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Abstract

The Distal-less (DIx) homeobox genes of mammals are expressed in many tissues of the
developing organism including the limbs, craniofacial skeleton and the forebrain. In the
forebrain, DIx1, DIx2, DIx5 and DIx6 play a critical role in driving tangential migration of
GABAergic progenitors from the ventral telencephalon to their final destinations, notably the
neocortex and the striatum. These DIx genes are organised into convergently transcribed
clusters with short intergenic regions that contain notable cis regulators elements (CREs) that
drive DIx expression in unique subdomains of the developing ventral telencephalon. Previous
studies have characterised DIx regulation including but not limited to the direct activation of
these CREs by effector proteins. However, to date very little work has been done to examine
how the forebrain DIx genes may be regulated at the level of the chromatin. To explore this, |
used in silico and in vivo methods to examine some key histone modifications of the DIx1/2 and
DIx5/6 bigene clusters in the developing forebrain; namely H3K27Ac, H3K4me3, H3K4me1l and
H3K27me3. | found that within the DIx expressing ganglionic eminences (GE), at midgestation,
the DIx loci are marked by bivalent chromatin which is enriched in both permissive H3K4me3
and repressive H3K27me3 marks. By performing ChIP-qPCR on the GE tissue of embryonic mice
with targeted deletions of enhancer CREs, | found that these CREs play unique roles in shaping
the chromatin. Removal of one of these CREs has widespread effects on the chromatin at both
loci. Since these changes in chromatin signatures do not accompany significant changes in
expression of histone modifying genes, we believe these CREs play yet-to-be determined roles
in recruiting the modifying proteins to the loci, thereby establishing bivalent chromatin to fine-

tune DIx expression.



Résumé

Les genes DIx des mammiféres sont exprimés dans plusieurs tissus de I'organisme au
cours du développement, incluant les membres, le squelette craniofacial, et le cerveau
antérieur. Dans le cerveau antérieur, les génes DIx1, DIx2, DIx5 et DIx6 jouent un réle crucial
dans le contrdle de la migration tangentielle des progéniteurs GABAergiques, du télencéphale
ventral vers leurs destinations finales, notamment dans le néocortex et le striatum. Les génes
DIx sont organisés en complexes qui sont transcrits de maniere convergente et qui incluent une
courte région intergénique. Celle-ci contient des éléments de régulation agissant en cis (CREs)
qui contribuent a I'expression des DIx dans des domaines uniques du télencéphale ventral au
cours du développement. Des études antérieures ont montré que le contréle de I'expression
des DIx dépendait, entre autres, de leur activation directe par des protéines régulatrices
agissant en trans. Jusqu’a ce jour, peu d’attention a été apportée au réle de la chromatine dans
le contréle de I'expression des Dix dans le cerveau antérieur. Afin d’explorer ces mécanismes,
j’ai utilisé des approches in silico et in vivo pour examiner le paysage chromatinique des
complexes DIx1/2 et DIx5/6 dans le cerveau antérieur de I'embryon. J'ai observé que dans les
éminences ganglionnaires (EG), a la mi-gestation, les loci DIx sont marqués par de la chromatine
bivalente qui est enrichie en H3K4me3 permissive et en H3K27me3 répressive. En utilisant la
méthode ChIP-PCR sur du matériel obtenu d’EGs d’embryons de souris mutantes, dans
lesquelles des CREs ont été retirés, j'ai observé que les CREs jouent un réle unique dans
I'organisation de la chromatine aux deux loci. Puisque ces changements de signatures
chromatiniques ne sont pas accompagnés d’effets significatifs sur I’expression des protéines

responsables des modifications des histones, je considere que les CREs jouent des réles, encore



a déterminer, dans le recrutement des protéines modificatrices responsables de I'établissement

d’une chromatine bivalente qui confere un contréle fin de I'expression des Dix.
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1.Introduction

1.1 Chromatin and transcriptional regulation

1.1.1 Chromatin modification

The role of epigenetic alterations in controlling and fine-tuning gene expression has
become increasingly evident in recent years. This is particularly true in developmental contexts
when gene expression needs to be highly flexible and able to adapt quickly to both
environmental and genetic cues (Reviewed in Bannister & Kouzarides, 2011). Epigenetic
regulation includes: methylation of DNA sequences, histone modulation through many different
chemical modifications including both acetylation and methylation, chromatin remodelling and
interactions of trans or cis enhancer or promoter elements. These processes can be further
complexified by interacting with each other, as well as other molecules including IncRNAs.
Together these processes play a massive role in changing expression levels and expression
domains of key developmental genes during embryogenesis. These processes can be said to
play as significant a role in gene expression as conventional genetic-based systems like
transcription factor activation and mRNA/protein processing. Indeed, some evidence suggests
that a complete understanding of histone modifications be used to predict global

transcriptomic profiles with a high degree of accuracy (Cheng et al., 2011).

The modulation of histones is a powerful epigenetic regulator of gene expression during
development, in part because of its ability to modulate expression of many genes in parallel.
This is a consequence of the way genes are organised in chromatin — wrapped around a

nucleosome core particle every 147bp of DNA. The core particle contains a histone octamer



made of two copies of H2A, H2B, H3, and H4. While H2A and H2B can be targeted by
modifications, these modifications are not as well understood or linked to direct transcriptional
changes (H2A and H2B histone tail modifications are reviewed by Wyrick & Parra, 2009). The
most studied and targeted histone modifications occur on H3. H4 tail modifications have also
been closely linked to transcriptional control via modulating chromatin-protein interactions and
chromatin stability among other things. (Shogren-Knaak et al., 2006; Oda et al., 2009). It is
interesting to note that constitutively active promoters are often found in areas devoid of
nucleosomes allowing transcription to occur totally uninhibited (nucleosome positioning and

dynamics are reviewed in Rando & Ahmad, 2007)

It was traditionally thought that chromatin modification occurs through a complex
system of modifying proteins and intermediates which are recruited to a given locus to put into
affect a series of molecular changes to the chromatin. It is becoming increasingly evident
however that several key developmental transcriptional regulators - TRX for example - in
addition to affecting the transcription of their target genes, contain intrinsic histone-modifying
domains (Katsani et al., 2001). In this way these transcription factors exhibit complex modalities
and have effects that go beyond simple transcriptional activation of their immediate targets
and can provide a two-pronged regulation system to both the genes they activate, as well as
alter the transcription of genes they do not directly associate with. Furthermore, the lack of
necessary protein intermediates may increase the kinetics of these epigenetic modifications
relative to the traditional paradigm of recruiting modifying proteins and thus epigenetic

regulation can occur in concert with transcriptional activation. It is important to note that while



many histone modifiers are basally expressed, their expression levels fluctuate widely during

development and in different tissues.

1.1.2 Chromatin modifying proteins

Histone modulation is done by a series of proteins that are responsible for principally
adding methyl groups or acetyl groups - frequently to lysine residues - through covalent linkage.
Recent work has detailed the importance of other modifications including ubiquitination and
phosphorylation - largely restricted to H3510 - among others (histone ubiquination is reviewed
in Cao & Yan, 2012; histone phosphorylation is reviewed in Sawicka & Seiser, 2012). All these
modifying proteins are extraordinarily well conserved across kingdom animalia, with a high
degree of overlap in functional outcome of these histone profiles - consequently a great deal of

stability exists across evolution of the modified chromatin itself (Woo & Li, 2012).

These histone residue alterations do not occur on the nucleus of the histone fold, the
areas where DNA is tightly associated with the nucleosome. Instead they occur on the N-
terminal tails, unstructured sections of the core histones which do not closely associate to the
DNA. These tails play a vital role in nucleosome-nucleosome interactions and in condensing the
chromatin into heterochromatin for transcriptional depression (reviewed in Zheng & Hayes,
2003). In general, modifying proteins can be thought as tagging a histone tail. These altered
histones can either be: 1) flagged for further processing, or 2) sterically altered by direct
consequence of the modification (Bannister & Kouzarides, 2011). In the latter case, structural
changes lead to an increase or decrease in access of the transcriptional machinery to the locus

associated with the histone in question.



Methylation of histone residues is broadly achieved by a class of proteins called histone
methyl transferases (HMTs). Many HMTs were first described as Hox regulators before their
catalytic functions were first discovered (Milne et al., 2002). Histone methylation can be
associated with both transcriptional activation and transcriptional repression of the
surrounding loci. Histone methylators contain a common methylating domain called a SET
domain which is highly conserved and contains a novel fold which both contains an active site

and a chromatin stabilising site (Xiao, Wilson, & Gamblin, 2003).

The dual nature of methylated marks to be either activating or repressing is perhaps
best illustrated in the context of the H3K4me3 modification versus H3K27me3 modification.
The H3K4me3 mark is generally associated with transcriptional activation and is often highly
enriched in actively transcribed genes; it is generally localised to transcription start sites (Barski
et al., 2007). H3K4 methylation in general is completed by a complex of proteins called
COMPASS proteins which are responsible for mono- di- and tri-methylations (Miller et al.,
2001). This complex contains Hox regulators like Trithorax group proteins and SET proteins
(COMPASS H3K4 methylases are reviewed in Shilatifard, 2012). These methylation marks are
decoded by “reader proteins” which generally begin the process of nucleosome depletion
allowing easy access of the transcriptional machinery to the DNA. H3K27me3 methylation, on
the other hand, is associated with transcriptional silencing (Reviewed in Cheung & Lau, 2005
and by Wiles & Selker, 2017). Much work has been done on this front to illustrate the effects
that this methylation plays in condensing chromatin around the H3K27me3 modulated
nucleosome preventing access to the transcriptional machinery. This process is catalysed by

Hox regulator Polycomb-group proteins that form large complexes (PRC1 and PRC2) including

-4-



the active proteins EZH1 and EZH2 which contain the SET domains (Polycomb protein activity

and decoding is reviewed in Schuettengruber & Cavalli, 2009).

Unlike methylation, acetylation of histones is almost always associated with
transcriptional activation (Bannister and Kouzarides, 2011). The presence of acetylated histone
residues is maintained by a two-prong system that includes the activation of acetyl transferases
(HATSs), and, crucially, the inhibition of histone deacetylases (HDACs). Histone acetylation is
often seen as the most crucial epigenetic “switch” to allow interconversion of permissive and
repressive chromatin states by acetylating and deacetylating key lysine residues (acetylation
reading, and writing is summarised in Marmorstein & Zhou, 2014). These proteins, like their
methylation counterparts exist in large complexes that are highly conserved (Haberland,
Montgomery & Olson, 2011). The changes that acetyl marks make on histones are well
explained chemically. In short, these acetyl groups cause the amino acid it is attached to lose a
significant portion of its positive charge, weakening the interaction between the histone and
the surrounding DNA and thus providing more fluid access to the transcriptional machinery

(Hong et al., 1993). A simple model of histone acetylation is provided in Fig. 1.1



Figure 1.1 Simple model of histone acetylation and deacetylation as an epigenetic switch. This
model illustrates shows how acetylation can be used as a switch to compact chromatin and
supress gene expression or widen it and make it accessible to the transcriptional machinery.

Schematic drawing taken from Verdin & Ott (2015).
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1.1.3 Chromatin modifications at regulatory regions

Histone modifications are powerful agents of transcriptional control because they can
affect histones in the proximity of not only both gene promoters and coding sequences, but
also in proximal or distal enhancer elements. Broad scale meta-studies from the ENCODE
project estimate that there are over 1 million enhancers in the human genome (The ENCODE
Project Consortium, 2007). This makes them by far the most prominent elements in the DNA
sequence outnumbering genes by nearly 50-fold. Enhancer elements contain some
distinguishable and some overlapping histone modulations from promoters. H3K4me3 and
H3K27Ac are the two most predominating transcriptional activation marks found at promoters
of actively transcribed genes (The ENCODE Project Consortium, 2012). However, these marks
have also been associated with active enhancers. H3K4me1l is also associated with enhancers;
however, these enhancers need not be activated (Zentner & Scacheri, 2012). Indeed H3K4me1l
enrichment has be associated with dormant enhancers during development where it has been
shown to both precede enhancer activation, as well as persist after enhancer de-activation in
some cases (Creyghton et al., 2010; Bonn et al., 2012). Recent work has examined how mono-
methylation of H3K4 seems to act as a priming event to ready an enhancer for activation. In this
situation enhancers are also marked by H3K27me3 enrichment that can become activated with

H3K27Ac deposition (Rada-Iglesias et al., 2010).

The specific tri-versus mono methylation of H3K4 to distinguish enhancers from
promoters has also been a target of research. The present molecular explanation for
differential levels of methylation at enhancer versus promoters is dependent on the existence

of DNA methylation at these sites through the activity of CXXC proteins which read non-
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methylated CpG island which can be found at enhancers but are not found at promoters of
actively transcribed genes (Sharif-Zarchi et al., 2017). It is thought that methylation at H3K4
sites occurs through a gradient moving from a singular methylated site-through a di methylated
site towards the final tri-methylated residue through a series of differing COMPASS complexes
(Miller et al., 2001). These sites are also demethylated by unique demethylases specific to a
given degree of methylation (Reviewed in Hyun et al., 2017). The degree of methylation at a
given region on H3K4 does seem to be dependent on the amount of time these methylation
complexes can be bound to the region, and therefore many other molecular mechanisms
outside of DNA methylation are probably in play to repel the complexes after mono-

methylation at enhancer sites but not at promoter sites.

Broadly speaking, H3K4me1-H3K27Ac abundance relative to H3K4me3-H3K27Ac
abundance can be used to estimate if a given sequence belongs to a promoter or an enhancer
element with some degree of accuracy (Calo & Wysocka, 2013). H3K4me1l versus H3K4me3
methylation can hence be used to discriminate enhancers from promoters when examining the
chromatin profiles of a given sequence independently of any other genomic or epigenetic
elements. It is worth noting that many exceptions to the rule exist and several enhancers with

abundant H3K4me3 enrichment have been described (Russ et al., 2017).

