Moreover, in limiting Foxgl activity in

this manner the number of symmetrically and asymmetrically orientated divisions of the
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VZ and the IPC layer identified by y-Tubulin staining was also rescued to near wildtype
levels.

Neuronal progenitor stem cells, which account for only about 1% of all progenitors
in the ventricular zoﬁe, give rise to neural committed radial glial cells that maintain
proliferative status through the expression of Pax6 [249, 315, 317, 318]. Asymmetric
divisions of RGC produce the intermediate progenitor population that is divergent from
RGCs when Pax6 is attenuated and Tbr2 becomes expressed [331, 332]. In the IPC layer,
90% of divisions are symmetric-terminal and during the final switch from IPC to
differentiated neurons, Tbr2 is down regulated and replaced by Tbrl [36, 281]. To define
the differences in radial glial progenitors (in the VZ) from the production of IPC
progenitors (in the IPL), the IPCs were further identified by Tbr2-staining. Tbr2 positive
cells between Ex6DEL and wildtype controls are particularly enhanced in the intermediate
zone, and this proportional increase is also rescued by limiting Foxgl dosage. As a further
confirmation for Foxgl involvement in the hypercellularity phenotype, DAPI stained nuclei
from P7.5 cortical sections were quantified and the number of cells in each layer was
equivalent to wildtype levels except Layer II/III, where the results were not significant
(Figure 29).

Despite the complexity of the mammalian forebrain, the telencephalon starts off as a
simple primordial sheet / layer of cells at the anterior end of the neural plate. Through
several discrete phases, this layer is divided into multiple proliferative zones and eventually
a modular brain structure (reviewed in [333]). Recently, Foxgl has been identified as an
early mediator of Shh patterning activity and a negative regulator of Wnt activity in the
developing Zebrafish telencephalon [333, 334]. This suggests that Foxgl also regulates

proliferation of early telencephalic neuroprogenitors, and affects the size of the progenitor
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pool from a much earlier timepoint than E15.5. This could explain why in the ventricular
zone the multipotent neuroepithelial and radial glial progenitor cells are increased in the
Ex6DEL tissues, and rescued in the Foxg! heterozygous dosage experiments. Moreover, a
functional link between the polycomb protein Bmi-1 and Foxgl has been shown to
maintain neural stem cell self-renewal in the forebrain ex vivo [292]. In these experiments
a 1.5-fold increase in Foxgl was sufficient to maintain an undifferentiated state, allowing
Bmi-1 to induce consecutive rounds of stem cell proliferation. A similar increase in Foxgl
(1.4-fold by qRT-PCR) was observed in the Ex6DEL cortices, although the levels of Bmi-1
were not affected (data not shown). It is possible that in the absence of active Snf2l the
continued action of proliferation inducing Snf2h complexes encourages consecutive rounds
of cell cycle re-entry. This seems to affect both VZ progenitors and the IPCs, as identified
by Tbr-2 staining. Perhaps, ultimately, Snf2h is incorporated into the Snf2] complexes
(such as CERF and NURF) and functionally replaces the loss of Snf2l, leading to terminal
differentiation. Under normal conditions, Snf2l has been isolated in 5% of CHRAC
complexes, which are defined as Snf2h-containing, and providing a precedent for
functional compensation in our model [178]. Such compensation may also explain why the

progenitors do not continue to proliferate throughout neurogenesis (see discussion bellow).

4.7 Loss of the Snf2]1-ATPase and potential functional compensation by Snf2h.
Chromatin organization is a highly dynamic process in cells and given the extensive

range of cellular functions governed by chromatin remodelling it has been suggested that

these proteins are essential for normal development. Indeed, the targeted inactivation of

several chromatin remodelling protein complexes in mice has resulted in early embryonic
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lethality, including the loss of ATRX, Brgl, Snf5 and Snf2h [186, 194, 195, 335]. Our
initial assumption was that the global loss of Snf2]l would result in embryonic lethality
similar to the Snf2h knockout [186]. Continued survival of the Ex6DEL mice is
comparable to the Brm-null mice, which endure as a result of compensation from the
closely related Brgl protein, whose transcripts and proteins are elevated in Brm-null
animals [198]. Brgl and Brm have an overlapping expression pattern, but with functional
differences, a situation similar to Snf2h and Snf2l. Brm, like Snf2l, is upregulated in growth
arrested cells, suggesting a role in differentiation while Brgl, with ubiquitous expression, is
vital for proliferation [198, 199, 336, 337]. Moreover, induced overexpression of Brm was
shown to repress proliferation, in a manner similar to our in vitro observations of Snf2/
expression [200, 336]. There is some controversy over the roles Brgl and Brm have in the
balance of proliferation and differentiation, however it seems likely that these roles are
dependent upon composition differences of the BAF complexes, particularly during neural
stem cell self-renewal [223]. The absence of functional Snf2] may reflect a miscue or a
delay during fate conversion resulting in the continued activities of Snf2h and its respective
complexes to force further rounds of cell proliferation. These cells do eventually
differentiate; in the absence of an active Snf2l protein perhaps Snf2h is able to compensate
as a functional ATPase alternative for the chromatin remodeling complexes in a manner
similar to the Brm-Brgl paradigm [198]. However the level of Snf2h, RNA transcripts and
proteins are not augmented in the Ex6DEL cortices when compared to wildtype controls.
The relatively mild defect observed in the Ex6DEL brains may be due to a systematic
compensatory effect during embryonic development, in place to ensure proper brain
formation. There are several built-in redundancies with overlapping roles in embryonic

neural precursors, which may limit the effects of loss of Snf21 to a moderate increase in cell
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density rather than full blown exencephaly. Perhaps alternative pathways can compensate
for the misregulation of Foxgl. A clear example is the systemic compensation that is
observed when Cyclindl or Cyclind2 is overxpressed, the result is minimal increase in
progenitor proliferation, 1-3 extra cycles, but no grand effect in the correct timing of
differentiation and no lasting defects [321]. These results signify that even though a key
component of the cell cycle machinery is overexpressed there is compensation via the
combined effect of other pathway components that ultimately regulate differentiation.

The adult Brm”™ mice are ~15% heavier then littermate controls, a result of the
increased cell proliferation, which was demonstrated by an enhanced mitotic index [198].
Also it was observed that early passage Brm” mouse embryonic fibroblasts grow
significantly faster than Brm™* cells [198]. Cell proliferation in the Snf21-Ex6DEL mouse
is similarly increased but this seems to be limited to specific organs. There was an increase
in the organ weight to body weight ratio for the kidney, testes and most notably the brain.
Snf2] expression in the adult mouse is limited to the CNS and the gonads, however for a
short period during embryogenesis, Snf2l is expressed ubiquitously [175]. It is possible
that during this short period, the proliferation dynamics of many progenitor populations are
disturbed, and as such multiple tissues could be affected. Stem cell behaviour and self-
renewal are regulated by extrinsic signals which induce chromatin reorganization [338,
339]. In Drosophila larvae that contain mutant Iswi, progenitor cells have been shown to
have reduced division rates, signifying that ISWI is involved in stem cell proliferation from

an early time point [339].
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4.8 Future Directions.

