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Abstract

Condensins are multi-protein complexes that have key functions such as chromosome
compaction, regulation of gene expression and 3D chromatin conformations. Despite the
wealth of knowledge on condensins in dividing cells, their role in post-mitotic, specialised
cells remains largely unknown. In this thesis I explore a novel role for condensin [ subunit
Cap-G in Drosophila neurons. In vivo evidence suggests that condensin I subunits Cap-G
and Barren are expressed and localised in neurons. The generation of an exclusively post-
mitotic, neuron-specific knockdown of Cap-G revealed an exciting role for condensin in
maintaining neuronal identity and health. Removal of Cap-G from post-mitotic neurons
resulted in severe developmental arrest, behavioural defects and an overall disruption of
gene expression. Furthermore, knockdown animals exhibited a downregulation of
neuron-specific genes and an upregulation of ectopic, non-neuron specific genes,
suggesting loss of neuronal identity. Cap-G DNA binding profiles in neuronal stem cells
and neurons reveal dynamic, cell-specific binding of Cap-G across cell types. Moreover,
genes bound by Cap-G significantly overlap with the disrupted genes detected in
knockdown animals. Overall, the evidence suggests that Cap-G is necessary for healthy
neuronal development and maturation and has a neuron-specific, gene regulatory role in
Drosophila. The work in this thesis provides the first evidence that condensin is necessary

in post-mitotic neurons for transcriptome stability and maintenance of neuronal identity.
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Introduction

Chapter 1 Introduction

1.1 Neurodevelopment

The nervous system is one of the most complex organs, where billions of neurons are
shaped and organised into networks vital to our body functions and behaviours.
Understanding how a fully functioning nervous system is assembled from just an initial
handful of cells has fascinated scientists for generations. During neurodevelopment the
proliferation and specialisation of progenitor cells will give rise to neurons, ultimately
populating the whole nervous system. In neurogenesis, the progenitor cells begin to
differentiate into neurons, where changes occur at the genomic and molecular level.
These changes as a cell differentiates are known as epigenetic changes, which will define
their neuronal fate. The epigenetic landscape of a cell at the early stages of differentiation
is highly plastic and it can be manipulated and altered, although this becomes
increasingly difficult as a cell matures (2,3). Therefore, factors and genomic changes that
dynamically form as a cell matures are necessary to maintain its terminally differentiated

state (4).

Before being fully functioning, the newly-born neurons need to migrate to their precise
location and begin a period of maturation. As neurons mature, morphological changes
occur where they generate axons and dendrites to then form precise connections with
other neurons via their synapses (5). However, dissecting the morphological changes and
network assembly offers only part of the picture. To fully understand the complexity of
the nervous system we need to identify the molecular mechanisms behind the formation
of each individual neuron. Currently there is a considerable gap in our knowledge of the

epigenetics of neuronal maturation, only addressed by a handful of studies (1,6-8).
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Introduction

The genomic processes underlying neuronal differentiation have been the focus of recent
neurodevelopment research. Regulation of gene expression, changes in chromatin
accessibility and the 3D genome organisation all occur as neurons differentiate from
progenitor cells (9-14). However, chromatin remodelling and changes to the genomic
organisation in neurons are only just starting to be investigated. Nuclear architecture and
chromatin-associated proteins are key drivers of chromatin landscape changes, so
investigating these factors and mechanisms in neurons could further our understanding

of neuronal maturation.

1.2 Drosophila neurogenesis

The nervous system is one of the most complex organs, and research has focused on
understanding how stem cells generate the vast and varied populations of neurons. D.
melanogaster has a relatively simple nervous system, with many similarities to the
vertebrate nervous system, making it an excellent model to study the mechanisms
underlying neuronal development. Neurogenesis describes the process by which
neuronal cells are formed from progenitor stem cells. At the heart of neurogenesis lie the
neuronal stem cells and in D. melanogaster they are known as Neuroblasts. For clarity, I
will refer to them in this thesis as Neuronal Stem Cells (NSCs). The Drosophila nervous
system anatomy changes from embryonic to larval and ultimately adult brain. In
embryos, the neuroectoderm is found at the ventrolateral region and it forms the brain
and the ventral nerve cord (VNC), which is broadly segmented in thorax and abdominal
regions (15). The larval brain is broadly segmented in the central brain (CB), optic lobes

(OL) and the VNC (Figure 1.1A).