1.1.4 Chromatin dynamics during development of the nervous system

Changes in histone modification during development can occur through several
mechanisms. The most obvious is through both global changes in expression of the

aforementioned acetyltransferases, deacetylases and methyltransferases. Studies have shown



that, during development of the nervous system, the global levels of H3 acetylation (including
principally permissive marks H3K27Ac, H3K9Ac) appear to be stronger in early differentiating
neurons than those of more mature migrating neurons (Cho et al., 2011). There are also key
tissue, and niche specific events, especially in progenitor and stem cells of the nervous system,
that show abundant increases or decreases in histone modifications; both through localised
changes in expression of the modifying proteins, and through recruitment-specific events these

proteins to the chromatin (reviewed in Lomvardas & Maniatis, 2016).

A great deal of attention has been paid to the changes over time in important individual
enhancer and promoter elements of developmental transcription factors. Interestingly, many
key genes involved in developmental pathways have also been shown to have coincident
enrichment of both permissive (H3K4me3) and repressive (H3K27me3) histone marks. These
areas, so called “bivalent” promoters, are emerging as an important developmental regulator
to poise the expression of genes kept in repressive states in the absence of differentiation
signals, especially in ES cells (Voigt, Tee, & Reinberg, 2013). Some studies have also found
bivalent chromatin in neural progenitors at genes that are moderately expressed (Lim et al.,

2009)

1.2 The nervous system in vertebrates

During development, vertebrates generate a complex network of interconnected cells
called neurons. The network of these cells constitutes the whole of the organism’s nervous
system and is broadly split into two classes — the central nervous system (CNS), which includes

the brain and the spine, and the peripheral nervous system (PNS), which broadly includes all of
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the nerves found outside of the brain and spine. The PNS is further subdivided into the somatic
nervous system, which comprises both efferent and afferent sensory neurons, and the

autonomic nervous system which contains both the sympathetic and parasympathetic systems.

Both CNS and PNS utilise the activity of neurons. There are many ways to categorize
these neurons — one of the most common is to label them as sensory neurons, motor neurons
or interneurons. Sensory neurons are afferent neurons that carry signal from the PNS to the
CNS. Motor neurons are efferent neurons that send a signal from the CNS to the muscle system
to initiate a muscle contraction via actin-myosin fibers. Interneurons on the other hand are the
most abundant class of neurons in vertebrates and act as mediators between neurons; notably
in the CNS. In the CNS, especially in the brain, a signal may go through several mediators before

reaching its final destination.

Another useful way of categorising neurons is by organising them by the type of
neurotransmitter they release. Neurotransmitters come in several varieties but are broadly
thought of as being either excitatory (inducing an excitatory signal in a postsynaptic cell) or
inhibitory (block the firing of the postsynaptic cells). The most common neurotransmitter in the
vertebrate CNS is glutamate; which is almost always excitatory in nature and is believed to
make up approximately 50-80% of the synapses in the brain (Lesley & Rodin, 2011). The next
most common is Gama-aminobutyric acid (GABA), which is generally inhibitory, and makes up
the majority of the remaining 20% of the synapses in the brain (Lesley & Rodin, 2011). Other
transmitters located in the brain include serotonin, noradrenaline, dopamine and acetylcholine
which, despite being less prevalent than the abovementioned transmitters in the brain, are

vitally important in the proper functioning of the brain and are often linked to the onset of
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mental health illnesses. Acetylcholine, which is responsible for inducing muscle contractions, is

the most common neurotransmitter in the whole organism (Lesley & Rodin, 2011).

The nervous system also contains another class of cell called glial cells, or simply glia.
Glia are believed to be about as abundant as neurons in many organisms, but in many others
such as humans, can vastly outnumber them. Glia and neuron numbers are reviewed in von
Bartheld, Bahney, & Herculano-Houzel (2016). There has been an increasing interest in the
study of glial cells in recent years as the literature has expanded upon their importance during
development. The role of glia cells is reviewed by Stevens (2003); | briefly summarise some of
these roles here. Not only do glia serve a role in structurally supporting nerves, they also play a
significant role in directing cells and programming cellular proliferation and fate commitment
by sending out signals to the neurons in their niche. They also provide cues for guiding axon
growth to make sure axons can be projected to their proper targets in a complex environment.
Finally, glial cells, in the form of oligodendrocytes or Schwann cells, play a significant role in
allowing nerve cells to carry signals more efficiently. Schwann cells are specialised cells that
coat neuron axons and produce the myelin sheath which is crucial for insulating an AP as it

propagates down the axon to ensure the loss of basal signal over time is minimized.

Together, neurons and glia comprise the nervous system, a system that is crucial for
vertebrate function. Most importantly, the nervous system is required for communication
between organs and tissues in a very precise manner and at great speeds. Over evolution its
role has expanded, and it is now responsible for several complex modalities including systems

of behaviors and information processing.
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1.3 Vertebrate CNS development

1.3.1 Early nervous system development in vertebrates

The development of the nervous system in vertebrates starts with formation of the
neural plate. The neural plate is a transitory structure defined by ectodermal cells which align at
the centre of the dorsal side of a developing embryo. During embryogenesis, a longitudinal
groove of the neural plate deepens and ridges on each side of the plate (neural folds) become
elevated before meeting and forming the neural tube. This process of neurulation is extremely
complex and involves over 300 genes in mammals (Reviewed in Nikolopoulou et al., 2017).
After neurulation, the neural tube pinches off from the surrounding epidermal tissue to form a
neural and an epidermal layer. The cells on either side of the roof of the neural tube, called
neural crest cells, undergo an epithelial to mesenchymal transition. These cells will migrate

away and ultimately become various cell types including those of the PNS.

The neural tube will subsequently differentiate over early embryogenesis into four
major areas — the prosencephalon (forebrain), the mesencephalon (midbraind), the
rhombencephalon (hindbraind) and the spinal cord. This process is broadly achieved in three
ways as summarised by Gilbert (2000). First, anatomical shifts of the neural tube lead to bulges
and constrictions that will form the chamber of the proto-brain and spinal cord. Second, cellular
populations within the walls of the neural tube rearrange themselves to form a series of
progressively restricted and specialised domains. And third, neuroepithelial cells differentiate
into the various cell types present in the CNS. These processes are largely driven by gradients of

transcription factor expression and morphogens that occur along both an anterior-posterior
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and a ventral-dorsal axis. An illustration of the four major zones of the early developing human

CNS are shown in Fig. 1.2
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Figure 1.2 Schematic representation of the embryonic vertebrate brain. These regions will

further differentiate during embryogenesis into sub structures within each protogroup.
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1.3.2 Vertebrate brain development

The development of the brain is particularly complex due to the many structures that
have evolved unique roles over time. After the neural tube gives rise to the forebrain, midbrain,
and hindbrain, each of these segments further complexifies during embryogenesis. The
forebrain first divides into the telencephalon and the diencephalon; the hindbrain divides into
the metencephalon and myelencephalon while the midbrain remains undivided for some
period of time during neural development (The molecular pathways governing early brain
development regionalisation are reviewed in Kiecker & Lumsden, 2005). The telencephalon and
diencephalon further subdivide into much more specialised regions. The Diencephalon notably

becomes the thalamus and the hypothalamus.

The telencephalon has the most complex embryogenic path because it is responsible for
giving rise to several brain regions involved in complex tasks and behaviors with equally as
complex neural topologies. The developing telencephalon contains two regions of highly
proliferative cells, the dorsal telencephalon and the ventral telencephalon. The dorsal
telencephalon expresses transcription factors like Pax-6 and will give rise to the cerebral cortex
and the hippocampus (Caric et al., 1997; Warren et al., 1999). The ventral telencephalon, the
region that will be the focus of this dissertation, is marked most notably by expression of Nkx
gene family members (Price et al., 1992). Crucial to this study is the expression of Dix
transcription factors in the ventral telencephalon during mid gestation (Dollé, Price & Duboule,

1992).

The ventral telencephalon is important for establishing a lot of the interneurons that
populate the brain including those found in both the striatum and the cortex. The ventral
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telencephalon is known to contain two regions of proliferation. First, is the ventricular zone (VZ)
which is only found during embryogenesis. Second is the subventricular zone (SVZ) which
persists after embryogenesis and remains a zone of neurogenesis even in the adult brain
(neurogenesis in the adult brain SVZ is reviewed in Alvarez-Buylla & Garcia-Verdugo, 2002). In
midgestation the ventral telencephalon is anatomically marked by clusters of cells which bulge
from the ventricular space called the lateral, medial and caudal ganglionic eminences (LGE,

MGE, and CGE respectively) so named based on their location within the SVZ

During telencephalic development neurons become post mitotic within these
proliferative zones of the VZ or SVZ or within the dorsal telencephalon. They then migrate
towards the mantle zone (MZ) and differentiate. Most of these migrations are radial; as such
most neurons within a given region are derived from the most proximal prolferative zone
(O’Rourke et al., 1992). However, in some instances, cells migrate tangentially, as is the case of
several cortical interneurons. These neurons are born in the VZ as radial glia cells that then
migrate to the neocortex during gestation (O’Rourke et al., 1992; O’Rourke et al., 1995). As they
migrate, they become more specialised and commit to location dependent fates. These
tangentially migrating cells are of special interest in this thesis. A schematic representation of a

mouse coronal section indicating the major areas of the telencephalon is presented in Fig. 1.3
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Figure 1.3 Schematic representation of a coronal section of a mouse telencephalon at E13.5.
Schematic includes the ventral and dorsal telencephalon regions. The red arrows and dashed
arrows indicate the direction of radially migrating neural progenitors, and tangentially
migrating neural progenitors respectively. APE= anterior entopeduncular area, H =
hypothalamus, LGE = lateral ganglionic eminence, LP = lateral plate, MGE = medial ganglionic

eminence, POE = preoptic area.
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1.3.3 Tangential migration in the forebrain of mammals

The tangential migration of interneurons is a complex cellular process. Tangential
migration is reviewed in Marin and Rubenstein (2001). These neurons move in a path that is in
congruent with the brain surface in a matter than defies the conventional boundaries of the
developing brain, typically in a MGE-LGE-destination directionality. This migration requires a
wide range of guidance cues including SLIT1/2 (Marin et al., 2003). One explanation for how
tangential migration occurs involves the activity of another group of cells called “corridor cells”
first described by Lépez-Bendito and colleagues (2006). Corridor cells migrate from the LGE to
the MGE and embed themselves in the mantle zone. Here they provide a permissive corridor
for the cells migrating to the neocortex as well as the growth of thalamocortical axons which
extend from the striatum to the neocortex via the release of certain guidance signals, including

but perhaps not limited to NRG1.

1.3.4 GABAergic neurogenesis in the forebrain of mammals

GABAergic neurons are neurons that release the neurotransmitter GABA and are hence
- as previously mentioned - are predominately inhibitory in nature. GABA is a neurotransmitter
synthesized by the enzyme glutamic acid decarboxylase (GAD). GABAergic cells directly convert
glutamate into GABA using one or two potential GAD isoforms, GAD65 and/or GAD67; often
referred to as GAD1 and GAD2 respectively (Kaufman, Houser & Tobin, 1991). Recently a newly
discovered GAD3 isoform was discovered in some hominids via sequence synteny (Grone &

Maruska., 2016).
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The GABAergic interneurons that populate the cortex are among these neurons born in
the GEs of the ventral telencephalon. During development these cells migrate and differentiate
tangentially towards the neocortex. Indeed, approximately 70% of the total interneurons in the
neocortex are derived from the MGE (Miyoshi et al., 2010) Other GABAergic neurons born in
the GEs also migrate to other structures including a much shorter tangential migration into the

striatum (Lopez-Bendito et al., 2006; Stopczynski, Poloskey & Haber, 2008).

Functionally, the cortical GABAergic interneurons principally play a role of modulating
cortical circuitry. Defects in these neurons have been associated with several disorders
including autistic spectrum disorders (ASD), schizophrenia and epilepsy among others. These
disorders are largely due to electrophysiological impairments in the cortex —in short, a lack of
proper signal inhibition. The genetics and function of neocortical GABAergic interneurons is

reviewed in Rossignol (2011).

1.4 DIx homeobox genes

1.4.1 Overview of homeobox genes

Homeobox genes are a group of genes that are responsible for controlling the pattern of
body formation during embryogenesis. These genes largely share a DNA binding motif known as
a homeodomain, coded by a DNA motif named the homeobox. The homeodomain contains a
helix-turn-helix motif that contacts the DNA through the major groove with a 3 base-pair-
periodicity (McGinnis et al., 1984b; Fongang et al., 2016). The homeobox motif is approximately
180 bp (around 60aa in the homeodomain) and was first discovered in the Drosophila HOM-C

genes (McGinnis, et al., 19844, b; Scott et al., 1984). The DNA target of these proteins largely
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contain a tetranucleotide ATTA core-motif downstream of a GG dinucleotide (Kissinger et al.,
1990). The homeodomain also contains an N-terminus tail that is believed to drive specificity of
the homeodomain to its target DNA sequence (Qian et al., 1994). Homeobox genes are well
conserved across the kingdom animalia and are found in species ranging from sponges (Seimiya
et al., 1994) to humans (Levine et al., 1984). In general, homeobox genes are responsible for
patterning the embryo and specifying the body plan. They play a vital role in development and
deletions or mutations in these genes can lead to gross changes in morphology, changes

broadly referred to as homeotic transformations (Emerald & Roy, 1997).

Several homeobox genes are grouped into clusters and are often found to have several
paralogs with a high degree of sequence identity. The prevailing theory on homeobox genes is
that they largely arose from duplication events of a primordial homeobox gene set, explaining
the large degree of sequence identity of both coding sequences, and in some cases cis
regulatory elements that regulate them. Homeobox gene evolution is reviewed by Duboule
(2007). Interestingly, these genes are often organized colinearly, meaning their position on the
chromosome 3’-5’ correlates with their expression domains along the anterior to posterior (AP)
axis (Gaunt 1988). This phenomenon is best observed in the Hox genes which contain a very
large number of clusters and paralogues and whose expression domains in the anterior to
posterior direction are directly proportional to their position within a cluster 3’-5’ (Gaunt et al.,
1986; Gaunt 1988; Duboule & Dollé, 1989). The evolutionary explanation for the presence and
maintenance of collinearity amongst Hox genes is not readily transparent but may be a result of
widespread sharing of cis-regulatory elements as well as chromosomally dependent silencing

effects during development occurring in a 3’-5’ direction, as proposed by Gaunt (2015).
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1.4.2 DIx gene overview

The DIx genes of vertebrates are the orthologues of the Drosophila Distal-less (DIl)
genes; genes responsible for specifying distal structures in the developing embryo. In
Drosophila, the DIl gene was so named because loss of its function perturbed proper
morphogenesis of the distal units of the organism, including the antenna and the later tarsal
segments (Cohen et al., 1989; Dong, Chu & Panganiban 2000). In vertebrates there are 6 Dlx
genes whose expression is largely restricted to embryogenesis. The profiles of homeobox gene
expression in embryonic and adult tissues is examined in Dunwell and Holland (2016). These
genes have been implicated in the development of several structures that are broadly distal to
the organism including but not limited to: the craniofacial skeleton (Robledo et al., 2002),
dentition (Thomas et al., 1997), limbs (Bulfone et al., 1993), and sensory afferents (Kaji &
Artinger., 2004). This thesis will focus on the rather abundant expression of these genes in the

forebrain (Dollé, Price and Duboule, 1992).