This study has provided some insights into the role that the mammalian ISWI
proteins have in neuronal development and have identified Foxgl as a genetic target of
Snf2l. The molecular basis of this delay in differentiation remains to be determined and
therefore will be the focus of further studies. In this regard, microarray profiling of gene
expression in the Ex6DEL cortex has been very insightful. We have focused on the
interaction of Snf21 and Foxgl, which is noteworthy, through the downstream interaction of
Foxgl and p21, but these experiments have identified several disruptions in the normal
regulation of multiple cell cycle regulators and neurotrophic factors suggesting that
multiple pathways may be misregulated [291, 292]. Some results such as the up regulation
Sox4 (2.14-fold) and Sox5 (2.58-fold) are interesting as these factors have been shown to
promote proliferation and repress differentiation by enhancing B-catenin activity in various
tissues including neurons [340-345]. However, Sox5 has also been implicated in
postmitotic regulation of deep layer cortical neuron differentiation [346]. Another
promising gene of interest is FezfI (6.25-Fold upregulation) since its repression results in a
smaller brain [346]. Moreover, Fgfl5 (2.50-fold upregulation) a prominent growth factor
in the developing brain, and Aridla (2.75-fold upregulation) the defining subunit of the
SWI/SNF containing BAF complex, important for ES cell pluripotency and self renewal,
are also deregulated [347, 348]. Conversely, Frizzled-related protein-1 (Frzb, down 3.14-
fold) can normally inhibit proliferation and induce differentiation. To determine if these
genes/pathways are indeed targets of Snf2/ gene regulation or only genetic bystanders of the

Foxgl misregulation, a detailed analysis is justified. It would also be valuable to determine
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which Snf2] complexes, NURF or CERF, regulate Foxgl, and/or alternative Snf2l
regulated genes. Conversely, these analyses may identify a novel Snf2l compiex.

Chromatin immunoprecipitation experiments of the Foxgl regulatory region,
focused only on a small domain encompassing 2kb proximal of the ATG initiation codon.
This region corresponded primarily to the 5’UTR. A more detailed analysis of the highly
conserved regions proximal and distal to the Foxgl gene must also be undertaken in order
to determine if there are other Snf2l regulatory regions. Furthermore, a detailed
understanding of the chromatin rearrangements across the Foxgl region may also be
beneficial in the greater understanding of the role Snf21] plays in this gene’s transcriptional
regulation. Recent studies have shown that the ISWI chromatin-remodelling factor plays a
key role in repression by promoting the assembly of repressive chromatin by modulating
the interaction of histone H1 [171, 349]. In Drosophila, ISWI has also been shown to alter
Histone H4 acetylation through formation of a complex with Sin3A/Rpd3 deacetylase
[350]. ChIP may also be used to identify if the acetylation status of H4 residues and the
H1 levels in the Foxgl regulatory region are altered during differentiation.

In order to fully address whether the continued activity of Snf2h may represent a
functional compensation in Ex6DEL tissue I would propose determining whether Snf2h
could become a constituent of Snf2l characterized complexes. This could be conclusively
determined by Co-IP experiments with known Snf2] binding partners, such as BPTF (in
NURF complexes) or CECR2 (in CERF complexes). Alternatively, genetically limiting
Snf2h dosage, in a manner similar to the Foxgl haploinsufficiency mouse model may also
prove useful in the determination of potential compensation. Recently, the Picketts’ lab has
acquired the mouse line, heterozygous for Snf2h, from Arthur Skoultchi (Albert Einstein

College of Medicine, Bronx NY) and these experiments are being undertaken.
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A long term goal of the Picketts’ lab has been to study the role of chromatin
remodelling in developmental disorders, such as mental retardation [MR]. Initially,
through genetic and sequence similarities to the ATPase ATRX, Snf2l was identified as a
potential candidate for MR. Snf21’s involvement in neurodevelopment, expression in key
components of the developing and adult brain and its overlapping position along the
human X chromosome at Xq25 with several mapped MR families drew further notice [169,
175, 180]. However, we have yet to identify Snf2l as a causative gene for any disease
[180]. Recently, interest has been generated around expression of, and mutations within,
the homeobox transcription factor En-2 and autism spectrum disorder [ASD]. ASD is a
prevalent and heritable neurodevelopmental disorder [351, 352]. The mammalian engrailed
proteins produce key neuronal transcription factors involved in mid/hindbrain patterning
and neuronal axon guidance [353]. In Drosophila and humans, Snf2l binds to the proximal
promoter of En-2, and is a known modulator of the gene’s transcriptional activity [169,
170, 172]. En-2 knockout mice display the subtle neuropathological changes similar to the
human disease and behavioural abnormalities [354, 355]. In humans, multiple autistic
disorders (~25%) are affiliated with macroencephaly, including expansions within the
cerebral cortex [356, 357]. Recently Foxgl-truncating mutations were identified in three
patients affected by the congenital variant of Rett syndrome [358, 359]. Taken together,
these results suggest that a thorough screening of ASD families with macroencephaly for

mutations within the Snf2] locus might be fruitful.
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4.9 Conclusions.

It can be challenging to distinguish between the effects of cell fate conversion and
cell cycle re-entry. In order to identify specific progenitor populations that are affected one
has to check the proportions of one type of neuron from another. We scrutinized the
distinct layers and observed increases in all (I-VI, including the embryonic proliferative
zones), suggesting the loss of functional Snf2l leads to an increase in cell proliferation
throughout neurogenesis. However, in postnatal brain there is a consistently larger increase
in the neurons of cortical Layers II/III. A large constituent of the neurons born to Layers
IV/III are derived from the IPCs, for which Foxgl is a major regulator. Indeed, we observed
an upregulation of Foxgl, which was further identified as a Snf2]l target gene.
Confirmation of Foxgl involvement was provided through genetically limiting Foxgl
dosage by breeding the Ex6DEL Snf21-null allele onto the Foxgl haploinsufficient mouse
line. In doing so, we reduced the mitotic index at both the ependymal surface of the
ventricular zone and within the subventricular zone, which led to a partial rescue of
hypercellularity in postnatal brains. Furthermore these results indicated that similar to the
overexpression of B-catenin, inactivation of Snf2l influenced the decision to re-enter the
cell cycle rather than differentiate. These gain and loss of function studies suggest that
Snf2l is a key regulator in the development of the cerebral cortex and is fundamental in the

maintenance of the proliferation/differentiation switch.
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Appendix:

Appendix I: Oligonucleotide Sequences.

Genotyping Primers
B-actin (positive control);
Forward 5’ctgaaccctaaggccaaccgt 3’ Reverse 5’ccgtcaggcagctcatagcetctte 3°

Fabpl (positive control);
Forward 5’tggacaggactggacctctgctttcctaga 3’
Reverse 5’tagagctttgccacatcacaggtcattcag 3’

Sry (sex specification);
Forward 5’ttgtctagagagcatggagggccatgtcaaa 3’

Reverse 5’ccactcctctgtgacactttaggectcecga 3°

Snf2L (Mulitplex, Floxed Exon 6 Genotyping);
2L-Forward 5’tagacagctatgagcectcttg 3°  2L-Reverse 5’taaagtcttcccaagaccctg 3°
Cre-Forward 5’tgctctgtccgtttgecg 3° Cre-Reverse 5’actgtgtccagaccagge 3’
Neo-Forward 5’gatcggccattgaacaagat 3° Neo-Reverse 5’ccaccatgatattcggcaag 3’

Snf2L (Multiplex, Ex6DEL Genotyping);
1-Forward 5’ccatgtggggtccaggaatg 3’ Reverse 5’gtatggacaagtgtgtgaagcc 3’

2-Forward 5’cctgggctggaaccatgatc 3’

Snf2H (Muliplex. deleted Snf2H);
Forward 5’ gatttctgatagggttagaagc 3’ 1-Reverse 5’tgtaaggcaagggagaactg 3’

2-Reverse 5’cctcctatcecctacatattaccctagee 3°

Cre-recombinase (used to identify Foxgl Heterozygous);
Cre-Forward 5’tgctctgtccgtttgecg 3° Cre-Reverse 5’actgtgtccagaccagge 3’

Sequencing Primers

Snf2H (Snf2h coding sequence),

Forward 5’ gaccgggcaaatagattcg 3’ Reverse 5’ tccaagaaccagatcctacc 3’
Forward 5° gtgctgagatgaaactcag 3’ Reverse 5’ gcaagatggacaaaatgagg 3’
Forward 5° gaacaaggttcacgagtac 3’ Reverse 5’ caacggatagtaagttctg 3’
Forward 5’ cgaggaccaaagccttcaac 3 Reverse 5' cctttgcattttgctgagg 3°
Forward 5° gatcgttttctgatttgtatg 3’ Reverse 5’ aggtaggatctggttcttgg 3’