In Drosophila there are two distinct waves of neurogenesis occurring at the embryonic

and larval stages respectively. At the embryonic stage, all the neurons that will populate
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the larval central nervous system are formed, however, these amount to only 10% of the
adult neurons (16,17) (Figure 1.1A). At the end of embryonic development, majority of
abdominal NSCs in the VNC undergo controlled cell death (apoptosis), except for NSCs
located in the brain and thoracic regions, which enter a period of quiescence until 8-10
hours after larval hatching (15). The second wave of neurogenesis is then initiated in the
larval stage, where quiescent NSCs are re-activated and begin proliferating, giving rise to

90% of the adult neurons (18).
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Figure 1.1. Drosophila CNS and neuron differentiation.
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Stem-cell like
proliferating cells

A) CNS at three main developmental stages. 1st wave of neurogenesis generates all embryonic and
larval neurons, and 10% of adult neurons. 2nd wave generates 90% of adult neurons. (Created with
BioRender.com) B) Asymmetric division of Type I NSCs in wild type Drosophila. Prospero factor
asymmetrically segregates to the GMC, inducing differentiation. GMC divides once to produce
newly differentiated neurons, expressing lola-N. Neurons further develop into fully mature
neurons. C) In lola-N mutants, early neurons dedifferentiate into NSC-like, proliferating cells (19).
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The first wave of neurogenesis begins with delamination of NSCs from the
neuroepithelium. Acquisition of NSC identity and its delamination is orchestrated by
lateral inhibition of Notch signalling, which leads to the expression of stem-cell specific
genes (20). The specification of NSCs is also dictated by the expression of Sox and Snail
family genes (e.g SoxN, worniu) (21-26). Finally, the embryonic NSCs can be identified by
positional identity and temporal expression of NSC-specific sequential markers, which

have been thoroughly studied and reviewed (15,18).

The spatial and temporal distribution of NSCs form distinct stem cell populations, which
exhibit different proliferation patterns and behaviours. Three main types of stem cell
divisions have been described in the Drosophila CNS, namely the Type 0, [ and II (27). The
Type I NSCs are located in embryonic thorax and abdomen sections of the VNC as well as
the larval central brain. These NSCs undergo asymmetric cell division, giving rise to
another NSC and a Ganglion Mother Cell (GMC). The GMC then divides once more to
produce fully differentiated neurons (Figure 1.1B) (28). In the larval central brain the
majority of NSCs adopt this type of cell division however, a small number of Type II
dividing NSCs have been identified (18). During the Type II division the NSC will
asymmetrically divide to produce an Intermediate Neural Progenitor (INP) which
matures and divides asymmetrically a set number of times generating more INPs and
ultimately a GMC (29,30). In addition, in the larval optic lobes there is the optic
proliferation centre (OPC), which contains symmetrically dividing NSCs (15). Finally, in
the embryonic VNC the Type 0 NSCs have been identified, which will asymmetrically
divide to give rise to another NSC and a terminally differentiated neuron, without the
intermediate GMC (31-33). The diverse divisions of NSCs are a tightly regulated process

where molecular factors precisely manipulate the self-renewal of NSCs and the

20



Introduction

differentiation of daughter cells (34). In the following paragraphs I will review our

current understanding of factors driving neuronal differentiation in Drosophila.

1.3 Neuronal differentiation

Neuronal differentiation is primarily driven by the timely action of gene regulatory
factors that turn off stem cell/progenitor genes and promote the expression of neuronal
genes. In Drosophila, differentiation is initiated and maintained by a variety of
mechanisms, including segregation of molecular factors, transcriptional regulation and
chromatin compaction. Once the neuron is fully differentiated, molecular and
transcription factors are in place to maintain its fate. The reversion of terminally

differentiated cells to a stem-cell like state is a process known as dedifferentiation.