1.4.3 DIx function in the telencephalon

In the telencephalon of mammals, 4 of the 6 Dix genes are expressed, specifically - DIx1,
DIx2, DIx5 and DIx6. In the GEs, expression of the DIx genes occurs in this order: DIx2 = DIx1 =
DIx5 - DIx6i (Eisenstat et al., 1999). DIx expression domains are visualised in Fig. 1.4. Some
evidence suggests DIx1, DIx2, DIx5 and DIx6 expression continues into adulthood in the cortex
of mammals; however, the role of Dix genes in adulthood has not been as well characterised as

their roles in development (Saino-Saito, Berlin & Baker, 2003; Wang et al., 2010).
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The majority of what we have learned about DIx genes function in the telencephalon
comes from the production of mice which lack one or multiple DIx genes. Mice which lack
either DIx1 (DIx17") or DIx2 (DIx27") activity have relatively normal forebrains during
development (Qiu et al., 1995). This phenomenon has been suggested to be a consequence of
functional redundancy of DIx1 and DIx2 genes which is further given credence by the fact that
the two genes are expressed in the same cells during cellular differentiation (Eisenstat et al.,
1999). Postnatally, DIx17- mice show specific differentiation changes in interneuron populations
such as reductions of calretinin* and somatostatin®* GABAergic interneurons in the forebrain
(Cobos et al., 2005) indicating that DIx genes are important in the development of GABAergic
interneurons. On the other hand, DIx27- mice are more similar to their wildtype (WT)
counterparts save for a subset of cranial neural crest cells that are re-specified (Qiu et al.,
1995). Double mutant mice lacking both DIx1 and DIx2 fail to develop GABAergic interneurons
in the neocortical, hippocampal and olfactory regions of the brain, but do have neurons
migrating to the striatum (Anderson et al., 1997a; Anderson et al., 1997b) These mice also have
an accumulation of neurons within the proliferative zones of the ventral telencephalon
(Anderson et al., 1997b). Lastly, these mice also display reductions in expression of DIx5

suggesting that DIx1 and DIx2 are potential activators of DIx5 (Anderson et al., 1997a).

Removal of DIx5 activity is lethal in early postnatal development (Acampora et al., 1999;
Depew et al., 1999). A proportion of these mice, about 28%, have exencephaly and as such the
brains of these mice are hard to study in late embryogenesis (Depew et al., 1999). Mice
without both DIx5 and DIx6 activity have an even more severe phenotype than mice without

DIx5 alone (Robledo et al., 2002). These mice have normal telencephalic patterning in early and
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mid gestation, but the migration of some GABAergic interneuron populations is perturbed once
again linking DIx activity to GABAergic interneurons. Indeed, these mice display a significant
reduction in the number of mature parvalbumin* GABAergic neurons in the neocortex (Wang et
al., 2010). These mice ultimately die between E18.5 — P1 due in part to severe exencephaly
(Robledo et al., 2002). Moreover, the heterozygous deletion has only a very mild phenotype

suggesting dose specific activity of these genes (Robledo et al., 2002).

Studies in cultured cells have also been performed to elucidate the role DIx5 and DIx6
may play in later stage neurogenesis. Cultured neural stem cells (NSC) from newborn mice
devoid of DIx5 function have been shown to have reduced capacity to generate neurons, but
neurons derived from E12.5 embryos do not have any difficulty generating neurons (Perera et
al., 2004). Rescue experiments involving forced DIx5 overexpression in cultures of newborn
NSCs restored neurogenic potential. Together, these results further suggest that DIx5 and DIx6
play a role in late-gestation and early postnatal neurogenesis from the ventral telencephalon
but not during early gestation. Earlier neurogenesis from the ventral telencephalon may be
more dependent on DIx1 and DIx2 activity, a model that is sensible given the earlier activation

of DIx1 and DIx2.

In addition to the information gleaned from removing the activity of Dix genes, as well
as DIx expression in NSCs, several pieces of evidence in the literature suggest that DIx genes are
vital for the establishment of the GABAergic identity of a large number of interneurons. Firstly,
the DIx expression domains overlap with those of Gad and Mash1 (Ascl1) linking their
expression spatially with the first GABAergic progenitors in the GEs (Porteus et al., 1994). It has

been shown that DIx5 and DIx2 are able to induce ectopic GABA expression in coronal brain
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slices (Stiihmer et al., 2002a). More interestingly it has also been demonstrated that Dix genes,
specifically DIx1 and DIx2, directly activate the transcription of both Gad isoforms in GABAergic

progenitors (Le et al., 2017).
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Figure 1.4 DIx gene expression in the E12.5 mouse telencephalon (Panganiban & Rubenstein,

2002).
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1.4.4 DIx chromosomal organization

The DIx gene structure is well reviewed by both Panganiban & Rubenstein (2002). Some
of the key points are highlighted below. Dix genes in vertebrates are chromosomally organized
in bigene clusters. In mice and humans, there are 3 clusters — DIx-1/2, DIx-5/6 and DIx-3/4
(previously DIx7/8). Each cluster is on a discrete chromosome linked to a corresponding Hox
gene cluster; for instance, the DIx1/2 cluster located on chromosome 2 in mice and humans is
syntenic to the Hoxd cluster (McGuinness et al., 1996). Each DIx cluster is composed of two
convergently transcribed genes, meaning the 5’ to 3’ transcription of the two genes is
convergent. The DIx genes of mice and humans and contains a common structure — 3 exons and
2 introns, with the homeodomain being split between the 2" and 3" exon (Price et al., 1991;
McGuinness et al., 1996; Ellies et al., 1997; Liu et al., 1997). Each cluster contains a central
intergenic region of approximately 8-10Kb in length. These intergenic regions are known to
contain some important cis regulatory elements, or CREs (Zerucha et al., 2000; Ghanem et al.,

2003). Each intergenic element is approximately 250-450bp in length.

The DIx genes contain a high degree of sequence conservation between species,
especially in the homeodomain. More interestingly, there is also a high degree of conservation
between the intergenic enhancers of various species (Zerucha et al., 2000) There is however,
very little similarity between enhancers within the same species). Much like general Hox gene
evolution, the current model of explaining DIx gene evolution is based upon a tandem
duplication to produce a cluster followed by duplication events tied to the generation of the

four Hox clusters, preceded by steady divergent evolution (Stock et al., 1996). This evolutionary
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model helps explain why the bigene clusters are similar between organisms but not between

each other.

Since this thesis focuses on DIx genes expressed in the forebrain, the organization of the
DIx5/6 and DIx1/2 bigene clusters is of special interest here. The DIx1/2 bigene cluster is
marked by the presence of two intergenic enhancers 112a, and 112b; the latter of which has
been implicated in DIx expression in the forebrain along with another regulatory element
upstream of DIx2 called URE2 (Ghanem et al., 2003). The DIx5/6 bigene cluster also contains

two intergenic enhancers named 156i, and 156ii which both have forebrain activity.

There is also the presence of the Evf2 gene, coding for a IncRNA, and whose promoter
co-localizes with the 156ii enhancer. Interestingly Evf2 IncRNA has been shown to directly
interact with DIx2 and, in doing so, increases transcriptional activity of the DIx5/6 enhancers
(Feng et al., 2006). Evf2 also been shown to have chromatin remodelling inhibition activity in
complexes with DIx1 and Brg1, as well as acetylation activity to increase acetylation levels at
H3K9, H3K18, and H4K5 at the 156i and 156ii enhancers (Cajigas et al., 2015). Evf2 also affects
enhancer methylation activity through Mecp2 recruitment to methylate the 156i region

(Berghoff et al., 2013). A schematic of the DIx1/2 and DIx5/6 loci is presented in Fig. 1.5.
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Figure 1.5 Schematic representation of the DIx5/6 and DIx1/2 bigene clusters in the mouse.
Note the presence of the Dix intron exon-structure and the location drawn to scale of the
intergenic enhancers. IncRNA Evf2 whose promoter overlaps with the 156ii enhancer, and
whose second exon is coincident with the 156i enhancer is also drawn. (Taken from Darbandi et

al., 2016)
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1.4.5 DIx regulation through forebrain enhancers

The DIx genes are regulated in a complex fashion by various factors that can interact
with DIx promoters and/or their CREs. As previously mentioned, the picture is made more
complicated by the DIx proteins ability to activate other DIx genes in a time dependent fashion
(Zerucha et al., 1997). The intergenic DIx enhancers have unique forebrain activity wherein they
drive DIx expression in distinct but sometimes overlapping domains of the developing forebrain
during mid-gestation (Ghanem et al., 2003; Ghanem et al., 2007; Zerucha et al, 2000). It is
possible that these cis regulatory elements are capable of driving expression of both flanking
genes, and this may help explain some degree of DIx functional redundancy although this has

never been conclusively demonstrated.

In the DIx1/2 bigene cluster, 112b is active in the forebrain, specifically in the mantle
zone (MZ) and the sub-ventricular zone (SVZ) of the MGE and LGE as demonstrated by reporter
lines wherein mice carry a transgene driven by the 112b element fused to a beta-globin minimal
promoter (Ghanem et al., 2003). URE2 also has activity in the forebrain within the VZ, the SVZ
and the MZ of both LGE and MGEs. 156i has activity in a similar fashion as 112b but presumably
drives expression of a different set of Dix genes. 156ii activity on the other hand is restricted
mostly to the deep MZ and the striatum, especially later in gestation, indicating that I56ii
corresponds to DiIx expression in the striatum and not in the neocortex (Ghanem et al., 2003;
Ghanem et al., 2008). A summary of these findings is provided in Fig. 1.5. Our lab further
demonstrated that these enhancers ultimately label discrete populations of cells in the adult

cortex (Ghanem et al., 2007).
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Figure 1.6 Activity of Dix forebrain enhancers illustrated by LacZ reporter constructs. Staining is

performed on coronal slices of E11.5 and E13.5 transgenic mice. (Adapted from Ghanem, 2007).
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Our laboratory has gained a lot of insight into DIx regulation via the deletion of
enhancers 156i, 156ii, and [12b. Deletion of each one of these enhancers results in mild
phenotypes, and in all cases homozygous mice are fertile, viable, and display no gross changes
in anatomy or morphology. I56i null mice displayed reduced expression of DIx5 and DIx6,
slightly increased expression of DIx1 and normal levels of DIx2 compared to their WT
littermates (Esau, 2013). These mice also show significant reductions in Gad expression, but we
were unable to detect any significant changes in GABAergic subtype populations at P35 (Esau,
2013; Darbandi 2014; Zhou, 2017). I56ii”- mice show a similar trend in expression patterns and
exhibit impaired expression of striatal markers like Islet1 further solidifying I56ii’s role in
directing DIx expression to the striatum (Fazel Darbandi et al., 2016). 112b”" null mice, on the
other hand, have moderately reduced expression of DIx1 and DIx2 but retain relatively normal
levels of DIx5, DIx6, and Gad suggesting that 112b may not contribute to driving expression of
these genes in the ventral telencephalon as significantly as another regulatory region, like URE2

(Yu, 2011).

Our lab has also had an interest in understanding if the DIx CREs and promoters were
able to crosstalk with each other or interact with CREs or promoters on another Dix cluster in
trans. We have postulated that these interactions may go beyond the sharing of RNA Pol Il
occupancy between an enhancer and the promoter it is proximal to, and this may further
explain some degree of how DIx1/2 expression can affect DIx5/6 expression. To examine this
we preformed some chromosome confirmation capture (3C) experiments that are able to
detect if there are 3D interactions occurring between regulatory elements. While the data is

limited, we do find some evidence of interactions between the DIx1 promoter and CRE 156i in
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E13.5 ventral telencephalon suggesting that the transcription of DIx1 could be linked to 156i

activity despite its traditional association with DIx6

1.4.6 DIx regulation through transcriptional activators

Our group and others have determined various activators of DIx genes. One such gene is
Mash1 (Ascl1) which has been demonstrated to activate DIx1/2 expression via interactions with
the 112b enhancer (Poitras et al., 2007). The important developmental signaling molecule Sonic
hedgehog (Shh) has also been shown to be involved in the activation of DIx2, DIx5 and Evf2
expression in the forebrain (Feng et al., 2006). We have also shown that the general
transcription factor 2i (Gtf2i) binds to the I56i enhancer in an ultraconserved region (Poitras et
al., 2010). SNPs in this region dramatically reduce Gtf2i binding. Interestingly GTF2I is hemi-
deleted in human patients who suffer from a rare neurodegenerative condition called Williams
Syndrome (WS). We have shown that mice with 156i deletions, and more strikingly with
156i/112b double deletions show several behavioral phenotypes that correspond to WS
syndrome including increased fear and anxiety and deficits in learning/memory linking the

importance of DIx genes to neurodevelopmental disorders (Zhao, 2017).
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2 Statement of inquiry

The regulation of DIx genes has been studied extensively at the level of the genome;
however, very little work has been done to understand how DIx genes may be regulated at the
level of the chromatin. We postulate that DIx CREs likely play a multifaceted role in regulating
DIx genes by conferring specific chromatin profiles to the genes that flank them. These effects
may be especially significant because the CREs are so close to the genes and thus the enhancer

and promoter profiles of the clusters may influence each other.

Since DIx genes exhibit complex regulatory networks, we expect a relatively dynamic
chromatin landscape with permissive chromatin marks in tissues that express Dix. We believe
that the establishment of an epigenetic signature that pervades the bigene clusters may help

explain how DIx expression is fine-tuned in the ventral telencephalon.