Forward 5’ cacgtttatttgaattactgg 3’
Forward 5’ ttcagcagatgactttgattcc 3’
Forward 5’ acgaaggaggaatggacgcaaaacc 3’
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Snf2L (Snf2L coding sequence):

Forward 5’ccggaattcatggacccagaatatgaagag 3’ Reverse 5’caaccaattcagtcctcgaatctg 3°

Forward 5’cggagacaaggatgccagagc 3’
Forward 5’gcttgctcctaactggaac 3’
Forward 5’ ctggtccaccttataccac 3’
Forward 5’ gtacttagcataaagatg 3’
Forward 5’ caagctatggatcgagcac 3’
Forward 5’ gagactgagttgacagatgaag 3’
Forward 5’ ataacctgcatgaactgtggge 3’

Semi-quantitative RT-PCR Primers
Snf2l (mouse cDNA);

Forward 5’cctctcaacatgaaactgge 3’

Snf2h (mouse cDNA);
Forward 5’ cctgtgagcttcatctataac 3’

Bactin (positive control);

Forward 5’ctgaaccctaaggccaaccgt 3’

Gapdh (positive control);

Forward 5’gcccgeaccaaccatgee 3’

Engrailed 1 (known target of Nurf);

Forward 5’ catgccaaactgcttacgac 3’

Engrailed 2 (known target of Nurf);
Forward 5’ gttctttgctgaggtctgag 3’

Quantitative “Realtime” PCR Primers

18s (loading control);

Forward 5’cggctaccacatccaagg 3’

p21;
Forward 5’ gtccaatcctggtgagtee 3’

pl6ink4a;
Forward 5’aagcgaactcgaggagagc 3’

p27;

156

Reverse 5’ ttctaggctttaggatttc 3’
Reverse 5’ gtggctccatgecgtate 3°
Reverse 5’ gtaagaggttcagctccate 3°
Reverse 5’ atggagccttgtatcttg 3’
Reverse 5’ ttctaggctttaggatttc 3’

Reverse 5’tcacgcaaacatcccactct 3’

Reverse 5’gcgaggattgaattggctc 3’

Reverse 5’ccgtcaggcagctcatagctcttc 3’

Reverse 5’ccgggcetggggccecagg 3’

Reverse 5’ gcagacacacaaggaaacac 3’

Reverse 5° ggaagatgattccaactcge 3’

Reverse 5’ctggaattaccgegget 3’

Reverse 5’gttttcggecctgagatgt 3°

Reverse 5’gtacgaccgaaagagttcg 3’



Forward 5" cctgactcgtcagacaattce 3’

p37
Forward 5'cagatgcccagcaagttctc 3’

pl07 (1bll);

Forward 5’aaactgacatcacaggccag 3’

Ak23;

(o]

mil;

Forward 5’ tgtccaggttcacaaaacca 3’

Brd4,
Forward 5’gcctttcagcagcacctcacttc 3’

Cam2ka;
Forward 5’tctgagagcaccaacaccac 3’

Chx3;
Forward 5’gagatgctgctgacaaacca 3’

Caspase 3,;
Forward 5’gggcctgttgaactgaaaaa 3’

Cdk2,;
Forward 5 aaatgcacctagtgtgtaccc 3’

CyclinB2,;
Forward 5’ctagctcccaaggatcgtce 3’

CyclinD1;
Forward 5°cggatgagaacaagcagacc 3’

CyclinD2;
Forward 5 tcccgcagtgttcctatttc 3’

Det,
Forward 5’agcagacggaacactggact 3’

Dkk2;
Forward 5’accagagtggacaggtggtc 3°

Feofls;
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Forward 5’agaggcaagaggaggaggagg 3’

Reverse 5’tgttetgttggeccttttg 3°

Reverse 5’ctctccaaac gtggcteet 3’
Reverse 5’gggtggtgactgectet 3°
Reverse 5’ccattgcecttctctcgaac 3’
Reverse 5’cgggtgagctgcataaaat 3’
Reverse 5’gctcctgcttetgtttgtee 3°
Reverse 5’ccattgcttatggcttcgat 3’
Reverse 5’gctcctcgtagaaggceaatg 3°
Reverse 5’ccgtectttgaatttctcca 3°
Reverse 5 gggtgtggggcagaca 3’

Reverse 5’gttctcectgtectcgttatctat 3°
Reverse 5'gagggtgggtggaaatga 3’
Reverse 5’ ggtaattcatggccagagga 3’
Reverse 5’gcatctgtggaagggtgtt 3’

Reverse 5’tcactgtctcgggtgceatag 3’



Forward 5" aagaacagctccaggaccaga 3’

Foxgl;
Forward 5’ctactccctcaaccectget 3°

Frzb;
Forward 5’caagggacaccgtcaatctt 3’

Gapdh (loading control);
Forward 5’tgaaaggggtcgttgatgg 3°

Glil,
Forward 5’cactacctggcctcacacct 3’

Gli2;
Forward 5’ aatggggataatgaggccag 3’

Gli3;
Forward 5’agcaaccaggagcctgaagtc 3’

Hesl,
Forward 5'aaagacggcctctgagcaca 3’

Hes3J;
Forward 5 aagagcctgcaccaggacta 3’

Hox3a;
Forward 5’cacctggaactggagaccat 3’

Irx6;
Forward 5’aggctgagtgagtgacctggaaga 3’

Jairid7a;
Forward 5’gccacacttgaggccataat 3’

Mabl12;
Forward 5’aaggaagtggaggtgcaaaga 3’

Mashl,;
Forward 5’ catctcccccaactactcca 3’

NeuroDl,;
Forward 5’gaacacgcggcagacaagaaaga 3’

Nrgn;
Forward 5’ccaagccagacgacgatatt 3’
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Reverse 5 tccatgetgtcactctccag 3°

Reverse 5’cagacagtcccccagacagt 3’

Reverse 5’cgatccttccacttctcage 3’

Reverse 5’aaaatggtgaaggtcggtgt 3°

Reverse 5’gtactcggttcggcttetee 3°

Reverse 5’ gtcttgatggctttgatatgt 3’

Reverse 5’ gtcttgagtaggcttttgtge 3’

Reverse 5 tcatggcgttgatctgggtca 3’

Reverse 5°cgctggaagtggtaaagea 3’

Reverse 5’accgtagatcgctgagcetgt 3°

Reverse 5’ gattgtggggcctcagtaaa 3’

Reverse 5’ctccaggagtgtgctgtcaa 3’

Reverse 5’gtagccagacgetgtgatga 3°

Reverse 5’ caaagtccattcccaggaga 3’

Reverse 5’ctccececgtttctcagagagt 3°

Reverse 5’aaacgttcagctctggecta 3’



Numb;
Forward 5’cggggaaagaaagcagtgaag 3’ Reverse 5’agtggtgccatcacgacata 3’

Patchedl,;
Forward 5 ggtacctgtaaaggggtaaagttttcggatce 3’
Reverse 5'atttgcctcattgetgatgeatgtggtace 3°

Pax6;

Forward 5’ gtgctggacaatgaaaacgtat 3’ Reverse 5° ggctattttgcttacaacttctgg 3’
Poufl;

Forward 5’ctgtcaggaagccaaacaca 3’ Reverse 5’ctcatccagacttggggtgt 3°
Postn;

Forward 5’agtgctctgaggccatcact 3° Reverse 5’aggtcggtaaagtggtttg 3°
Prprs;

Forward 5’gaggccaagtcagagaccag 3’ Reverse 5’cggaacgcatactccgtatt 3’
Reelin;

Forward 5’gaggaatctgtgaccctgga 3’ Reverse 5’gtggctcttttgectgagac 3°
Shh;