1.3.1 Asymmetric segregation of neuron-specific factors to the
GMCs

Asymmetric segregation of cell-fate determinants to the GMCs is a key mechanism that
promotes differentiation. For example, during asymmetric division of Type I NSCs the
factors Prospero, Brain tumour (Brat) and Numb are localised to the basal cortex of a NSC
and then segregated to the GMC (35-38) (Figure 1.1B). These three factors have different
roles in determining cell fate. For instance, Numb inhibits the proliferative state of a cell
by repressing Notch signalling receptors (39). Brat is a translation regulator that inhibits
the growth and self-renewal properties in GMCs, inducing differentiation (36,37).
Prospero is a transcription factor (TF) that after segregation enters the GMC nucleus to
regulate target genes. Prospero silences cell-division genes such as cyclin A and E and
directly represses NSC-specific genes such as deadpan (dpn) (40,41). Moreover, Prospero
is able to bind to differentiation-inducing genes, but it is not sufficient to activate

expression of said genes, and likely requires interacting partners to induce differentiation
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(42). In prospero mutants GMCs fail to differentiate and continue to abnormally
proliferate leading to the formation of tumours (40). Whilst in brat mutants, the INPs of
Type Il NSCs are affected, as they fail to differentiate and proliferate uncontrollably, also
forming tumours (37,43). These events clearly identify a need for factors that timely
terminate the mitotic ability of cells and induce differentiation. However, more evidence
is arising that regulation is also essential in post-mitotic, differentiated cells, where

specific factors are in place to maintain cell fate.

1.3.2 Factors that maintain neuronal differentiation
A nascent research field in Drosophila aims to identify factors involved in the
maintenance of neuronal differentiation. These are factors in place that maintain the
neuronal state of a cell and prevent its reversion back to a proliferative cell, namely a
dedifferentiation phenotype. A handful of transcription factors have been described that
prevent dedifferentiation, however how they interplay together to regulate this
phenomenon remains poorly understood. The differentiated state of embryonic and optic
lobe neurons is maintained by an isoform of the zinc-finger transcription factor
longitudinals-lacking (Lola), Lola-N (19). The newly-born, optic lobe neurons in lola-N
mutants dedifferentiate to NSC-like cells and express NSC-specific genes such as deadpan.
These NSC-like cells then begin to divide in an uncontrolled fashion, eventually forming
tumours (Figure 1.1C) (19). This phenotype is attributed to the derepression of silenced
stem-cell and cell-cycle genes in neurons. Lola-N is a transcriptional repressor, as it binds
NSC-specific (e.g dpn) and cell cycle genes (eg. cyclin E) which are then re-activated upon
depletion of Lola-N (19). Interestingly, no dedifferentiation phenotype is observed in lola-

N knockdown in adult neurons, which highlights the importance of Lola-N at early stages
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of neuronal differentiation, but also that other factors could be in place to maintain the

differentiation of neurons at later developmental stages.

Another TF, nervous fingers 1 (Nerfin-1) is involved in maintenance of neuronal
differentiation in the larval central brain, medulla neurons of the optic lobes and ventral
nerve cord (44,45). nerfin-1 loss-of-function mutants generate tumours leading to
dedifferentiation of neurons into over-proliferating stem-cell like cells (44). Nerfin-1
inhibits the Notch-signalling pathway, hence repressing NSCs self- renewal ability
(45,46). Furthermore, proteins that are not TFs have also been implicated in maintenance
of neuronal fate. An RNA-splicing protein, midlife crisis (Mdlc), has been identified to
maintain neuronal fate in the larval CNS (47). mdic mutants repress Prospero and

ectopically express NSC marker deadpan but are unable to proliferate (47).

These recent findings have uncovered regulators essential for the maintenance of
neuronal differentiation. However, little is known about the interplay of these factors and
how they link together in a regulatory network. A recent study highlights the protein
Slimb as a post-translational regulator of Nerfin-1 by targeting it for degradation (48).
This degradation is key in regulating the abundance of Nerfin-1 in the tissue, as
overexpression of nerfin-1 results in premature differentiation of NSCs (44). Moreover
the TF Scalloped (Sd) has been described as an interactor of Nerfin-1, as both proteins
form a complex and are involved in maintenance of the differentiated state of medulla
neurons (49). Upon depletion of Sd the neurons dedifferentiate and ectopically express
stem-cell and mitotic markers (49). Finally both TFs have been found to bind to and
regulate the expression of genes necessary to maintain neuronal fate, such as NSC-
specific genes and Notch-signalling pathway genes (49). Overall, this active field of

research highlights the importance of identifying molecular factors and their interactors,
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to fully understand the networks and mechanisms involved in maintenance of neuronal

fate.