To address this question, | used both in silico (ENCODE) and in vivo (ChIP-qPCR) methods
to understand the chromatin landscapes of the DIx1/2 and DIx5/6 bigene clusters at various
points in development. | studied the chromatin landscapes of the Dix clusters during
midgestation in ganglionic eminences isolates when the DIx genes are robustly expressed, and a
high degree of tangential migration is occurring. To understand what effects the enhancers may
play on conferring epigenetic regulation, | studied wildtype mice and compared them to mice
which have targeted deletions of the I56i, 156ii and 112b enhancers. | examined some of the
most abundantly enriched histone modifiers corresponding to enhancer and promoter
elements — namely; H3K4me1, H3K4me3, H3K27Ac and H3K27me3 to observe what histone

residues were modified, and if these CREs were important in maintaining these profiles. Finally,
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| used gRT-PCR to tease out genotype and development specific changes in some key histone
modifying enzymes to understand if changes in DIx expression levels correlate with changes in
expression of these histone modifier genes, or if changes in enrichment levels of modified

histones are a consequence of localization or recruitment effects.
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3 Materials and methods

3.1 Mouse husbandry

3.1.1 Housing and breeding

Adult mice of various genotypes were housed in ventilated cages with siblings of the
same sex not to exceed 4 mice per cage. Mice were fed a standard diet of basic pellets and
were given water bottles that were replaced once a week. The mouse facility lighting is on an
automatic schedule of a 12 hour light/dark schedule and is maintained at 25°C. For breeding;
mice selected were between 9 weeks — 26 weeks of age and did not share any parents. All
protocols used in this study were approved by the University of Ottawa’s Animal Care Ethics
Community. The mice are further looked after by members of the University of Ottawa’s ACVS
to check for general health and mortalities. Fighting or problematic mice are separated and

placed in individual cages when the need arises.

3.1.2 Weaning and ear-tagging

Mouse pups were weaned at approximately 21-24 days postnatal. Individuals of the
same sex with the same parentage were housed in the same cage up to a maximum of 4 mice
per cage. To mark the mice, each weaned mouse had its ear-tagged and was given a unique
number so its genotype could be tracked over-time. To genotype juvenile mice, a small piece
(about 3-5mm) of the distal tip of the tail was removed and placed in a 1.5mL Eppendorf tube 1
week after weaning. The tail piece was stored at -20°C until genotyping was completed (see

3.4).
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3.2 Generation of mutant mice

Mice with targeted deletions of 156i, 156ii and 112b were generated at the Transgenic
Mouse Core Facility at McGill University using homologous recombination in Embryonic Stem
(ES) cells. The production of recombined ES cells was done in the Ekker laboratory by former
post-doctoral fellow Luc Poitras. To generate these cells, he used homologous recombination
(HR) in a Bacterial Artificial Chromosome (BAC) that contained the mouse sequence of the Dix
cluster and its respective intergenic enhancers. HR was used to replace the intergenic
enhancers with a floxed PGK-neomycin resistant cassette. Successful recombination was
screened using a neomycin plate and confirmed via sequencing. Positively recombinant BACs
were transformed into mouse ES cells and screened. Positive cells were cultured and injected
into a blastocyst which was subsequently implanted into a pseudo-pregnant C57BL/6 mouse.
Some of the pups of this litter were chimeric. Founder mice were identified using PCR and
mated with Sox-CRE mice to remove the neomycin cassette. These mice were outbred with
C57BL/6 WT mice to isogenize the background. Heterozygous mutant mice were mated

together to produce homozygous mice.

3.3 Dissection of ganglionic eminences and tails

GEs from E11.5, E13.5, and E14.5 mouse embryos were dissected in a similar fashion.
First a mating pair of a female and male mouse was generated in the early afternoon. Typically,
mice crossed were heterozygous to produce both WT and homozygous offspring. After

establishing the cross, female mice were checked each subsequent morning for a vaginal plug.
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The appearance of a vaginal plug was taken as EQ.5. Mice were dissected on the appropriate
embryonic day at approximately the same time of day regardless of age. Female mice that were
pregnant were euthanized with CO; followed by dislocation of the cervical vertebrae. To
remove the embryos, the female was cut in the abdomen along the midline to expose the
uterus. The uterus was then removed using dissecting scissors and the embryos were placed in

a 15mL tube containing ice cold PBS.

The embryos were subsequently removed from the uterus using scissors. At this point
the amniotic sac is torn and the embryos are separated from the placenta using fine tweezers.
Each embryo was then placed in an individual labelled well of a 6 well plate containing ice cold
PBS. A small piece of the tail is taken for genotyping (See 3.4). At this point, the embryos are

decapitated and each head is placed in a small Petri dish for finer dissection.

To remove the GEs, the brain was carefully removed from the brain case using tweezers
under a dissecting microscope (Nikon; SMZ1000). The isolated brain was then cut with scissors
to isolate the ventral telencephalon. MGE, and LGEs were isolated together using the tweezers
to peel off the neocortical and striatal tissues surrounding them. Where applicable, as at later
stages of development (E14.5), the CGEs which is caudal to the fusion point of the LGEs and
MGEs was also extracted. Isolated GEs were put into 1.5mL tubes containing PBS and
centrifugated for 5 minutes at 4°C and 1500 rpm in a Sorvall™ Legend™ Micro 21R
Microcentrifuge (Thermo Scientifc™). The supernatant was discarded, and the tissue was flash
frozen in liquid nitrogen. Tissue was stored at -80°C where it could be used for either ChIP or

RNA analysis.
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3.4 Genotyping

Tail tissue from embryonic mice, or from adult mice was genotyped using the Phire
Animal Tissue Direct PCR Kit® (Thermo Scientific™) according to the manufacturer’s
information. PCR conditions were as follows: 98°C for 5m; followed by 40 cycles of 98°C for 5s,
58-63°C for 5s and 72°C for 25s; followed by a final extension step of 72°C for 1Iminute. PCR
reactions were run on a standard 1% agarose gel against GeneRuler DNA Ladder Mix (Thermo
Scientific™). The gel was stained with RedSafe (FroggaBio) and visualized under UV light using

Alphalmager HP system (ProteinSimple). The following primers were used to genotype:

DI56i F - CAGTTCTAAGCAGAGTTCTAG, DI56i R — CTCAGTCAGTCTTCAGAATGG,

DI56ii F - ACGGAAGCAAGACAGGCAAG, DI56ii R - GAGGTGGCTTTGGTGGAGAG,

DI12b F — GGCAAAATGCAATTTTGGGA, DI12b R - GTCTGAAGAACCATCTAACCTG

3.5 RNA analysis

3.5.1 RNA extraction

RNA was extracted from dissected GE tissue using the RNEasy Mini Kit® (Qiagen) with
some modifications. Embryonic tissue was homogenised by vigorous pipetting in 800uL of RLT
Plus Buffer substituted with 1/100 volume B-mercaptoethanol. It was then passed through the
columns according to the manufacturer’s instructions. RNA was eluted using 20uL RNAse free
water pre-warmed to 37°C and quantified using a NanoDrop™ 2000c (Thermo Scientific™). RNA

integrity was analysed by running 300ng of RNA on a standard 1% agarose gel against
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GeneRuler DNA Ladder Mix (Thermo Scientific™). The Gel was stained with RedSafe (FroggaBio)
and visualised under UV light Alphalmager HP system (ProteinSimple). Only RNA samples where

the 28S band was as intense or greater then the 18S band were used for cDNA synthesis

3.5.2 cDNA synthesis and qRT-PCR

cDNA was generated using 500ng RNA using the iScript™ cDNA Synthesis Kit (Bio-rad)
according to manufacturer’s information. Oligonucleotide primers were validated to meet
MIQE guidelines. For a list of primers see Table 3.1. gRT-PCR was run using 5uL 2X PowerUp™
SYBR® Green Master Mix (Applies Biosystems) 0.5uL F/R primer (10mM), 0.5uL H,0 and 4pL
cDNA. The reaction was run on an Eco™ Real-Time (lllumina Inc) machine using the following
conditions: 50°C for 2m, 95°C for 2m; followed by 40 cycles of 95°C 15s, 60°C for 1m. qRT-PCR

Reactions were run in experimental duplicates.

3.5.3 Statistical analysis and data presentation of qRT-PCR data

To generate fold expression values, data was transformed using the Pfaffl method
(Pfaffl, 2001). For normalization, target genes were compared to the geometric mean of two
housekeeping genes — 8-Actin and GapdH which were determined to be experimentally stable
genes between genotypes. Data is presented as mean with error bars corresponding to SD of
the AACqvalues. Statistical analysis was preformed on ACq values using a two-tailed t-test and
an n of 3. Traditional p values demarcations were used wherein: * = p <0.05, ** = p < 0.01, ***
= p <0.001. Multiple comparisons were corrected for using the Holm-Sidak method.

Calculations were preformed on GraphPad - Prism8 software.

-45 -



Table 3.1 — Complete list of primers used for gRT-PCR experiments. Primers were sourced from

the literature and were experimentally determined to meet MIQE guidelines.
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Primer Name

Sequence (5' to 3')

Ezhl F
Ezh1R
Ezh2 F
Ezh2 R
Ashi1l F
Ashll R
Kmt2c F
Kmt2c R
Setd5 F
Setd5 R
Chd8 F
Chd8 R
Hdacl F
Hdacl R
Hdac2 F
Hdac2 R
Hdac3 F
Hdac3 R
Kat2a F
Kat2a R
Kat2b F
Kat2b R
Gapdh F
GapdHR
B-Act F
B-Act R

AAAGTCAACACTTCCCGCTG
CATACAGAGCCTTTGCTCCCA
ACTGCTTCCTACATCCCTTCC
GTGCTGGGTCTGCTACTGTT
GGGCACGAGAAGGATGATGA
TCATGGGTACCTCCCTGTCC
TGTGAACAAGGGTTCCCGAG
GGGAGACAGTGCACATCCAA
GCGTATCACCACTGACCCAA
ATCCAGCGCTTCTTACAGGA
GACCGAGGAGCAGGTTCAAA
TACGGGTGATTGCAGCACTT
TTACTACTACGACGGGGATG
ACCATAGTTGAGCAGCAAAT
ATGGCGTACAGTCAAGGAG
CCATTTTTCGGTATAAACCAT
ATCATGCCAAGAAATTTGAG
AGGTAGAAGGCTTCCTGAAC
GGCTTCTCCGCGAATGACAA
GTTTGGACGCAGCATCTGGA
GACACCAAACAAGTCTATTTCTACCTC
ACCACTGGCCGTGTCATCT
TGCCCCCATGTTTGTGATG
TGTGGTCATGAGCCCTTCC
CTGTCCCTGTATGCCTCTG
ATGTCACGCACGATTTCC
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3.6 In silico ChIP-Seq analysis

Data from Roadmap Epigenomics Project and ENCODE was mined through the ENCODE
portal database and visualized through the UCSC genome browser using the mouse mm10
(GRCmM38) build. Images were generated as PDF files through the browser and edited
appropriately on Adobe lllustrator as advised in the portal. To normalize the data sets,
maximum enrichment levels were set to be the same between all developmental time points of
a given enriched histone. Data were presented as mean data with no error (whisker) bars for
clarity. Data are from the most stable release from the Ren Lab that was published in 2016 and

represents relatively limited (2X) coverage.

3.7 ChIP-qPCR analysis

3.7.1 Isolation of nuclei and histone immunoprecipitation

Native ChIP was carried out similarly to like Magklara et al. (2011) with several
modifications. Tissue was homogenised by vigorous pipetting in 200uL Buffer | (0.3M Sucrose,
60mM KCI, 15mM NaCl, 5mM MgCl,, 0.1mM EGTA, 15mM Tris-HCl pH 7.5) substituted with
0.5mM DTT, 0.1mM PMSF, 1 X Halt™ Protease Inhibitor Cocktail (Thermo Scientific™), and
additionally 50mM Na(CsH;COO) when using a-acetyl antibodies. The homogenate was
centrifugated at 1500xg for S5Smins at 4°C. The pellet was resuspended gently in 100uL Buffer |,
then mixed with 100uL of Buffer Il (0.3M Sucrose, 60mM KCl, 15mM NaCl, 5mM MgCl,, 0.1mM
EGTA, 15mM Tris-HCl pH 7.5, 0.4% NP-40) substituted identically as Buffer I. Lysis is carried out
on ice for 7 mins. The lysed cells are then pelleted at 8500rpm for 7mins at 4°C. Nuclei are

gently resuspended in 200uL Micrococcal nuclease (MNase) buffer (0.32M Sucrose, 50mM Tris-
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HCl pH .5, 4mM MgCl,, 1mM CaCly) substituted with 0.1mM PMSF and 1 X Protease Inhibitor
Cocktail, and 50mM Na(CsH7COO) where necessary . Nuclei are allowed to sit on ice for 30
minutes — 2 hours to facilitate resuspension. Nuclei were counted using a hemocytometer at a
1:25 dilution in a 0.2% Trypan Blue. Micrococcal nuclease digestion was completed using 1uL of
undiluted enzyme MNase (NEB) at 37°C for 3-5mins to produce a population of mono-tetra
nucleosomes (S1 fraction). At E13.5, and E14.5 500,000 nuclei/IP was digested, at E11.5 a whole
pair of GEs (250,000-400,000 nuclei) was digested. Digested chromatin is mixed with 1/20t"
volume 0.5M EDTA and centrifuged for 10mins at 10,000rpm and 4°C. The supernatant is
decanted and placed in a clean 1.5mL tube at 4°C overnight (S1 fraction) The pelleted material,
which is heterochromatin is resuspended in 200uL dialysis buffer (1mM Tris-HCI pH 7.5, 0.2mM
EDTA) substituted identically to MNase buffer and further digested overnight at 4°C on a slow

rocker.