Forward 5 gcaccccaaaaagcetgac 3° Reverse 5 aatcgttcggagtttcttgtg 3’
Snf2l (mouse cDNA);

Forward 5’cctctcaacatgaaactgge 3’ Reverse 5’tcacgcaaacatcccactct 3’

Snf2h (mouse cDNA);

Forward 5’ cctgtgagcttcatctataac 3’ Reverse 5’gcgaggattgaattggctc 3’
Sp8;

Forward 5’tcgggagaaactgagcatage 3’ Reverse 5’actggaacccactacgttge 3’
Spry2;

Forward 5’acatcgctggaagaagagga 3’ Reverse 5°ctgggtaagggcatctcttg 3’

Realtime Chromatin Immunoprecipitation Primers

Cdc2 Promoter (positive control for p107 ChlP);
Forward 5’ agtcagttggcgecegeect 3’ Reverse 5’cacaccgcagttccggactg 3’

FoxG1 proxomal region Primer sets;

Rxnl-Forward 5’aatgctggcatgggtagagt 3’ Reverse 5’cagtagggcgaaatcagcet 3°
Rxn2-Forward 5’gccgcaggaagctgtaagta 3’ Reverse 5’ctagccgtcgaccaateg 3’
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Rxn3-Forward 5’ggctagccagacgctcct 3’ Reverse 5’gcatgtagcaaaagctgcaa 3’

Rxn4-Forward 5’acaattttcaagccgccata 3’ Reverse 5’tcatttcgatgtaaaatttgctg 3°
Rxn5-Forward 5’atacccacgtttggcacttt 3’ Reverse 5’tcgtagtcggtctagegtga 3°
Rxn6-Forward 5’tcacgctagaccgactacga 3’ Reverse 5’tttgtccccaaatatecttee 3°
Rxn7-Forward 5’tggaaggatatttggggaca 3’ Reverse 5’cacaaatcctcactggcetca 3’
Rxn8-Forward 5’ gatctgtgtgctccgeacta 3° Reverse 5’cactccacctectcttcage 3°
Rxn9-Forward 5’gagctgattcgccctacg 3’ Reverse 5’caggccggtacttacttacgett 3’

Gapdh Promoter (nonspecific promter control);
Forward 5’aagccaaactagcagctagg 3° Reverse 5’gggctagtctatcattgcag 3’

" Mutagenic Primers
Snf2H (for the generation of non-functional ATPase);
Forward 5’ggaaaagagaagcttctaAcacagggatttacc 3’
Reverse 5’ ggtaaatccctgtgTtagaagcttctctttttee 3°
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Appendix II: The Snf2l gene targeting strategy, in vitro and in vivo analysis.

[A] A schematic diagram of the mSfn2l gene demonstrating the 24 exons; exons that
generate the catalytic helicase domains (blue) and the SANT domains (green) are shown,
exon 6, which was chosen for excision, is highlighted (yellow). The Neomycin resistance
gene (Neo, blue) was introduced for selection. [B] mSnf2/ genomic sequence (wt) with the
targeting vector and homologous recombinant (hr). Location of the LoxP sites (green
triangles); Sacl (s) and HindIII (H) restriction endonuclease sites are shown. [C] Southern
blot analysis of wildtype ES cells and recombinant ES clone #105 DNA (probe location
(red) and predicted band sizes are shown in [B]). [D] Two males chimeras were generated
by blastocyst injection (top panel) with 80% and 20% transfer efficiency/ the first litters
generated by these chimeras crossed onto the CD-1 strain are shown (bottom panel). [E]
Sample genotyping PCR analysis for positive floxed mice.
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Appendix III: Polysome fractionation by layered continuous sucrose gradient of cell
lysates shows expression of Snf2l *exon 13 by RT-PCR.

Both of the SNF2L exon 13 splice variants are translated. In order to determine if there
was a disproportionate selection of active or inactive SNF2L transcripts (+/- exon 13) a
polysome fractionation was performed. It has been shown previously that the amount of
transcript that is incorporated into polysomes is an accurate indicator for relative level of
translation [360]. In order to determine if these messages are translated a polysome
fractionation for RNA from three cell lines the hepatic HEPG2, kidney 293-T and neuronal
SH-SY5Y was performed. An Ajsy profile (top panel) of polysomes obtained from
cultured HEPG2 cell lysates fractionated by density ultracentrifugation over a 10 mL
continuous layered sucrose gradient. Cells were treated with CHX at 100 pg/mL (37°C, 3
min) and lysed. RNA (HEPG2, HEK 293-T, SH-SYS5Y) extracted from pooled fractions A
(Cell Debris including small molecules and fragmented ribosomes), B-C (monosomes) and
D-H (polysomes) was then analysed by RT-PCR for Snf2! +/- exon 13. The Total RNA
lane represents non-fractionated input cell lysate PCR products were separated by TBE-
PAGE electrophoresis on a 0.8% gel and visualized by ethidium bromide staining. Results
indicate that both splice variants of the human Snf2/ gene are highly expressed in polysome
fractions.
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Appendix IV: Raw data for Wildtype and Ex6DEL organ weight to body weight
ratios (11 weeks).

I performed dissections on mice at 11 weeks old, and analyzed the organ weight to body
weight ratio to compare Wildtype and Ex6DEL animals. The following table includes the
raw data for weight of each animal and the weights of the brain, kidneys, heart and testes.
Animals were anaesthetized and weight on a table top scale. All dissected organs were
weighted using a table top analytical scale. Values for student’s T-test statistical analysis
are included.
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Males
WT
n=23

Males

Ex6DEL
n=14

1D

380
381
391
3468
589
588
386
389
390
383
385
589
3468
4466
4489
4494
4496
4498
4499
4500
4504
4501
4490

585
587
588
387
4464
4465
4491
4492
4493
4495
4497
4502
4503
4505

AGE
(weeks)