1.4 Lola-N interacts with condensin complex subunit Cap-G

The transcription factor Lola has well-described roles in neurodevelopment. It modulates
axon guidance and maintains neuronal differentiation in embryonic and larval optic lobe
neurons (19,50). The lola gene locus encodes for 20 protein isoforms that differ at the C-
terminal end, which bears one of 17 different Zn-finger domains or none at all (50,51). A
recent loss-of-function screen, aimed at creating mutants for each of these isoforms,
discovered that isoform Lola-F regulates axonal guidance, whilst Lola-O regulates
neurotransmitter expression (52). These recent findings highlight the varied role of Lola
in neurodevelopment and emphasise the importance of continued research around the
isoforms of this factor. Lola-N is a tumour suppressor and has the ability to silence genes,
however, the mechanism by which gene silencing is achieved remains largely unknown
(19). Therefore, identifying interacting partners could offer potential insights on the

mechanisms underlying neuronal differentiation and gene silencing.

A yeast-two-hybrid (Y2H) screen was performed in the Southall lab to identify proteins
that interact with Lola-N (unpublished, Southall, T.D). The screen resulted in a variety of
hits and amongst them the protein Cap-G was identified. This finding was somewhat
surprising, as Cap-G is a subunit of the chromatin-associated condensin I complex which
has an important role in chromosome condensation during cell-division (53). Therefore,
finding Cap-G to interact with an exclusively post-mitotic, neuron-specific factor like
Lola-N was of great interest and resulted in the foundations for my project. Extensive
research efforts have been made to aid our understanding of how chromatin remodelling

and chromatin-associated proteins could play a role in neuronal differentiation and
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maintenance of neuronal fate (1,6-8). However, I explore these later in this review
(Section 1.11.1), as prior to that I wish will elaborate on our current knowledge of
condensin; chromatin topology and ultimately tie together the fields of chromatin

remodelling and the epigenetics of neuronal maturation.

1.5 Drosophila as a model to study neurodevelopment

In this study | employ Drosophila melanogaster as the animal model as its simple nervous
system, short generation time and genetic tractability make it an excellent model for
studying neurodevelopment. Having explored our knowledge of neuronal differentiation
in Drosophila, in the following section I wish to further justify the reasoning behind

selecting this model to study neuronal differentiation and maturation.

The Drosophila life cycle takes approximately ten days at 25 °C, which includes four main
developmental stages: embryo, larvae, pupae and adult fly (Figure 1.2) (54). After egg
fertilisation, the embryo will develop into a larva in just 24 hours. Over the next four days
the larvae undergo three moulting phases known as L1, L2 and L3. The final L3 larvae are
known as the “wandering” larvae, and during pre-pupation they display distinct
behaviours such as crawling along the edges of the vials. The pupal stage lasts 5 days,
during which the pupae undergo metamorphosis to generate the adult flies, which have
an average lifespan of 80 days. Drosophila is an extremely useful model in developmental
biology as flies have a relatively short generation time and lifespan. Moreover, cultures
are easy to maintain making experiment timelines more manageable than vertebrate
models. The embryonic, L3 larval and adult stages are the most used in this study to
address key neuronal development questions using a variety of techniques such as

immunostaining, behavioural and survival experiments.

25



Introduction

Drosophila life cycle

Pupa b embryo
\ 0/L1
N %
-

Ady ! L
L3 , A T |2
\_(/

Figure 1.2. Drosophila life cycle.

There are five main developmental stages, embryo, three larval moulting stages and pupae. The
full life cycle takes approximately 10 days total at 250C. (Created with BioRender.com)
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Another aspect of Drosophila that makes it an excellent animal model is the wealth of
genetic tools available to manipulate specific tissues and cells. The most widely used tool
to induce cell-specific manipulation in Drosophila is the GAL4/UAS system (55). The
scientific community has built a vast array of lines able to genetically modify almost any
tissue at the cellular and molecular resolution. Another advantage of Drosophila is that its
entire genome has been sequenced and annotated in great detail (56,57). These resources
have been instrumental in accelerating our progress and understanding of core biological
processes in development, as well as improving our understanding of human
development and disease. Around 75% of human disease-related genes are conserved
and detected in fruit-flies emphasising its importance as a model for medical research

(58).
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1.6 SMC protein complexes