The next day the heterochromatin sample is centrifuged for 10mins at 10,000rpm and
4°C. The supernatant is drawn off (S2 fraction) and combined with the S1 fraction. The volume
in the tube is subsequently adjusted to 700uL with Wash Buffer | (50mM Tris-HCl pH 7.5, 10mM
EDTA. 125mM NaCl, 0.2% Tween, 5mM Na(CsH;COO)) substituted with 1X Protease Inhibitors
and 20mM Na(CsH7COO) when necessary. Chromatin fractions were next incubated with 10uL
Protein A and 10uL Protein G Dynabeads (Invitrogen Life Sciences) that have been resuspended
in 100uL Wash Buffer I/IP at 4°C for one hour to pre-clear the chromatin. After, the chromatin is
removed from the beads and topped up to 1mL with Wash Buffer 1 substituted as above. At
this point, 100uL of the chromatin is put aside as the input fraction (10%). The rest of the

chromatin was incubated overnight at 4°C with one of: 1.5uL of anti-H3K4me3 (07-473;
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Millipore), 2.5uL of anti-H3K27Ac (07-360; Millipore), 2.5uL anti-H3K27me3 (07-449; Millipore),
2.5uL anti-H3K9Ac (ab10810; Abcam), 5uL anti-H3K4me1 (710795; Invitrogen Life Sciences), or
0.75-2.5pL anti-green fluorescent protein (A-11122; Invitrogen Life Technologies). During this
time 10puL Protein A and 10puL Protein G Dynabeads/IP are resuspended in 1mL of Blocking
Buffer (Wash Buffer | substituted with 0.3mg/mL yeast t-RNA, 0.2% BSA) and blocked overnight

at 4°C with gentle rocking.

The following day, the blocked beads are resuspended in Wash Buffer | (100uL/IP)
substituted as above. 100uL of the blocked beads in Wash Buffer | is added to each IP and
incubated at 4°C for 3-4 hours with gentle rocking. The samples are then washed for 5 mins
each in the following buffers: 4 X Wash Buffer I, 3 X Wash Buffer Il (50mM Tris-HCI pH 7.5,
10mM EDTA, 175mM NaCl, 0.1% NP-40, 5mM Na(CsH7COO0)), and 1 X TE pH 8.0). DNA is
stripped from the beads by incubating in 100uL Elution Buffer (10mM Tris-HCl pH 8.0, 1ImM
EDTA, 100mM NaHCO3, 1% SDS) for 15 mins then removing the solution from the beads. This is
done 2 times for a total volume of 200pL. The solution is then incubated at 65°C for 30 mins to
destroy any remaining proteins. Concurrently, the 10% input fraction is thawed and adjusted to
200uL in Elution Buffer. It is also digested at 65°C for 30 mins. ChIP DNA is purified using the
ChIP DNA Clean and Concentrator Kit (Zymo Research) according to manufacturers information
and eluted with 25pL (IP sample) or 250uL (Input fraction). ChIP DNA is diluted 4-fold in ddH.O

before proceeding to ChIP-qPCR
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3.7.2 qPCR on ChiP DNA

ChIP DNA is analysed using the Eco Real-Time instrument. Primers were validated to
meet MIQE guidelines and checked for specificity via running the products on a 2% agarose gel.
Primers used for the various loci are listed in Table 3.2. qPCR was run with 5uL 2X PowerUp™
SYBR® Green Master Mix, 0.5uL F/R Primer (10mM), 0.5uL H20 and 4uL ChIP DNA using the
following conditions: 50°C for 2 minutes, 95°C for 2 minutes; followed by 40 cycles of 95°C for

15 seconds, and 60°C for 1 minute. gRT-PCR Reactions were run in experimental duplicates.
3.7.3 Statistics and data presentation on ChIP-qPCR data

Percentage input was calculated in the following way:

100 * (X(Cq Input-(Logx100))-Cq Sample))

where X equals the efficiency adjusted primer constant. % Input data were analyzed using a
two-tailed t-test comparing mutant to WT data for each line individually. Multiple comparisons
were corrected for using the Holm-Sidak method. Data presented is mean values, and error
bars displayed on graphs are standard error for each data set. N > 2 for all data sets. Precise n
values are listed in each corresponding figure caption. Calculations were preformed on
GraphPad - Prism8 software. Traditional p values demarcations were used wherein: * = p <0.05,

** = p<0.01, *** = p <0.001.
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Table 3.2 — Complete list of primers used in ChIP-qPCR experiments. B-Actin and Hoxc10I2 were
used as positive and negative control primer sets, changing depending on the precise ChIP

experiment preformed. Primers were validated to ensure they met MIQE guidelines.
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Primer Name Sequence (5' to 3')

DIx6 P F TAGGGCCACTGCTTCTGAAC
DIx6 PR TGGAGACTCGGAATAGCCTG
DIXS P F GAGAGCTGAGCAGCCTTTTG
DIX5 PR TTCACGTTTGCAGGAATCTG

I56i F ATTTTTCATGTAGCCCGCTG

I56i R TTGTTTCGCCTTTCCTGTTC

I56ii F ATTGTTTGCACACCCCAGCA

I56ii R CAAAGATGCGCCAGGTCTTGA
DIx1PF TGTTTTGGGGTGTGGAGTGCC
DIX1 PR ATCACTTACATGGGCAAGGCC
112b F CGGCCATTGACAAGCTTGCT
112b R CGCACTGAAAGCCAAATTTGCT
DIxX2 P F CCTTTGGGCTTATAGAGCTCTTCT
DIx2 PR GCTTCCCAAACTACCCACAGAGAT
B-Act F GAATGTGGCTGCAAAGAGTCTAC
B-Act R CTTCGCTCTCTCGTGGCTAGTA
Hoxc10I2 F GGAGTGAGGCATTGGTTGGA
Hoxc10I2 R CCCAGTACAGCAAAGGGTCC
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4, Results

4.1 DIx1/2 and DIx5/6 clusters have relatively stable epigenetic landscapes in the mouse

forebrain during development.

To understand how the DIx1/2 and DIx5/6 chromatin landscapes were shaped in the
developing mouse forebrain, we accessed ENCODE Data from the Ren Lab (2016) and visualised
them on the UCSC genome browser. We choose to analyse an approximately 30Kb region that
includes the Dix genes, the intergenic regions and a stretch of about 10Kb upstream of each
gene to gain a broader sense of how the epigenetic profiles of these loci were situated. We
examined forebrain from WT mice at E11.5, E13.5 and E14.5 These are key developmental
stages during which the ventral telencephalon is producing new progenitor cells that will make
their way towards the neocortex, olfactory bulb, thalamus or striatum. We also examined PO
mice to see if the developmental landscapes of the brain during embryogenesis were
maintained in the postnatal forebrain. We examined the histone marks associated with active
chromatin promoters, H3K27Ac, H3K4me3, as well as active/putative enhancers via H3K4mel.
We also examined H3K27me3 to see if Polycomb repression is involved in silencing Dix
expression in the forebrain during development. We chose to focus our attention to the 1123,
I56i and 156ii enhancers because we have better characterised these enhancers in the context

of forebrain DIx expression.

Firstly, we examined H3K27Ac enrichment which is generally associated with active
chromatin throughout the bigene clusters (Fig. 4.1A, B). During development, in the whole

mouse forebrain, H3K27Ac is abundant with high peaks associated with the gene exons and
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slightly smaller peaks at the enhancers. When comparing developmental time points, we find
that the signal is greatest at E14.5, and its lowest at E11.5 indicating expression of the DIx genes
may be either more highly expressed at this time point, or that the expression domains make
up a larger section of the forebrain. We also note how the enrichment continues upstream of
the DIx6 promoters but not the DIx1/2 and DIx5 promoters. This is likely a consequence of the
IncRNA Evf-2 that is expressed in the forebrain and that has exons upstream of the DIx6
promoter (Fig 1.5). H3K27Ac is found in the PO forebrain as well in a similar distribution pattern

as during midgestation indicating the persistent expression of all the Dix genes.

The permissive H3K4me3 mark (Fig. 4.1C, D) displays a similar profile to that of
H3K27Ac. This mark reaches a slightly higher maximum intensity than the H3K27Ac mark.
H3K4me3 is more restricted to the gene exons and the intergenic enhancers than the rest of
the intergenic regions. Areas in the intergenic region not corresponding to CREs therefore show
lower basal signal than H3K27Ac, whose peaks are a little more broadly distributed across the
whole cluster. H3K4me3 changes little during development but has its maximum peaks at E11.5

and bottoms out at PO in this data set.

H3K4mel (Fig. 4.1E, F) - a mark associated with enhancer elements, is not highly
enriched throughout either bigene cluster. A low level of enrichment (about 4-5X lower than
H3K27Ac and H3K4me3 peaks) pervades the entire locus but it does not show obvious peaks
that correspond to the CREs or to DIx promoters. In this sense H3K4me1 does not demarcate
enhancers in the forebrain. Its enrichment changes very little during development and is found

at a low level both during midgestation and in the postnatal forebrain.
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Finally, H3K27me3 (Fig 4.1G, H), which corresponds to transcriptional silencing, is lowly
enriched throughout the bigene clusters. Much like H3K4mel, its enrichment in the whole
mouse forebrain is persistent throughout the locus displaying no discrimination between gene,
enhancer, and intergenic elements at any studied time point. It has a maximum signal at E11.5
and decreases during mid-gestation towards birth. The enrichment is about 2X than that of
H3K4mel and about 2X lower than H3K4me3. Interestingly, at E11.5 H3K27me3 enrichment is
approximately as abundant as for H3K27Ac, suggesting the existence of a heterogenous cell
population where DIx expression is expressed in one tissue and repressed in another. These
results also indicate the possibility of a bivalent region of chromatin where H3K27me3 and

H3K4me3 are both enriched.
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Figure 4.1 In silico ChIP-Seq of the whole mouse forebrain at E11.5, E13.5, E14.5 and PO.
H3K27Ac enrichment is displayed for the DIx1/2 (A) and DIx5/6 (B) clusters. H3K4me3
enrichment is displayed for the DIx1/2 (C) and DIx5/6 (D) clusters. H3K4mel enrichment is
displayed for DIx1/2 (E) and DIx5/6 (F) clusters. H3K27me3 enrichment is displayed for DIx1/2
(G) and DIx5/6 (H) clusters. Data was acquired from the ENCODE database and visualised on
the UCSC genome browser. Data represent published results from the Ren Lab (2016) mapped
to the most recent mouse genome release (mm10). The data represent at least 2X coverage
and were constructed from libraries containing generally good complexity and little
bottlenecking. Enrichment level scales on the Y axis of each plot. Data presented are average
enrichment. We omitted the whiskers (SD) for clarity. The location of the relevant Dix forebrain

enhancers was annotated manually.
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4.2 DIx epigenetic landscapes in the ganglionic eminences are dynamic during development

and are characterised by the existence of bivalent chromatin

In order to get a better sense of how DIx histone modifications change during
midgestation, we decided to perform our own ChIP-qPCR experiments focusing on the ventral
telencephalon instead of the whole mouse forebrain. In this way, we hope to eliminate some
masking effects produced by studying the whole forebrain which contains many non Dix
expressing tissues. We once again focused on the widely utilized modifications H3K27Ac,
H3K4me3, H3K4mel, and H3K27me3. We focused on areas corresponding to the centre of the
CREs as well as areas located approximately 300-800bp upstream of the first exon for each Dix
gene, that is, in the approximate regions of the DIx promoters. The location of each targeted

area is schematised in Fig 4.2.

We focused our studies on mid-gestation between time points E11.5-E14.5 when the
DIx genes are highly expressed in the GEs and when tangential migration is occurring to direct
progenitor neurons to either the cortex or the striatum. Examining H3K27Ac enrichment (Fig.
4.3A), we found that a low level of enrichment was relatively consistent between E11.5-E13.5
at all the assayed areas but increased at the DIx5/6 cluster significantly at enhancer I56ii and at
the DIx6 promoter, and not significantly at I156i. All of these regions do correspond with the
location of Evf2 which may explain why DIx5 promoter is unaffected. There is also a non-
significant increase in signal at the DIx1 promoter at E14.5 relative to E13.5. but no changes to
DIx2 and the 112b enhancer. Changes in signal at I56ii and DIx6 P approach 300% which seem
like significant gains. Despite increases over development the basal signal of H3K27Ac never

approach’s the same degree of abundance as H3K4me3 or H3K27me3 at each location at E14.5.
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H3K4me3 enrichment (Fig. 4.3B) shows this same trend in increases to enrichment at
E14.5 compared to E11.5 and E13.5. While these increases fail to reach significance, they still
correspond to 2-3X increases across the bigene clusters and represent a much larger raw value.
Of the two active chromatin marks, H3K4me3 signal is much greater than H3K27Ac signal at all

locations in the clusters and at all points during development.

In line with the in-silico findings, we also find that H3K4mel enrichment is of very low
abundance compared to H3K4me3 throughout both bigene clusters (Fig. 4.3C). Indeed, at most
times H3K4mel levels are only slightly higher than the negative control region corresponding to
an intron of the Hoxc10 gene. Moreover, for the most apart, save for one exception, the
H3K4mel mark fails to meaningfully distinguish enhancers from promoters. The one exception
is a curious but non-significant increase at the 156ii region at E13.5 of about 300% which
subsequently returns to approximately E11.5 levels just one day later. The local spike of
H3K4mel at this time could be a consequence of high 156i activity between E11.5-E13.5 in the

GEs.