B
11
11
1
11
11
11
11
11
11
11
11
11
11
11
11
11
13
13
11
11
I1
11

11
11
11
11
11
Il
11
11
11
11
11
11
11
11

AVE of 2 AVE of 2
Genptype BODY g Brain g B/B  Kidney g K/B Heart g H/B  Testes g T/B
WT 29.9 0.45 0.0151 n/a na n/a na n/a n/a
WT 315 0.43 0.0137 n/a n/a n/a n/a n/a /a
WT 29.8 0.4533  0.0152 n/a n/a n/a n/a n/a n/a
WT 29.44 0.4885  0.0166 n/a n/a n/a n/a n/a n/a
wWT 359 0.53 0.0148 n/a n/a n/a n/a n/a na
wWT 319 0.43 0.0135 n/a n/a n/a n/a n/a nfa
WT 353 0.4 0.0113 n/a n/a n/a n/a n/a n/a
WT 37 0.41 0.0111 n/a n/a n/a na n/a n/a
WT 38.75 0.49 0.0126 n/a n/a n/a n/a n/a n/a
WT 57.02 0.48 0.0084 n/a n/a n/a n/a n/a n/a
WT 51.02 0.52 0.0102 na n/a n/a n/a n/a n/a
WT 339 0.53 0.0156  0.3301 0.0097  0.3242  0.0096 0.1771  0.00522
wWT 29.44 0.4488  0.0152  0.288] 0.0098  0.1824  0.0062 0.1163  0.00395
WT 36.12 0.4545 00126  0.3226  0.0089  0.2364 0.0065 0.1698 0.0047
WT 36.26 0.4177  0.0115  0.2541 0.007 0.1743  0.0048 0.1218  0.00336
WT 33.84 0.4519  0.0134  0.2698 0.008 0.2426  0.0072 0.1297  0.00383
WT 33.85 04612  0.0136 0.2199  0.0065 0.1856 0.0055 0.153 0.00452
WT 37.95 0.461 0.0121  0.2935 0.0077 02353  0.0062 0.1533  0.00404
WT 37.48 0.4552  0.0121  0.2695 0.0072 0.16 0.0043  0.139 0.00371
wWT 39.94 0.4383 0.011 0.2926  0.0073  0.2195 0.0055 0.1721  0.00431
WT 36.64 0.4322  0.0118  0.2685 0.0073 02103  0.0057 0.1456  0.00397
wT 46.08 0.474 0.0163 0.3829  0.0083 0.3099 0.0067 0.1661  0.00347
WT 38.66 0.4407 _ 0.0114  0.25685 _ 0.0066 0176 0.0046 _ 0.1389 _ 0.00359
VE 36.856087  0.45858  0.0127 0.28737  0.0079  0.22138 0.0061  0.148 0.00406
TDEV 6.7514724  0.03526  0.002  0.04246  0.0011  0.05244 0.0014 0.0198  0.00055
EM 14077793 0.00735 _ 0.0004 _ 0.00885  0.0002 _ 0.01093  0.0003 0.0041 _ 0.00011
Ex6DEL 323 0.6706  0.0208  0.4199 0.013 0.409 0.0127 0.1777 0.0055
Ex6DEL 294 0.6097  0.0207 03698  0.0126 0.3676  0.0125 0.1393  0.00474
Ex6DEL 33 0.6501  0.0197  0.3955 0.012 0.3671  0.6111  0.1858  0.00563
Ex6DEL 352 0.74 0.021 0.3206  0.0091  0.3402  0.0097 0.1655 0.0047
Ex6DEL 33.68 0.49 0.0145 0.2743  0.0081  0.1897 0.0056 0.1672  0.00496
Ex6DEL 32.78 0.4942  0.0151  0.2651 0.0081  0.2421 0.0074 0.1413  0.00431
Ex6DEL 26.7 0.4435  0.0166 0.174 0.0065 0.161 0.006 0.1274  0.00477
Ex6DEL 33.28 0.4798  0.0144 0.21525 0.0065 0.1849 0.0056 0.131 0.00393
Ex6DEL 33.62 0.483 0.0144  0.2963 0.0088  0.2259  0.0067 0.1552  0.00462
Ex6DEL 348 0.4996  0.0144  0.2452 0.007 0.2579  0.0074  0.1422  0.00409
Ex6DEL 3229 0.445 0.0138  0.2646  0.0082  0.2397  0.0074 0.13 0.00402
Ex6DEL 32.79 0.5146  0.0157  0.3431 0.0105  0.2331  0.0071  0.169 0.00515
Ex6DEL 32.48 0.5126  0.0158 0.31065 0.0096 0.2672 0.0082 0.1486  0.00458
Ex6DEL 32.8 0.5506 _ 0.0168  0.3386 _ 0.0103  0.2564  0.0078 0.1567 _ 0.00478
VE 32.508571 0.54166  0.0167 0.30235 0.0093 0.26727 0.0082 0.1526 0.0047
TDEV 2.1424496 0.0907  0.0027 0.06872  0.0021  0.07545 0.0024 0.0185  0.00051
EM 0.5725937  0.02424  0.0007 _ 0.01836 _ 0.0006  0.02017 _ 0.0006 _ 0.0049  0.00014
STATS:
BODY g Brain g B/B Kidney g K/B Heart g H/B  Testes g T/B
tTEST 0.0258305  0.00035 1E-05 0.51899 0.0472 0.08942 0.0105 0.5478  0.00496
ESULT DIFF DIFF DIFF SAME DIFF SAME __SAME __ SAME DIFF




Appendix V: SNF2H levels are increased in drug resistant cancer lines and malignant
human ovarian tumour samples.

The C13 and A2780 parental cell lines are susceptible (Sus.) to the chemotherapeutic drug
Cisplatin; however over time with constant treatment of Cisplatin in culture, resistant
(Res.) cells can be selective. [A] Western analysis of the two human ovarian cancer cell
lines shows a down regulation of SNF2L (top panel) in cancer cell lines (except for A2780
Resistant cells) compared to primary human derived Ovarian Surface epithelial (hOSE)
cells. Increased SNF2H levels are observed in Cisplatin resistant celis for both lines. [B]
SNF2H levels are increase in malignant human ovarian cancers (grade 1 and 3) but not in
low malignant potential tumours (L). These result highlight a correlation of SNF2H
expression with aggressive and drug resistance in human Ovarian cancer.
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Appendix VI: Summary of Microarray expression analysis from E15.5 cortex (WT
vs. ex6DEL mice; n=4).

We performed a global gene expression analysis using cortical RNA from E15.5 wildtype
and Ex6DEL animals on the MEEBO array. Results demonstrated altered expression (>2-
fold) of 256 genes (183 decreased and 73 increased, included are the perturbation of
several cell cycle regulatory factors and many neurogenic transcription factors. avA;
average signal intensity (Log?), avM; average fold change (Log?), Fold up/down; fold
change absolute values
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UP-REGULATED GENES

Accession  Symbol | avm | avA [fold up
NM_008241 Foxg1 288 1271 7.38
XM_133029 FezF1 264 8.23 6.25
NM_011218 Ptprs 244 875 544
NM_013866 Zfp385 234 827 507
Lonrf3 213 767 4.39
NM_029365 Med25 209 943 4.26
NM_175542 Rttn 194 832 3.84
NM_021399 Bcl11b 1.94 1261 3.83
Bcl11b 1.88 1182 3.69
NM_177193 Isir2 180 1426 3.49
LOC215866 1.79 9.75 3.46
AK088219 Bcl11b 1.79 935 345
NM_013915 Zfp238 1.77 1167 3.40
NM_007624 Cbx3 1.76 10.22 3.38
NM_018741 Igfbpl1 173 1218 3.31
NM_009217 Sstr2 1.64 10.22 3.12
NM_144811 Cbx7 1.62 7.24 3.08
NM_010024 Dct 1.61 9.38 3.05
NM_022029 Nrgn 159 937 3.02
NM_175355 E330013P04Rik 156 766 2.94
NM_019835 B4galt5 150 821 2.82
NM_172900 Siglec10 149 8.13 2.81
XM_148399 Kairn 148 8.70 2.79
NM_033566 Arid1a 146 8.71 2.75
NM_199143 Znrf2 146 1162 2.74
NM_026886 1500001A10Rik 146 830 274
NM_008553 Asci1 142 1015 2.68
NM_021344 Tesc 1.41 8.36 2.66
XM_194983 Phf21b 141 1224 2.65
NM_008078 Gad2 1.38 8.35 2.61
NM_008983 Ptprk 1.38 869 260
NM_011444 Sox5 1.37 9.91 2.58
NM_024435 Nts 1.36 10.15 2.56
NM_183252 2610017109Rik 1.35 1283 254
NM_178638 Tmem108 1.34 1000 2.54
NM_008881 Pixna1 1.34 863 254
NM_008003 Fgf15 1.32 926 250
NM_173867 Rcc2 1.27 10.78 242
9030417H13Rik 127 727 242
NM_008804 Pde9a 124 10.09 2.36
NM_138595 Gldc 1.24 8.79 2.36
NM_199143 Znrf2 1.23 10.04 2.34
NM_031404 Actl6 1.22 10.74 2.33
NM_173426 1700012H17Rik 1.20 10.74 2.29
B230375D24Rik 1.20 10.01 229




UP-REGULATED GENES (cont'd)

Accession  Symbol | awMm | avA [fold up
NM_134141 Ciapin1 1.20 10.25 2.29
NM_153587 Rps6kad 119 924 229
NM_008487 Arhgef2 119 9.15 228
NM_010127 Pou6f1 1.18 11.72 2.26
NM_172430 Sphkap 117 9.32 225
NM_011261 Reln 1.16 11.62 2.24
NM_024435 Nts 1.16 8.92 2.24
NM_010500 ler5 116 13.15 2.24
NM_008709 Nmyc1 115 12.38 2.22
NM_175229 Srrm2 1.13 938 2.19
NM_134071 Ankrd32 1.11 10.62 2.16
NM_145393 Ythdf2 1.1 876 2.16
NM_009238 Sox4 110 1474 214
M36778 GOB-alpha 110 896 2.14
Nin 109 876 2.14
NM_029850 Bcl7a 1.08 13.00 2.12
E230008J23Rik 1.08 746 2.1
NM_008702 NIk 1.07 942 210
NM_009281 Zfp143 1.06 9.18 2.08
NM_010124 Eif4ebp2 1.06 8.78 2.08
Rabgap11 1.06 11.78 2.08

XM_131857 2610109H07Rik 1.04 1042 205
NM_172681 D930015E06Rik 1.02 12.08 2.03

NM_145839 Rasgef1b 1.02 11.88 2.03
NM_011141 Pou3f1 1.02 1120 203
NM_008595 Mfng 1.01 11.88 2.02
NM_011889 Sept3 1.01 11.39 2.01

NM_008043 Frat1 1.00 886 2.00




DOWN-REGULATED GENES

Accession  Symbol avM avA fold change | fold down
NM_015784 Postn -5.352 10.17 0.02 40.83
NM_008963 Ptgds -4.419 12.29 0.05 21.39
XM_135854 1100001E04Rik -3.584 10.05 0.08 11.99
NM_145633 Ankrd27 -3.340 8.31 0.10 10.12
NM_026323  1600023A02Rik -3.028 7.73 0.12 8.16
NM_008047 Fstl1 -2.820 11.81 0.14 7.06
NM_028266 Col16a1 -2.724 10.90 0.15 6.60
NM_009378 Thbd -2.712 9.04 0.15 6.55
NM_026473 2310057H16Rik -2.610 11.36 0.16 6.10
NM_145978 Pdlim2 -2.387 8.15 0.19 5.23
NM_019949 Ube2l6 -2.299 8.83 0.20 4.92
NM_008343 Igfbp3 -2.259 10.15 0.21 4.79
NM_001001
491 Tpm4 -2.251 12.87 0.21 4.76
NM_024263  1200013A08Rik -2.224 9.84 0.21 4.67
NM_007998 Fech -2.173 9.35 0.22 4.51
NM_011782 Adamts5 -2.138 8.65 0.23 4.40
NM_009131 Scdf -2.108 8.84 0.23 4.31
NM_023116 Cacnb2 -2.049 10.25 0.24 4.14
NM_027402 Fndc5 -2.018 9.79 0.25 4.05
NM_007689 Chad -2.008 7.39 0.25 4.02
Gcap4 -1.986 8.17 0.25 3.96
NM_011122 Plod1 -1.970 10.33 0.26 3.92
NM_027078 1700023MO03Rik -1.958 9.34 0.26 3.88
NM_172570 Trima7 -1.957 9.12 0.26 3.88
NM_025522 Dhrs7 -1.918 8.28 0.26 3.78
NM_008655 Gadd45b -1.894 8.45 0.27 3.72
NM_010473 Hrc -1.893 10.76 0.27 3.7
NM_144799 Lmcd1 -1.883 8.78 0.27 3.69
NM_008409 Itm2a -1.843 11.78 0.28 3.59
NM_021474 Efemp2 -1.833 11.58 0.28 3.56
NM_178593 BC025872 -1.806 8.44 0.29 3.50
NM_177152 Lrig3 -1.772 8.59 0.29 3.41
NM_008512 Lrp1 -1.768 9.18 0.29 3.41
NM_010518 Igfbp5 -1.766 13.12 0.29 3.40
4930533K18Rik -1.759 9.80 0.30 3.38
NM_025371 Acy1 -1.756 9.82 0.30 3.38
AW123240 -1.751 9.29 0.30 3.37
NM_009109 Ryr1 -1.748 9.53 0.30 3.36
NM_177470 Acaa2 -1.739 9.87 0.30 3.34
NM_028331 C1qtnf6 -1.735 9.33 0.30 3.33
AK083573 Fbin1 -1.733 10.77 0.30 3.32




DOWN-REGULATED GENES (cont'd)

Accession  Symbol avM avA fold change | fold down
NM_172508 Sart2 -1.719 9.35 0.30 3.29
NM_175641 Ltbp4 -1.716 9.54 0.30 3.29
NM_007653 Cde63 -1.696 13.35 0.31 3.24
NM_020564 Sult5a1 -1.688 7.31 0.31 3.22
NM_022024 Gmfg -1.686 7.91 0.31 3.22
XM_486216 D930036J05 -1.677 9.12 0.31 3.20
NM_010283 Ggta1 -1.677 8.72 0.31 3.20
NM_019696 Cpxm1 -1.675 9.39 0.31 3.19
NM_010831 Snf1lk -1.675 8.24 0.31 3.19
NM_153081 Sic16a11 -1.672 13.95 0.31 3.19
NM_011839 Mab2112 -1.672 11.37 0.31 3.19
NM_009735 B2m -1.638 9.84 0.32 3.11
NM_080728 Myh7 -1.635 11.28 0.32 3.1
NM_009801 Car2 -1.620 8.79 0.33 3.07
NM_010336 Edg2 -1.620 10.54 0.33 3.07
NM_029044  4930449E07Rik  -1.616 12.33 0.33 3.06
NM_008309 Htr1d -1.609 8.88 0.33 3.05
NM_011356 Frzb -1.605 9.04 0.33 3.04
NM_028733 Pacsin3 -1.589 9.85 0.33 3.01
NM_013870 Smtn -1.580 8.13 0.33 2.99
AK031718 Mest -1.573 8.75 0.34 2.98
NM_009949 Cpt2 -1.571 10.16 0.34 2.97
NM_007656 Kai1 -1.569 9.96 0.34 2.97
NM_010397 H2-T22 -1.560 9.38 0.34 2.95
NM_025294 Gtlf3b -1.554 8.99 0.34 2.94
NM_138594 D6Wsu163e . -1.546 10.54 0.34 2.92
NM_023061 Mcam -1.538 11.45 0.34 2.90
XM_358428 Dio3as -1.537 8.16 0.34 2.90
NM_008691 Nef3 -1.518 12.51 0.35 2.86
NM_175214 Kif27 -1.517 9.80 0.35 2.86
NM_177657 D630003M21 -1.517 8.00 0.35 2.86
NM_013732 Cart -1.515 8.90 0.35 2.86
NM_011576 Tfpi -1.507 8.48 0.35 2.84
2810482I07Rik  -1.497 9.87 0.35 2.82
NM_007594 Calu -1.496 9.65 0.35 2.82
2300006M17Rik  -1.494 9.91 0.35 2.82
NM_007631 Ccnd1 -1.488 8.19 0.36 2.80
NM_207246 Rasgrp3 -1.468 7.36 0.36 2.77
NM_026959 Stx18 -1.468 11.32 0.36 2.77
NM_144945 Lgi2 -1.463 8.27 0.36 2.76
NM 013599 Mmp9 -1.462 10.09 0.36 2.75