Curiously, H3K27me3 enrichment increases significantly at all points across the loci
between E13.5-E14.5 but not between E11.5-E13.5. This H3K27me3 trend then corresponds to
the same trend observed in H3K4me3, that is H3K4me3 also increases at E14. This trend is
known as bivalent chromatin. In fact, if one examines more closely the ratio of K4/K27 modified
chromatin we find that the increases at E14.5 slightly favour the H3K27me3. Despite H3K4me3
predominating at E14.5 its relative abundance compared to K27 is marginally reduced. It is not
readily transparent if changes to the ratio are immediately significant or if this trend

corresponds to any changes in expression that are occurring at E14.5 versus E13.5. When
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comparing the in-silico data set to this one there is a discrepancy in the developmental trend.
The whole forebrain data indicates a general decrease in H3K27me3 but increase in H3K4me3
indicating a larger K4/K27 ratio. Again, we cannot preclude the possibility of masking effects
due to heterogenous tissue sources making the direct comparison of these two data sets

limited.
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Figure 4.2. Graphical representation of the targeted regions of the DIx1/2 and DIx5/6 bigene
clusters. Each arrow point to the centre of a region of approximately 80-140bp region that was
amplified via gPCR. We chose regions in the direct centre of the CRE or a segment 300-800bp

upstream of the first exon of the closest gene to represent the gene’s promoter.
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Figure 4.3. Histone enrichment at the DIx5/6 and DIx1/2 bigene clusters in the mouse GE during
midgestation. ChIP-qPCR Data corresponding to H3K27Ac A), H3K4me3 B), H3K4me1l C) and
H3K27me3 D) at E11.5 (black), E13.5 (brown), and E14.5 (blue). Data are presented as % Input
using a 1% input control (mean * SE). Negative control is an intron of Hoxc10 for all histones
except H3K27me3 which used the B8-actin promoter as a negative control. N > 3 for A, C, D and
= 2 for B. Statistical results were calculated using a two tailed t-test on % input values. ns = non

significant, * = p <0.05, ** =p <0.01, *** = p <0.001

-64 -



1.0+

% Input

0.5+

0.8=

0.6=

% Input
[=]
i

0.2=

ns

[ [

1

1

o

T

ns

- |1

[-r

H E115
E13.5
E14.5

i1-'r T]
=1
T L]

a1

Dix1 P

Dix1P

T

iTll
L L L L

1M2b DIx2 P DIx6 P

I56i I56ii DIxX5P -C
ns
m EN115
E13.5
E145
17 |

T

TTTi
hpoac B0 W0 o oan

M2b DIx2P DIx6 P

1
1561 1561l DIx5P -C

- 65 -

10= ns
a—
ns B E15
"g_ € E135
£ ; ns E14.5
X 2
] ns T
2= T T
L g i I
- P
L | T i| T T T T
Dix1P M2b DIx2P DIx6P I56i I56ii DIx5P €
4=
*
3-
£ ‘{
- bl m E11.5
= T *H
-4 E13.5
24 ™ T E14.5
EE T T
ok
1= *
T
I
| A Tl
D-'-I T T i| T i| .I | .
Dix1P I112h DIx2P DIx6 P 1561 1561l DIx5P -C



4.3 During midgestation the levels of most histone modifying enzymes and chromatin re-

modellers are static in the GEs.

We next sought to understand if any of the changes in histone enrichment observed
during midgestation were a consequence of recruitment-specific effects or of changes in tissue-
specific levels of histone modifying enzymes over time. To do this we performed qRT-PCR on
RNA isolated from the ganglionic eminences at E11.5, E13.5 and E14.5 in WT mice (Fig. 4.4). We
found that transcript levels for one histone deacetylase, Hdac1, decrease by approximately 50%
(p =0.31) between E11.5 and E13.5 and remain at this level at E14.5. Acetyltransferase Kat2b
also experiences a decrease in expression by nearly 40% specifically between E11.5 and E13.5
(p = 0.005), but expression levels go back up at E14.5 to approximately the same levels
observed at E11.5. Decreases in expression of both a histone deacetylase and a histone
acetyltransferase would be broadly antagonistic; and subsequently it seems likely that changes
in modified histone enrichments during development are not a consequence of tissue level
changes in expression of the modifying enzymes, but rather of changes in the recruitment of
the modifiers to the chromatin. Expression of various histone modifiers including
acetyltransferases Kat2a, Polycomb group proteins Ezh1 and Ezh2, methyltransferases Kmt2c,
Ash1l, Setd5, and the histone remodelling gene Chd8 remain roughly equivalent in the GEs
during midgestaiton. We note that there are many more potential modifiers that we did not
target including tissue specific modifiers, and thus we cannot exclude the possibility that an
untargeted methyltransferase, for example, is being upregulated between E11.5-E14.5 in the

GEs.
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Figure 4.4 Changes in histone modifying enzyme expression during midgestaiton in the GEs.
gRT-PCR was preformed on isolated GEs from E11.5 (black), E13.5 (blue) and E14.5 (yellow) WT
mice. Expression values are given as relative expression to a geometric mean of GapDH and 8-
Actin and presented as mean + SD. N = 3. Statistical analysis was done via a two tailed t-test on

ACq values using Holm-Sidak multiple comparisons method. * = p <0.05, ** = p <0.01
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4.4 CREs confer developmentally specific histone profiles to the Dix bigene cluster in the GEs

In order to understand how the DIx CREs may shape the chromatin profiles of the Dix
clusters in the forebrain we preformed ChIP-qPCR experiments during midgestation on mice
that had a targeted deletion of on of their Intergenic CREs and compared them to their WT

littermates.

We first examined H3K27Ac (Fig. 4.5A), and H3K4me3 (Fig. 4.5B) activating marks in
E11.5 embryos. At this time the DIx genes are broadly expressed in WT mice, but significantly
altered in the CRE mutant mice our lab has characterised (Fazal Darbandi, 2016; Esau, 2013).
Some of the changes we have observed in mice are genotype specific, but broadly these mice
experience changes in their DIx expression, as well as in the expression of some downstream
targets. Accordingly, we examined the GEs of mice that were missing 156i (AI56i), 156ii (Al56ii)
and 112b (Al12b) and compared each of these mutants to the WT and in doing so provide a

genotype specific relationship between each CRE and the native chromatin state.

We found that, at E11.5, deletion of the intergenic CREs did not significantly alter
enrichment of H3K27Ac at any point in the locus. Levels of H3K27Ac mark remained extremely
low relative to H3K4me3 indicating that at E11.5 disruption to the CREs does not affect Dix

H3K27 acetylation. (Fig. 4.5A).

On the other hand, some changes in H3K4me3 are observed across the different
genotypes. Deletion of enhancer 156i leads to mild increases in H3K4me3 enrichment at the
DIx1, DIx2, and DIx6 promoters by about 200%. However, these increases fail to reach

significance. Meanwhile, deletion of 156ii leads to an opposite trend with decreases in H3K4me3
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at the promoters of DIx1 (ns), DIx2 (p = 0.042), DIx6 (p = 0.006) and DIx5 (ns). Interestingly,
Al12b H3K4me3 levels are unchanged from the WT levels. Decreases in H3K4me3 correlate with
the decreases in expression of DIx5 and DIx6 in Al56ii mice but not with the increase in DIx1 or
stasis of DIx2 expression in these mice (Fazal Darbandi et al., 2016). Likewise, the mild
increases in H3K4me3 in AI56i mice correlate with increases in DIx1 but not with the decreases

observed in DIx5 and DIx6 expression (Esau, 2013).

Taken together, the changes to chromatin observed at E11.5 that differ between all
three genotypes suggest that the precise levels of H3K4me3 do not directly correlate with
expression levels of these genes. It is possible other activating chromatin marks, like HK36me3
which is deposited in the wake of RNA Pol Il binding may change their profiles in a manner that
does reflect the transcriptomic changes, but we have not teased this out. Instead it seems as
the CREs are important in establishing a stable epigenetic signature and the consequence of
removing enhancer activity is a broader change to chromatin signature than a simple reflection

of expression dynamics.
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Figure 4.5 Histone enrichment at E11.5 in WT versus DIx CRE mutant mice. ChIP-qPCR of E11.5
ventral telencephalon for H3K27Ac A) and H3K4me3 B) on WT (black), Al56i (pink) Al56ii (green)
and Al12b (purple) mice. Data are presented as %Input and normalised to the negative control
region (Hoxc1012) Data are presented as mean + SE, n > 2. Statistical analysis was done via a
two tailed t-test on normalized %Input values using Holm-Sidak multiple comparisons method.

*=p<0.05, **=p<0.01
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Next, we once again looked at histone modifications H3K27Ac (Fig. 4.6A), H3K4me3 (Fig.
4.6B) in E13.5 mice, that is, slightly later into gestation, to see how alterations in CRE mutant
mice have changed at this stage of development when neurogenesis in these regions is
occurring. We also looked at H3K4mel (Fig. 4.6C) enrichment due to increases in H3K4mel

enrichment at I56i and 112b in E13.5 embryos versus E11.5 WT embryos.

When examining H3K27Ac levels, we found that, unlike at E11.5, E13.5 embryos show a
significant decrease in H3K27Ac enrichment (Fig. 4.6A) of about 75 (p = 0.036) exclusively at the
I112b enhancer in Al56ii mice. These changes do track with the observed decrease in Dix1
expression in these mice Curiously levels also go up by about 50% (ns) at 156ii in AI56i mice. This
is one of the few examples of an increase in enrichment that we observed between WT and
mutant mice. These data indicate that the 156i and 156ii enhancer may play a role in shaping

enhancer acetylation at E13.5

When examining H3K4me3 enrichment, a decrease in enrichment at DIx promoters is
still observed in AI56ii mice, as it was at E13.5. At this time point however, the decrease in
H3K4me3 now is also found at the 112b and 156i enhancer. (Figure 4.6 B). It is interesting that
the changed in H3K4me3 were experienced in the promoter regions first, and then the
enhancers. This dynamic could have something to do with the mechanism by which
demethylation is occurring at enhancer versus promoter regions. At E13.5, these broad
decreases in H3K4me3 are now also observed in the Al12b mice. Changes in H3K4me3 are
extremely severe approaching upwards of a 95% loss. In these areas enrichment reaches
negligible levels (lower than the -c region). These results suggest that the timing of changes to

the chromatin are specific to the genotype. Indeed Al12b mice showed no changes in any of the
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studied modified histones at E11.5 but Al56i and Al56ii mice did. In the Al56i mice, H3K4me3
remains relatively comparable to WT levels. Al56i mice thus experience an increase in H3K27Ac

at I56ii, and no changes to their H3K4me3.

Lastly, we examined H3K4mel in all 3 genotypes. No significant changes in H3K4mel
enrichment are observed in any of the genotypes at E13.5; save for one nonsignificant drop in
enrichment seen at I56ii in Al12b and Al156i mice. The large error bar associated with this data

point suggests that this observation may be artefactual.
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Figure 4.6 Histone enrichment at E13.5 of WT versus DIx CRE mutant mice. ChIP-qPCR of E13.5
ventral telencephalon for H3K27Ac A) and H3K4me3 B), and H3K4me1l C) on WT (black), AI56i
(pink) AI56ii (green) and Al12b (purple) mice. Data are presented as %Input and normalised to
the negative control region (Hoxc10l12). Data are presented as mean + SE, n > 2. Statistical
analysis was done via a two tailed t-test on normalized %Input values using Holm-Sidak multiple

comparisons method. * = p <0.05
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Finally, we observed enrichment of all 4 major histone marks at E14.5 in mouse GEs. We
looked at H3K27me3 levels in these mice due to the observed increase in enrichment in the WT

mice at this period.

When examining H3K27Ac (Fig. 4.7A) we found, unsurprisingly, that levels were
relatively stable between the genotypes as was observed at E11.5 and E13.5. The exception to
this trend is a decrease in the mark at DIx6 in AlI56i and Al56ii mice who do exhibit a significant
downregulation of DIx6 expression at this time. Once again, these changes in enrichment do
not perfectly correlate to the observable changes in gene expression because H3K27Ac doesn’t
change at DIx5 which is downregulated. H3K27Ac maintenance at the bigene cluster seems to
be one of the more interestingly regulated marks in so far as how genotype specific and
location specific the effects are. It also experiences both upregulations in some areas and
downregulations in other depending on the genotype suggesting a particularly complex

relationship between DIx genes and the genes involved in H3K27 acetylation.

We then examined H3K4me3 enrichment in Al12b mice (Fig. 4.7B) to observe if the
decreases in enrichment across the locus in this genotype that we observed at E13.5, but not
E11.5 had been further altered. We found that the enrichment of this mark had largely
returned to WT levels at E14.5 at all the assayed areas suggesting that the 112b enhancer plays

an active role in shaping H3K4me3 chromatin at other DIx regions specifically around E13.5.

Once again, H3K4me1l enrichment (Fig. 4.7C) was relatively stable at E14.5 between
genotypes. We observed a 3-fold increase in enrichment (p = 0.015) at 156i in AI56ii mice but no

changes at the I56ii enhancer as observed in E13.5 in AI56ii and Al12b mice. At this stage,
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H3K4mel enrichment is extremely low and does not meaningfully overcome the background

signal in all assayed regions.

Lastly, H3K27me3 enrichment (Fig. 4.7D) which shows a spike in E14.5 WT embryos, is
significantly downregulated at all enhancer and promoter elements of both the DIx5/6 and
DIx1/2 clusters in Al56i, and Al12b, but not in AI56ii mice. Enhancer 156i and 112b are hence
both crucial in the upregulation of H3K27me3 in WT mice at E14.5. A summary of how each CRE

influences chromatin is presented in Table 4.1
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Figure 4.7 Histone enrichment at E14.5 of WT versus D/x CRE mutant mice. ChIP-qPCR of E14.5
ventral telencephalon for H3K27Ac A) and H3K4me3 B), and H3K4mel C) and H3K27me3 C) on
WT (black), Al56i (pink) Al56ii (green) and Al12b (purple) mice for. Data are presented as
%Input and normalised to the negative control region (Hoxc10I12 for A, B, C, B-Actin for D). Data
are presented as mean * SE, n > 2. Statistical analysis was done via a two tailed t-test on

normalized %Input values using Holm-Sidak multiple comparisons method. * = p < 0.05
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Table 4.1 Summary of how chromatin changes in each DIx CRE mutant. How chromatin
modification levels are changed in ganglionic eminences corresponding to mice of each given

genotype at A) E11.5 GEs, B) E13.5 GEs, C) E14.5 relative to WT levels.
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Genotype

Genotype

Genotype

H3K27Ac H3K4me3
Al56i No change Increases at promoters of Dix1, Dix2,
Dix6
AI56ii MNo change Decreases at promoters of Dix1,
Dix2, DIx5, Dix6
All2b No change No change
H3K27Ac H3K4me3 H3K4mel
Al56i Increases at enhancer 156ii No Change Decreases at enhancer 156ii
Al56ii | Decreases at enhancer [12b Significant decreases No change
everywhere
All2b No change Significant decreases Decrease at enhancer 156ii
everywhere
H3K27Ac H3K4dme3 H3K4dmel H3K27me3
AlIS6i Decreases at promoter of Dix6 N/A No change Significant decreases
everywhere
AlS6ii | Decreases at promoter of Dix6, minorly N/A Increases at No change
at enhancer 112b enhancer 156i
Al12b No change No change Mo change Significant decreases
everywhere
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4.5 Histone modifier gene expression changes, but not dramatically, in the DIx CRE mutants
suggesting the CREs play a more significant role in recruiting the modifying proteins to their

target histones.