DOWN-REGULATED GENES (cont'd)

ccession  Symbol avM avA fold change |fold down
NM_145475 Cerk -1.457 12.02 0.36 2.75
AY267348 App -1.438 8.30 0.37 2.71
2310014D11Rik -1.437 10.36 0.37 2.71
XM_489200 9530064J02 -1.432 8.52 0.37 2.70
NM_008048 Igfbp7 -1.430 11.73 0.37 2.69
NM_019521 Gas6 -1.425 10.21 0.37 2.68
NM_009813 Casq1 -1.421 8.44 0.37 2.68
NM_027153 Pir -1.417 9.47 0.37 2.67
XM_155643  4921513020Rik -1.405 7.84 0.38 2.65
NM_015814 Dkk3 -1.396 10.99 0.38 2.63
XM_488964 E130013N09Rik -1.396 13.43 0.38 2.63
NM_013590 Lzp-s -1.396 8.43 0.38 2.63
NM_029659 1700011C14Rik -1.395 10.26 0.38 2.63
NM_174870 Sic26a1 -1.393 9.59 0.38 2.63
XM_484355  2310047A01Rik -1.392 11.04 0.38 2.62
NM_008034 Folr1 -1.387 7.82 0.38 2.62
NM_026447 2810423019Rik -1.382 9.76 0.38 2.61
NM_009287 Stim1 -1.374 8.68 0.39 2.59
NM_007631 Ccnd1 -1.367 8.58 0.39 2.58
NM_011223 Pxn -1.367 7.89 0.39 2.58
E030037F02 -1.366 8.69 0.39 2.58
NM_009372 Tgif -1.365 8.58 0.39 2.58
NM_029813 2210418010Rik -1.365 9.24 0.39 2.58
2810427A07Rik -1.355 8.42 0.39 2.56
NM_011957 Creb3i1 -1.354 9.71 0.39 2.56
NM_008596 Mg29 -1.348 8.65 0.39 2.55
NM_026883  1500011H22Rik -1.337 11.87 0.40 2.53
NM_008141 Gnat2 -1.335 11.97 0.40 2.52
NM_008483 Lamb2 -1.330 10.42 0.40 2.51
NM_011639 Trip6 -1.327 9.56 0.40 2.51
NM_010549 111ra1 -1.324 9.48 0.40 2.50
NM_009755 Bmp1 -1.322 8.50 0.40 2.50
XM_111398 Gm22 -1.321 9.24 0.40 2.50
NM_010452 Hoxa3 -1.314 11.80 0.40 2.49
NM_134125 Trip10 -1.311 10.22 0.40 2.48
AF259073 TRAV4D-2 -1.305 13.47 0.40 247
NM_016791 Nfatc1 -1.296 8.31 0.41 2.46
Ctla2b -1.293 8.35 0.41 2.45
NM_023910 0610009M14Rik -1.291 10.27 0.41 2.45
NM_032418 Dm15 -1.279 9.04 0.41 2.43
BC055908 Cald1 -1.278 8.75 0.41 2.43




DOWN-REGULATED GENES (cont'd)

ccession  Symbol avM avA fold change ]fold down
NM_011838 Lynx1 -1.275 8.83 0.41 242
NM_007594 Calu -1.269 8.96 0.41 2.41
NM_015744 Enpp2 -1.266 10.83 0.42 2.41
NM_010745 Ly86 -1.260 8.31 0.42 240
NM_009106 Rtkn -1.252 9.71 0.42 2.38
NM_177732 Slc35d1 -1.249 8.29 0.42 2.38
NM_028173 Tram1 -1.249 8.54 0.42 2.38
1500041016Rik -1.243 11.35 0.42 2.37
NM_172779  6330505F04Rik -1.238 10.27 0.42 2.36
NM_009323 Tbx15 -1.236 9.41 0.42 2.36
NM_021292 Evc -1.21 8.60 0.43 2.32
NM_007594 Calu -1.205 12.40 0.43 2.31
NM_138602 Praf2 -1.198 14.77 0.44 2.29
NM_183022 Accn4 -1.195 9.72 0.44 2.29
NM_144827 Tisp78 -1.195 8.75 0.44 2.29
NM_019417 Pdlim4 -1.183 11.62 0.44 2.27
NM_011890 Sgcb -1.173 9.18 0.44 2.26
NM_178017 Hmgb2I1 -1.169 8.10 0.44 2.25
NM_007669 Cdkn1a -1.159 12.12 0.45 2.23
1700096P03Rik -1.159 8.73 0.45 2.23
NM_028283 Uaca -1.168 10.94 0.45 2.23
NM_026680 0610012C01Rik -1.156 12.93 0.45 2.23
NM_011430 Sncg -1.151 13.45 0.45 2.22
NM_010444 Nrda1 -1.148 8.35 0.45 2.22
NM_080288 Elmo1 -1.138 11.37 0.45 2.20
NM_001001 ,
491 Tpm4 -1.134 10.49 0.46 2.19
NM_007647 Entpd5 -1.130 9.93 0.46 2.19
NM_028787 Slc35f5 -1.123 9.48 0.46 2.18
NM_011609 Tnfrsfla -1.123 9.75 0.46 2.18
NM_172630 Mppe1 -1.121 8.27 0.46 2.17
NM_026353 4930570CO0O3Rik -1.119 9.15 0.46 2.17
E430002D04Rik -1.101 11.68 0.47 2.15
NM_019552 Abcb10 -1.095 10.63 0.47 2.14
NM_007382 Acadm -1.091 9.36 0.47 2.13
NM_013556 Hprt -1.089 10.47 0.47 213
NM_024269 Arl2bp -1.082 8.29 047 2.12
NM_009831 Cceng1 -1.069 8.94 0.48 2.10
XM_486200 4931431CO2Rik -1.066 10.11 0.48 2.09
NM_153065 Ddx27 -1.065 11.16 0.48 2.09
NM 008546 Mfap2 -1.063 13.33 0.48 2.09




DOWN-REGULATED GENES (cont'd)

Accession _Symbol avM avA fold change | fold down
NM_008160 Gpx1 -1.062 13.10 0.48 2.09
NM_153157 Olfm3 -1.060 8.21 0.48 2.09
NM_177263 Zhx3 -1.058 12.11 0.48 2.08
NM_009448 Tuba6 -1.052 11.68 0.48 2.07
NM_144534 1110001E17Rik -1.051 10.50 0.48 2.07
NM_198629 LOC328644 -1.048 9.82 0.48 2.07
NM_181988 Rerg -1.044 8.31 0.48 2.06
NM_198649 D930036B08Rik -1.042 9.98 0.49 2.06
NM_011773 Slc30a3 -1.030 9.71 0.49 2.04
NM_172476 Tmc7 -1.030 8.80 0.49 2.04
NM_007438 Aldoa -1.028 13.89 0.49 2.04
NM_144859 Pja2 -1.028 10.93 0.49 2.04
NM_012011 Eif2s3y -1.026 12.04 0.49 2.04
NM_144882 2810022L02Rik -1.025 11.29 0.49 2.03
NM_021406 Trem1 -1.020 10.14 0.49 2.03
4930520K10Rik -1.016 10.25 0.49 2.02
NM_030695 Lrba -1.015 9.81 0.49 2.02
NM_011975 Rpl27a -1.014 11.52 0.50 2.02
NM_178846 C77032 -1.013 8.84 0.50 2.02
NM_177470 Acaa2 -1.004 9.68 0.50 2.01




Appendix VII: Contribution from Collaborators.

Alan Mears: Assistant Professor, Department of Ophthalmology, University of Ottawa.
Dr Mears and his lab members were performed the MEEBO Microarray and bioinformatics
analysis on E15.5 cortical derived from Ex6DEL mice in Appendix VI (pp165).

Maribeth A. Lazzaro: Dr Lazzaro, a past postdoctoral fellow in the Picketts’ lab
performed the Western blot analysis on tumours and drug resistant ovarian cancer cell lines
(Appendix IV ppl63)). She also initiated growth pattern analysis of 293-T cells over
expressing Snf2h and Snf2l.

Adriana De Maria: Dr De Maria, a past postdoctoral fellow in the Picketts’ lab generated
the floxed Snf2l exon 6 targeting construct and performed J1ES cell transfection and
positive clone selection. I have adapted her original data in Appendix II (pp161).

Jossee Couloumbe a postdoctoral fellow in the laboratory of Michael Rudnicki, Professor,
Department of Medicine and Cellular and Molecular Medicine, University of Ottawa,
performed blastocyst injections and developed the Snf2]-floxed exon 6 Chimera, and was
instrumental in developing the Snf2l floxed exon 6 mouse colonies.