We wondered if the genotype-specific changes in methylation and acetylation levels we
were observing were due to genotype specific changes in expression of the histone modifiers or
if the deletion of the CREs was responsible for driving changes in the epigenetic landscapes via
differential recruitment of the modulators to the chromatin. To address this question, we
preformed qRT-PCR on the GEs of mice of all genotypes between E11.5-E14.5 and compared

them to their WT littermates.

We observed a few notable changes in expression at each time point. Firstly, at E11.5
(Fig. 4.8A), we noticed a down regulation of the Polycomb group protein Ezh1 in Al56i and
Al12b mice. We did not assay mutant embryos at E11.5 for H3K27me3 but it is unlikely either of
these mice experience a decrease in signal at E11.5 given that they both experience a
significant upregulation of the signal at E14.5 and that the signal at E11.5 is already incredibly
low. Preliminary findings (data not shown) suggest that both of these models have H3K27me3
levels that are roughly equivalent to WT levels. We also notice a decrease in expression of
methyltransferases Ash1/ (p = 0.011) and Setd5 (p = 0.026) by about 40% in AI56i mice; as well

as a nonsignificant reduction (p = 0.067) of about 35% in Setd5 expression in Al12b mice.

At E13.5 (Fig. 4.8B) expression of Ash1/ and Setd5 is still lower than WT levels in AI56i
and Al12b mice, but the difference only reaches significance for Setd5 in AI56i mice (p = 0.031).

Ezh1 expression is back to WT levels in these mice. Expression of methyltransferase Kmt2c is
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also reduced by about 50% in Al56i and Al12b mice at this time but changes fail to reach
significance. Interestingly, Hdac2 expression is also attenuated by about 55% in Al56i mice (p =
0.031). These changes do correspond to upregulation of H3K27Ac in these embryos at the 156ii

enhancer.

By E14.5 (Figure 4.8C), expression of Ash1/ and Setd5 in Al56i and Al12b mice is
beginning to return closer to WT levels; while Kmt2c transcripts remain downregulated in Al56i
(p =0.078) and Al12b (p = 0.033) embryos Expression of Hdac2 in Al56i mice has returned to
WT levels. H3K27me3 enrichment is downregulated in these mice but neither Ezh1 or Ezh2
expression is affected. In total, the majority of the changes observed in expression do not
directly correlate with the changes in expression to the modifying enzymes; thus it is more
likely that the CREs play a role in directing the already present modifiers to their proper targets.
This is reinforced by the changes in modified histones being highly dependent on the location

they are associated with in many cases instead of always being changed across the whole loci.
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Figure 4.8. Changes in Histone modifier gene expression in DIx CRE mutants. gRT-PCR
performed on E11.5 A), E13.5 B) and E14.5 C) ganglionic eminences. Assays were run on WT
(black), Al56i (blue), Al56ii (yellow), Al12b (green) mice. Expression values are given as fold
change relative to the WT expression for each genotype and presented as mean + SD for an n of
3. AACq was calculated using the Pfafll method, normalizing to the geometric mean of 8-Actin
and GapdH expression. Statistical analysis was done via a two tailed t-test on ACq values using

Holm-Sidak multiple comparisons method. * = p < 0.05
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4.6 Another histone modification, H3K9Ac, is affected in Al56i mice

We noted a 50% increase in H3K27Ac enrichment at enhancer 156ii in E13.5 AI56i mice
(Fig 4.6A). While this increase in enrichment did not reach significance, it did stand out this was
the only increase too acetylation we observed. The increase in H3K27Ac enrichment correlates
with the specific downregulation of Hdac2 and Setd5 which is found only in this genotype and
at that point in development. We wondered if another histone acetylation mark might also be
affected. We choose H3K9Ac as it is one of the most abundant acetylation marks next too
H3K27Ac and it is also found at both active enhancers and active promoters (Karmodiya et al.,

2012; Gates et al., 2017).

We first used in silico analyses to find out if the abundance of H3K9Ac in the WT mouse
forebrain was similar to that of H3K27Ac (Fig 4.9A) using the Ren Lab ENCODE database as
before, We found that H3K9Ac was enriched in both DIx bigene clusters with peaks
corresponding to the promoter and intergenic regions. Specifically, H3K9Ac was less abundant
than H3K4me3 and H3K27Ac but more abundant than H3K27me3 and H3K4mel in the
forebrain. We noticed that it had strong peaks across midgestation and in the postnatal
forebrain. The distribution of the peaks was similar in shape to H3K27Ac with a relatively low
basal background signal in regions that did not correspond to intergenic enhancers or gene

elements.

We then performed ChIP-qPCR on E13.5 GEs in WT and AlI56i mice (Fig 4.9B). We found
that H3K9Ac enrichment was not very abundant in the GEs with a very low detectable signal at

all points we tested in the WT. More interestingly however, it was significantly upregulated in
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Al156i embryos; reaching 500% increases in enrichment at I56ii and 300% increases at the DIx1
promoter in the Al56i mice. These increases in H3K9 acetylation, especially those at the I56ii
enhancer mirror the increases we observed in H3K27Ac in E13.5 GEs. Together, all these data
for H3K acetylation indicate the 156i CRE is responsible for shaping the acetylation mark at more
than one residue at areas corresponding to both DIx clusters. We wonder if the acetylation at

other loci may also be affected by these changes.
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Figure 4.9 H3K9Ac enrichment in Al56i mice. In silico data A) were acquired from the ENCODE
database and visualised on the UCSC genome browser. Data represent published results from
the Ren Lab (2016) mapped to the most recent mouse genome release (mm10). The data
represent at least a 2X coverage. Enrichment level scale is labelled on the Y axis of each plot.
Data presented as average enrichment without SD (whiskers) for clarity. The location of the
Intergenic enhancers was annotated manually. ChIP-gPCR data b) are presented as %input and
normalised to the negative control region (Hoxc10I2) performed on the GEs of WT (black) and
AI56i (pink) mice at E13.5. Data are presented as mean + SE, n = 3. Statistical analysis was done
via a two tailed t-test on normalized %Input values using Holm-Sidak multiple comparisons

method. * = p <£0.05
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5. Discussion

5.1 DIx genes of mice have a stable chromatin landscape in the forebrain that doesn’t

significantly change during midgestation to birth.

Regulation of the DIx genes has been well studied from the perspective of traditional
transcriptional activation. A lot of work has been done to characterise genes which interact
with the DIx promoters as well as the intergenic CREs that drive expression of these genes
specifically in the forebrain. However, my study is the first one to examine regulation at the

level of the chromatin in vivo. Some of the key findings of my study are expanded upon below.

In order to understand how the chromatin might be shaped during development, we
took advantage of the ENCODE database which has reported an enormous amount of ChIP-Seq
data from various model organisms for most of the significant histone modifications. These
data sets are not; however, without their own limitations. Firstly, some samples and libraries
generated from the ENCODE project do not meet the most stringent checkmarks established by
ENCODE to ensure high quality data control. Some of the issues with the ENCODE data that |
reviewed in my thesis include: poor library construction (measured as the number of reads
after duplicates are removed divided by the total number of reads), and severe bottlenecking (a
measure of the number of loci with exactly one read relative to the number of loci with
multiple reads). Wherever possible | used the best data sets that were available to me, but | did
encounter these issues in the accessed ENCODE libraries for some histone marks, especially in
the E11.5 forebrain. Secondly, the ENCODE project only looks at larger heterogenous tissue

samples where a high degree of masking effects may be occurring. For instance, heterogeneity
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may lead to confusion of regional repression of H3K27me3 versus activation through H3K27Ac.
We were forced to analyse ENCODE data obtained from whole forebrain samples as this was

the most specific sample set available to us.

Nonetheless the In-silico data do present a meaningful picture of chromatin complexity.
The most obvious result is that H3K4me3 enrichment predominates throughout both Dix1/2
and DIx5/6 loci over H3K4me1, (Fig 4.1C, D, E, and F) including at the intergenic enhancers
which we might expect to be H3K4me1l marked. The fact that IncRNA Evf2 promoter is in the
same region as I56i enhancer, and its gene regions extends upstream of DIx6 may also play a
role in the prevalence of H3K4me3 over H3K4mel in the intergenic region of the DIx5/6 cluster.

However, no such parallel situation exists within the DIx1/2 cluster.

One explanation for this predominance of H3K4me3 over H3K4me1l may have to do with
the 3D complexity of the chromatin in both clusters. As | mentioned in the introduction, it is not
uncommon to find H3K4me3 marked enhancers when a great deal of RNA Pol |l occupancy is
occurring. Perhaps the consistent activation of these enhancers in cis, and potentially in trans,
keep these intergenic regions locked in a chromatin configuration during development that
keeps K4 trimethylated instead of monomethylated (Koch & Andrau, 2011). It could also be
explained by a potential other feature of these enhancers. | mentioned earlier how CpG
methylation states can be important regulators for the proper recruitment or repellant of the
different histone methyltransferases. One wonders if the CpG methylation levels of this
enhancer may be closer in resemblance to those of a typical promoter, and this could initiate a
cascade that ultimately leads to a preference for trimethylated K4 instead of mono-methylated

K4.
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Next, we find that moderate levels of H3K27me3 is concomitant with H3K27Ac (Fig.
4.1A, B, G, and H) which suggests regional masking effects in the forebrain since these
modifications occur on the same residue (K27) and are thus mutually exclusive (Reynolds et al,
2012; King et al., 2016). These regional masking effects may be as simple as regions where Dlx is
actively repressed with H3K27me3, and regions where it is actively expressed with associated
H3K27Ac chromatin. However, the establishment of bivalent chromatin observed in our own

ChIP-qPCR data does cast some aspersion on a simple H3K27me3-H3K27Ac switch.

It is also interesting to note that there is no clear discrimination between the regions of
chromatin corresponding to active enhancers, and those which are not active in this tissue.
Take for example the DIx1/2 intergenic region which contains the 112b forebrain enhancer, and
I12a which does not exhibit forebrain activity; but rather is active in the branchial arch
mesenchyme (Park et al., 2004). In this case, for each histone modification examined, 112b and
I112a were similarly enriched. While H3K4mel is known to mark enhancers that may not be
active, it is H3K4me3 that predominates in this cluster, and when examining H3K4me3 we still
see no clear change in signal between the active and inactive enhancers, they both have strong

peaks.

The prevailing abundance of H3K4me3 over H3K4mel at these loci as well as a lack of
clear differences between an active and an inactive enhancer in the DIx1/2 intergenic region
both suggest that the modification to the DIx promoters predominate over the modification to
the DIx CREs. It is possible that the short distance between these CREs and promoters makes
discrimination between these regions difficult Especially if they are regularly sharing RNA Pol Il

occupancy.
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During development, between E11.5 and PO, the Dix-associated chromatin in the
forebrain is relatively stable with slightly stronger H3K27me3 enrichment at E11.5 than at PO
whereas enrichment for H3K27Ac and H3K4me3 becomes slightly weaker during the same
period. These results are a little surprising given that the expression domains of Dix at E11.5 are
a larger proportion of the total forebrain than at PO when DIx1/2 and DIx5/6 expression is much
more restricted in the postnatal and adult forebrain (Saino-Saito, Berlin & Baker, 2003; Wang et
al., 2010). These changes during development; however, are relatively modest, and since levels
of enrichment cannot be directly compared between different assays, these results may in fact
be negligible. The take home picture of these chromatin landscapes is that they do not change
significantly during development despite broad changes in DIx expression levels and in a
restriction of the domains of expression. Rather the chromatin appears to be locked into a

specific configuration irrespective of the expression occurring.

5.2 The DIx1/2 and DIx5/6 genes are marked as bivalent chromatin in GEs and do not have

their CREs associated with a H3K4me1l signal

To better understand chromatin landscapes in Dix-expressing tissues of the forebrain,
we performed our ChIP experiments on tissue isolated from the GE of embryos during
midgestation. Our dissection technique is capable of reasonably separating out GEs from the
rest of the forebrain; however, we are not able to isolate the DIx expressing regions within the
GEs themselves. For simplicity, we also did not study the LGE, MGE and CGE individually but
rather studied them as a single unit. Therefore, compared to whole forebrain samples, we
believe masking affects of a heterogenous populations are largely reduced in the current study,

but we may be lacking a finer degree of detail for probing the domain specific activity of the
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CREs as well as specific DIx1/2 versus DIx5/6 expression. We focused our attention once again
to midgestation, E11.5-E14.5 when tangential migration of GABAergic progenitors is taking
place, all four DIx genes are highly expressed, and the CREs are displaying specific activity in the
various subdomains of the GEs (Ghanem et al., 2003; Ghanem et al., 2007; Ghanem et al.,

2008). The precise activity of these enhancers can be visualised in Fig 1.5

We found that, during development, H3K27Ac increases modestly between E11.5-E14.5
(Fig 4.3A), but the overall level is relatively low (about 16X lower than B-Actin enrichment at
E14.5 in some cases, data not shown). Increases in enrichment were localised to the DIx5/6
bigene cluster but not the DIx1/2 bigene cluster in line with increasing transcription of these
genes later into midgestation. H3K27me3 enrichment (Fig. 4.3D) predominates over H3K27Ac
at E14.5 in both DIx5/6 and DIx1/2 clusters despite widespread expression of these genes. This

expression is concomitant with high levels of H3K4me3, which also experiences a spike at E14.5.

The most interesting feature in these data is the widespread prevalence of both
H3K27me3 and H3K4me3 is indicative of a bivalent promoter, especially since the H3K27me3
enrichment is weaker than the H3K4me3 enrichment indicating that the locus is kept in an
active state. Traditionally, bivalent domains are predominately observed in ES cells; however
recent publications have observed bivalent domains in mature and progenitor neurons von
Schimmelmann et al., 2016; Sédersten et al., 2018). These domains seem to correlate with
moderate expression levels (less than chromatin marked by H3K4me3 alone). This contrasts
with bivalent domains in ES cells which are generally found to be associated with actively
repressed genes that are kept in a “poised” state so they can be rapidly activated. (Bernstein et

al., 2006). We cannot preclude the possibility that H3K27me3 enrichment is not maintained at a
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basal level in the subsections of the GEs that do not express DIx genes, whereas H3K4me3 is

enriched in the ventricular and subventricular zones where the genes are expressed.