Damiano Conte: Dr Conte, a past postdoctoral fellow in the Picketts’ Lab performed the
Southern blot hybridization, used in Figure 3.3.1, part B.

Brian McNeill, PhD candidate in the laboratory of Dr Valerie Wallace, Associate
Professor, Department of Biochemistry, Microbiology and Immunology, University of
Ottawa, had been very helpful in providing instruction of the analysis and initiating qRT-
PCR experiments, and had provided aliquots and sequences for several primer pairs for analysis.
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curriculum vitae

Darren John Yip (M.Sc.)

curriculum vitae

SUMMARY OF SKILLS

10 years of academic research laboratory related experience

Strong technical expertise in muitiple molecular biological and biochemical laboratory
techniques using in vivo, ex vivo and in vitro models including: Immunohistochemistry, in situ
hybridization, microscopy, Protein, DNA and RNA techniques (Southern blot, Western Blot,
PCR, RT-PCR, quantitative realtime RT-PCR, Chromatin Immunoprecipitation, multiple
cloning techniques), animal breeding, colony management and dissection.

Strong communication and interpersonal skills (teaching, presentations, leadership,
mentorship)

Proficiency with Microsoft Office and Adobe programs, adeptness with statistical computer
programs including Prism, Slidewrite and Sigmaplot, and practical knowledge of various
analytical sequence programs.

¢ An excellent and dynamic team player with a particular interest in teaching and mentorship
¢ Displays initiative and has the ability to work independently.

EDUCATION

Ph.D. Candidate (Sept 2003-present, anticipated completion spring 2009),
University of Ottawa, Department of Biochemistry, Microbiology and Immunology (specialization
in Human and Molecular Genetics) under the supervision of Dr David Picketts

e Thesis Title: The chromatin remodelling protein SNF2L mediates cell number in the
developing brain.

OGSST Scholar (2004-2008).

Undergraduate teaching experience.

Maintained A+ average

Area of expertise: embryonic neurodevelopment, development and characterization of
murine transgenic models, chromatin remodelling and regulation and the reguiation of
proliferation and differentiation (in vivo, ex vivo and in vitro models)

Masters of Science (Sept 1999-2002)
University of Ottawa, Department of Biochemistry, Microbiology and Immunology (specialization
in Human and Molecular Genetics) under the supervision of Dr. David Picketts

¢ Thesis Title: Examining the repressive nature of D4Z4 repeats and their role in the
pathogenesisof Facioscapulohumeral Muscular Dystrophy

¢ Maintained A+ average

¢ Areas of expertise: in vitro models of muscle differentiation, cloning and the development
of expression vectors
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DARREN JOHN YIP (M.Sc.) curriculum vitae

Bachelors of Science (Honours in Biology/Biotechnology) (Sept 1995-May 1999)
University of Ottawa, Department of Biology
¢ Graduated with honours (cum laude)
¢ Research project involving the transgenic expression of a cold-temperature inducible
promoter in agriculturally important crops [under the supervision of Dr. Jas Singh,
Research Scientist, Agriculture and Agri-Food Canada, Ottawa, Ontario]
¢ Areas of study: molecular biology, genetics, physiology, zoology, chemistry, biochemistry

GRANTS and HONOURS / AWARDS

® Government of Ontario - Graduate Scholarship in Science and Technology, 2004 -2008
four years of external funding [$15 000 per annum]

¢ First Prize: Microbiology and Immunology, Ph.D. departmental seminar competition 2006
® First Prize: Trainee Seminar Competition, 6" Annual OHRI Research Day 2006
® First Prize: Ph.D. Student Poster Competition, 5" Annual OHRI Research Day 2005
® First Prize: Ph.D. Student Poster Competition, 4™ Annual OHRI Research Day 2004
PUBLICATIONS

Articles

Yip DJ, Picketts DJ. Increasing D4Z4 repeat copy number compromises C2C12 myoblast
differentiation. 2003. FEBS Lett. 537: 133-8.

Yip DJ, De Maria AC, Coulombe J, Rudnicki M, and Picketts DJ Foxg1, a target of SNF2L
controls neuoprogenitor proliferation in the developing brain. (In preparation)

Yip DJ, Pepin D, Lazzaro MA, Vanderhyden B, Picketts DJ. Aberrant expression of the
mammalian ISWI protein, Snf2H a contributing factor to ovarian cancer. (In preparation)

Abstracts
Yip DJ, De Maria AC, Coulombe J, Rudnicki M, and Picketts DJ. SNF2L-Mediated Control of
Cell Number in the Developing Brain. 17" Biennial Meeting of the international Society for
Developmental Neuroscience. Asilomar, California (June 1-4, 2008)

Yip DJ, Rennick S, De Maria A, Coulombe J, Rudnicki M and Picketts DJ. SNF2I-Mediated
control of cell number in the developing brain. Chromatin; Structure and Function. Punta
Cana, Dominican Republic (December 5-8, 2006)

Yip DJ, De Maria AC, Coulombe J, Rudnicki M, and Picketts DJ. SNF2L-Mediated Control of

Cell Number in the Developing Brain. 16" Biennial Meeting of the International Society for
Developmental Neuroscience. Banff, Alberta (August 24-28, 2006)

168



DARREN JOHN YIP {M.Sc.) curriculum vitae

Yip DJ, De Maria AC, Lazzaro MA, Lavigne P, Vallee D and Picketts DJ. Molecular
characterization of the mammalian ISWI gene SNF2L, and its assessment as an X-linked
Mental Retardation (XLMR) candidate gene. 54" Annual meeting of The American Society of
Human Genetics. Toronto, Ontario. (October 26-30, 2004)

Yip DJ, Dawson KM, Lazzaro MA, Vanderhyden BC and Picketts DJ. Aberrant expression of
the mammalian ISIW protein, SNF2H: A potential contributing factor to ovarian cancer. (2004)
Canadian Conference on Ovarian Cancer Research. Ottawa, Ontario. (May 16-18, 2004)

EMPLOYMENT HISTORY

Teaching Assistant (Demonstrator/Lab Monitor) — Sept - Dec 2008, Sept - Dec 2007
University of Ottawa, Faculty of Science, Department of Biochemistry, 3" year Molecular Biology
Laboratory Course
* Was responsible for teaching sessions, leading discussions and providing student mentorship
¢ Provided guidance with calculations, problem solving and demonstrated proper lab techniques
¢ Evaluation of students and marked written reports, oral presentations and in-lab proficiency and
was responsible for providing feedback in a timely and constructive fashion.

Teaching Assistant (Proctor/Marker) — Jan - May 2008
University of Ottawa, Faculty of Science, Department of Biochemistry, 3" year Molecular Genetics
Class

* Was responsible for exam proctoring and exam marking
¢ Scheduled and provided open sessions for student post-exam review and discussion.

Laboratory Technician — Jan - Sept 2002
Ottawa Hospital Research Institute, Regenerative Medicine Program [Laboratory of Dr. David
Picketts]
« |nitiated the development of transgenic mouse lines and was responsible for cloning,
characterization and colony maintenance
* Was responsible for experimental design, implementation, data interpretation and data
presentation.
¢ Performed extensive in vitro experimentation
e General laboratory duties included, laboratory maintenance, creating a chemical and reagent
inventories, made solutions and buffers, kept the lab spaces clean and in order

Research Technician — May - Sept 1999
Agriculture and Argi-Food Canada, Eastern Cereal and Oilseed Research Center [Laboratory of Dr.
Linda Harris]
o Studied the early expression of Fusarium mycotoxins response genes in corn.
* Maintained experimental crops and was responsible for preparation of and inoculation with
Fusarium mycotoxin, and the harvest of experimental tissue
e Lab duties included plant tissue preparation, total RNA extraction, Northern blot transfer,
preparation of cDNAs, and reverse transcriptase PCR.
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