The widespread enrichment of H3K27Ac in the whole forebrain ENCODE data compared
to the relatively low enrichment in the data obtained from isolated GEs, despite DIx gene
expression here making up a large proportion of the tissue, is challenging to explain. It is
possible that some regions of the forebrain that were not isolated during our extraction and
that are expressing Dix are epigenetically regulated by H3K27Ac when expressed and
H3K27me3 when not expressed. The ENCODE data combined with our own data in the GEs
suggests the DIx genes in the forebrain could be found in two active states of DIx chromatin,
one which is H3K27Ac-enriched and one which is K4/K27-enriched. It is possible that Dix gene
regulation during tangential migration is dependent upon a bivalent chromatin system for a
precise timing and regionalisation of gene expressions when these cells reach their final

destination, the bivalence is lost and replaced with either H3K27Ac or H3K27me3.

Together my data suggest a model of chromatin regulation with the following features.
First, the developmental chromatin state of the DIx1/2 and DIx5/6 bigene clusters in the GEs
are bivalently marked during midgestation and experience increases in both H3K4me3
enrichment and H3K27me3 enrichment over time. We note that despite relatively stable ratios
of H3K4me3/H3K27me marks during midgestation, the absolute levels of H3K4me3 enrichment
are much stronger later in gestation. In agreement with these findings, a previous study from
Lim et al., (2009) showed that DIx2 chromatin in cultured medium spiny neurons, which
normally occupy the striatum and express DIx genes, contained both H3K27me3 and H3K4me3

marks, and that MLL1 was required for the DIx2 gene to have much higher levels of H3K4me3
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enrichment over H3K27me3 enrichment. In this paper, loss of MLL1 function led to H3K27me3
prevailing over H3K4me3 and subsequent transcriptional silencing of DIx2. Second, H3K27me3,
which marks repressive chromatin, is necessarily more abundant than H3K27Ac in the ventral
telencephalon, but this trend was not observed in the whole forebrain. We hence posit that
bivalent chromatin may be a regulator of DIx expression in only certain domains of the brain.
Finally, we find that within the intergenic regions, the CREs do not exhibit high levels of
H3K4mel enrichment, but instead are broadly marked with H3K4me3. We postulate that this is
a consequence of one or more of a few reasons: 1) short length of the cluster makes
discrimination between elements difficult, 2) the high degree of interactions occurring between
enhancers and promoters potentially sharing RNA Pol Il occupancy, and 3) sequence specific

features of the enhancers that lead to a preference for tri- over mono-methylation at K4.

5.3 Expression levels of histone modifying genes remain relatively stable during midgestation

in the mouse GEs.

Now that we had observed some interesting chromatin landscapes, with concurrent
H3K27me3 and H3K4me3 enrichment increases at late midgestation, we wondered if the
increases in enrichment may be due to tissue-specific changes in the expression of the histone
modifying proteins or if changes were a result of differential recruitment of the proteins to the
loci. To tease this out, we preformed gRT-PCR on GEs of WT mice at E11.5, E13.5, and E14.5
when cortical neurogenesis is occurring (Fig. 4.4). We found a decrease in histone deacetylase
Hdac1 of about 50% between E11.5-E14.5 and a decrease in acetyltransferase Kat2b by a
similar amount. Since these two genes play antagonistic roles (reviewed in Marmorstein and

Zhou., 2014) we believe that any consequences of changes in their expression may somewhat
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cancel each other out. However, the basal level of Hdac1 is much higher than Kat2b thus a
much larger degree of deacetylation activity is lost. These changes which occur between E11.5
and E13.5 do not correspond with increases in H3K27Ac at E13.5 but do not correspond with
increases at E14.5. Perhaps this increase in K27 acetylation at E14.5 is a delayed response to the
changes in Hdac2 expression. On the other hand, H3K27me3 and H3K4me3 increases do not
correspond with any changes in methyltransferase activity we assayed and thus are likely

recruitment specific events.

5.4 During development the CREs play an important role in providing a stable epigenetic

profile to the DIx bigene clusters in the GEs

We wished to understand if the DIx CREs that are active in the forebrain provided a role
in DIx expression that went beyond the direct activation of Dix transcription and conferred
epigenetic control by establishing a specific histone profile. In recent years, a great deal of
emphasis has been given to how gene deletions can rewrite the topology of distal enhancers,
but not on how deleting enhancers can affect the chromatin of the genes they activate. A
recent paper by Huang and colleagues (2018) examined super-enhancers and found that
deletions of fragments of these enhancers could have significant effects on the local chromatin
via mechanisms yet to be understood. In some sense, the Dix clusters make a great case study
because they are relatively short and well characterised. To do this, we preformed ChIP-qPCR
experiments on mice which were missing one of three intergenic enhancers: 156i, I56ii or 112b.
We then preformed assays for H3K27Ac, H3K4me3, H3K4me1, and H3K27me3 on the GEs of
these mice during midgestation. For each time point, we focused our efforts on the histones

whose enrichment was more abundant and appreciably higher than background levels. For this
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reason, we ignored H3K4mel enrichment at E11.5, and H3K27me3 enrichment at E11.5 and

E13.5.

We discovered that the CREs play significant and differential roles during development
in establishing the proper epigenetic profiles. When 156i was absent, we found that mice had
modest increases in H3K27Ac enrichment (Fig. 4.6A) and H3K9Ac enrichment (Fig. 4.9B) at the
I56ii enhancer and at the DIx1 promoter specifically at E13.5, but not at earlier or later stages.
Concurrent with these findings, we found a 55% decrease in Hdac2 deacetylase expression (Fig.
4.8 B). These results suggest that the I56i enhancer is associated with Hdac2 expression in some
manner. It is possible that in the tissues I56i drives Dix expression one of the DIx genes is
uniquely able to activate Hdac2. It is also possible that this decrease in deacetylation activity is
required as a consequence of a compensation effect due to decreases in acetylation associated
with the loss of Evf-2 (Cajigas et al., 2015) which we have observed in these mice (Esau, 2013).
By E14.5 these effects are attenuated, suggesting some special interaction occurring at this

time point.

Following deletion of 156ii or of 112b, mice displayed little changes to their H3K27Ac
enrichment during development. However, both mice experienced significant losses to their
H3K4me3 (Fig. 4.5B and 4.6B), and these occurred earlier in the Al56ii mice (E11.5) than in the
Al12b mice (E13.5), even though DIx1/2 are expressed before DIx5/6. In Al12b mice, the
changes in enrichment are observed only at E13.5 before returning to normal at E14.5.
Unfortunately, we did not assay for H3K4me3 in AI56ii mice and thus cannot confirm if this
chromatin dynamic is developmentally restricted to E13.5 in the AI56ii mutants. Nonetheless,

these results, together with the changes in Al56i enrichment at E13.5, suggest that the
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forebrain DIx CREs are especially important in shaping the permissive chromatin profiles of both
loci at E13.5 compared to E11.5 and E14.5. It is possible that E13.5 is a significant
developmental time point for the transition from a predominant expression of DIx1/2 towards a
predominate expression of DIx5/6 and marked by a unique interaction of the DIx1 locus with
the DIx5/6 locus at this time. At this time, it remains to be determined if the permissive
chromatin marks returning-back to WT levels at E14.5 in is a function of a compensatory
mechanisms, or a time point specific event where the chromatin is highly plastic during

midgestation.

H3K27me3 decreases significantly at E14.5 in AI56i and Al12b mice but not in AlI56ii mice
(Fig. 4.7D). Like H3K4me3, H3K27me3 increases at E14.5 in WT mice across both loci, but in
these mutants, the magnitude of the increase is marginal. In this sense, the Dix genes of the
Al56i and Al12b mutants essentially lose their bivalent nature and become predominately
H3K4me3-enriched. Expression of the Dix genes in the mutant mice, however, remains
impaired at E14.5 as it isin E11.5 (Esau, 2013). Therefore, the chromatin changes we observed
do not seem to result with any rescue of the expression phenotype. These data seem to

reinforce the importance of bivalent chromatin in DIx expression in the forebrain.

Consequently, the maintenance of bivalence during midgestation seems like an
important trigger to fine tune DIx expression and the CREs seem to play a significant role in
establishing this bivalence, both through permissive (H3K4me3) and repressive (H3K27me3)
chromatin components. We note that, with respect to bivalent chromatin, Al12b mice
experience changes in H3K4me3 enrichment at E13.5 and H3K27me3 enrichment at E14.5;

whereas Al56ii may be involved only in H3K4me3 enrichment and Al56ii involved only in
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H3K27me3 enrichment. Interestingly, but perhaps unsurprisingly, Al12b mice which experience
concurrent decreases in both H3K27me3 and H3K4me3 enrichment have the mildest

phenotype of all the mutant lines.

5.5 The CREs do not play a significant role in the expression of histone modifiers

As mentioned previously, Al56i mice exhibit a decrease in Hdac2 expression at E13.5
along with modest increases of H3K9Ac and H3K27ac enrichment (Figure 4.8 B). AI56i mice also
show a downregulation of Setd5, a methyltransferase that, when downregulated, is often
associated with increased acetylation levels (Osipovich, 2018). These results indicate that the
I56i CRE does play some role in Hdac2 expression and consequently in the levels of H3K

acetylation across Dlx loci and possibly at other targets.

However, outside of this example, there are relatively little changes in the expression of
the modifying histones between the genotypes. Moderate decreases in several histone
methyltransferases are observed in the AlI56i and Al12b mice during midgestation but these
differences never exceed 2-fold. Collectively my data indicate that changes in the chromatin in
the different genotypes are a consequence of the deletion of the CREs themselves, and not of
the expression levels of the modifying proteins due to changes in DIx expression or expression
of Dix targets. It is presently unclear how CREs could be responsible for affecting the
recruitment of histone modifying proteins, but examining regional differences in Dix targets or
DIx promoter interactions could illuminate this. Our study provides greater insight into how
chromatin topology can change significantly in the absence of CREs and thus how CREs are

important towards stabilising the chromatin of both flanking genes and of other genes, in trans.
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5.6 Future directions

This study provides a small glimpse into the role enhancers play in stabilising the
chromatin of the genes they interact with. It will be important to uncover the mechanisms by
which enhancers play this role. Largely, this would involve determining which modifying
proteins are differentially recruited to the DIx enhancers and promoters. Then, we would need
to uncover how loss of enhancers affect these modifiers. Is the change in histones a direct
consequence of changes in genes that are downstream of DIx and may have chromatin
modifying activity? or is it perhaps a by-product of changing interactions between the enhancer
and promoter elements? To answer the former hypothesis, ChIP-qPCR experiments should be
used to narrow down the modifiers, followed by co-immunoprecipitation experiments to see if
they interact directly with some of the genes whose expression is affected in mutants, namely
the DIx genes themselves. We would expect these interactions to be regionally specific to the
loci in question and not broadly distributed across the chromatin. To test the latter hypothesis
about the possibility of enhancer promoter interactions being causative of the changes in
modified chromatin at the loci, one could use 3C to map how chromatin interactions between
enhancers and promoters of the unaffected DIx regions change when one enhancer is
disrupted. Finally, since we assayed only a small collection of potential modifying enzymes, a
more thorough approach taken to profile all the histone modifiers through RNA-Seq could be
useful. We cannot exclude the possibility that other histone modifying proteins interact with

the DIx genes uniquely in different tissues.

Another interesting avenue of pursuit would be to determine if any of the enhancer

mutant phenotypes could be rescued by restoring the chromatin configurations back to the WT
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ones. While we would expect a great deal of changes to the DIx expression in these mutant
lines to be a consequence of an inability of effector proteins to bind to the CREs, this study
sheds some credence to the possibility that some of the phenotype may be rescued by
restoring the bivalent chromatin (with a high K4/K27 ratio) to these loci by overexpression of
H3K4me3 and/or H3K27me3 modifying enzymes. For example, does DIx1 expression go back

down to WT levels in Al12b mice when H3K27me3 is restored?

Lastly, it would be interesting to explore the genes that are necessary for enforcing the
chromatin bivalency at the locus and ultimately in ensuring H3K4me3 predominates over
H3K27me3. As previously mentioned, in cultured MSNs, MLL1 has been shown to be important
at the DIx2 locus. It would be interesting to study mice with loss of function of other well-
characterised activators of Dix expression in the forebrain, such as Mash1 and Gtf2i, to see how
the chromatin landscapes change relative to WT mice. Along with these experiments, it would
be prudent to see if any of the changes that occur in our mutant mice models apply to more
distal chromatin elements. For example, is the changes observed in H3K27me3 in AlI56i E14.5
GEs unique to the DIx loci, or does it occur at other regions? The findings of this study point us
in many directions moving forward and give us a small glimpse of a fine detail of epigenetic

regulation occurring to the Dix genes expressed in the forebrain.
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6. Conclusion

The present study sought to understand the epigenetic profiles of the DIx1/2 and DIx5/6
bigene clusters in the ventral telencephalon of the mouse during midgestation. We also sought
to understand how the forebrain enhancers that are in the intergenic regions of the two
clusters, namely DIx1/2 enhancer 112b and DIx5/6 enhancers 156i and 156ii affect the

establishment of this chromatin.

We found that, during development both DIx1/2 and DIx5/6 are marked by a bivalent
chromatin states with enrichment of both H3K4me3 and H3K27me3. A reasonably stable
K4/K27 ratio is preserved at both loci during midgestation. Consequently, H3K27Ac enrichment
is low, and H3K4me1l enrichment is negligible even at the DIx enhancers. The DIx enhancers are
important in establishing the bivalent chromatin, and deletion of enhancers Al56i, Al12b, and
Al56ii leads to attenuations in the levels of H3K27me3, H3K4me3 or both in a genotype-specific,

and time-specific manner.

The changes in histone enrichment for the bivalent chromatin marks are not explainable
by changes in assayed histone modifiers, suggesting that the CREs have genome-specific activity

that ultimately results in recruitment of different modifying factors to the chromatin.

We believe this study is important for two reasons: firstly, and most importantly, it helps
us understand more about how the DIx genes are regulated in the ganglionic eminences, and
thus how GABAergic neurons in the cortex get to their fate — through epigenetic regulation and
the prevalence of bivalent chromatin. And, secondly, in a broader sense, this study provides an

interesting example of how chromatin is shaped by enhancers, and how a loss of an enhancer
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sequence can have widespread effects on both the localised chromatin around it, and distal

chromatin at other loci.
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