Cells undergo strictly regulated cell divisions, where high fidelity DNA replication give
rise to genetically identical daughter cells. Duplicated DNA is organised into structured,
compact chromosomes, ready to be transferred to the daughter cells. This packaging of
DNA is driven by highly conserved, elaborate machinery in the form of multi-protein
complexes such as cohesin and condensin. Both of these complexes promote DNA
looping, but each has distinct roles during mitosis. Cohesins facilitate sister chromatid
tethering (cohesion) during interphase and mitosis, and is involved in genome-wide 3D
organisation of chromatin (59). On the other hand, the condensin complex is necessary
to drive chromatin compaction, which packages the DNA into chromosomes and
facilitates segregation during mitosis (53,60,61). Both complexes consists of two
structural maintenance of chromosomes (SMC) ATPase subunits, a kleisin subunit, and
HEAT-subunit (a structural motif consisting of an array of helices) (60) (Figure 1.3). Each
subunit plays an essential role in the ability of the complex to modify and shape DNA,
ensuring successful chromosomal cohesion and condensation. In this review I will focus
mainly on condensin complexes structure and function, further information on cohesins

has been covered in multiple reviews (61-63).

1.7 The condensin complex: Structure

In all eukaryotes there are two types of condensin complexes, named condensin I and I,
except for yeast, as it only has condensin I (53) (Table 1.1). Moreover, in C. elegans the
dosage compensation complex (DCC) is classified as a third condensin complex, closely
related to condensin I (64). The condensin I and Il complexes share a core SMC-dimer
but vary in their non-SMC subunits (60). The subunits are conserved across species and

fall under different nomenclature (Table 1.1). Here, I will utilise the Drosophila names,
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unless otherwise specified. Condensin core structure consists of SMC2 and SMC4
subunits, two coiled ‘arms’, each with an ATP-binding domain ‘head’ on one end. A
heterodimer ‘hinge’ forms at the opposite end, adapting a ‘V’ shape. The non-SMC
subunits of condensin [ and II consists of a kleisin subunit (Barren / CAP-H2) and two
HEAT-subunits (CAP-D2, CAP-G or CAP-D3, CAP-G2) (60) (Figure 1.3A) (Table 1.1). In
Drosophila, no orthologue for Cap-G2 (condensin II) has been identified, which led to the
speculation that Cap-G is present in both complexes (65). However, its exclusive
association with condensin [ has been described (66). Inmunoprecipitation experiments
with condensin II proteins failed to show interactions between Cap-G and subunits Cap-
H2 and Cap-D3, arguing that Cap-G is not associated with, and does not perform,
condensin II functions in Drosophila (66). Both complexes and their respective subunits
have essential canonical and non-canonical roles in living cells. The mechanism by which
mitotic chromosomes are condensed and organised is the canonical role of condensin,

thoroughly described in the literature (53,60,62).

1.8 Canonical functions of the condensin complex
1.8.1 Condensin complex and the DNA loop extrusion mechanism

There have been several hypotheses attempting to describe how the condensin complex
manipulates DNA from long strands into the packaged, condensed form necessary for cell
division. Initiation of chromosome condensation requires the direct contact of condensin
with DNA strands and the subsequent formation of DNA loops. The ‘hinge’ region of the
SMC-dimer can bind to single stranded DNA (ssDNA) but not double stranded (dsDNA)
(67). Interestingly, in S. cerevisiae the HEAT- subunits mediate binding to the dsDNA, as
complexes lacking the Cap-G (Ycgl) subunit fail to associate to DNA (68). Therefore, the

association of condensin to DNA via its HEAT-subunits is essential to initiate
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chromosome condensation. Many describe a DNA loop extrusion (69-71) or chiral loop
(53,60) to initiate the formation of chromosomal loop domains. Recent findings in S.
cerevisiae describe a novel working model for the DNA loop extrusion by condensin

(Figure 1.3B) (72-74).

Condensin associates to DNA via the Barren-Cap-G (Brnl-Ycgl) sub-complex, which
contains a DNA interaction site (73). Subsequently, the kleisin subunit Barren forms a
peptide loop around the DNA helix to anchor the condensin complex and avoid
dissociation, known as ‘safety-belt mechanism’ (73). The binding of the non-SMC-
subcomplex stimulates activation of the ATPase domains of the SMC-dimer, which
initiates ATP hydrolysis (68,73). ATP hydrolysis is essential in activating the DNA
translocase activity of the condensin complex, acting as a mechanochemical motor able
to reel DNA (74). Real time visualisation of condensin loop extrusion activity describes
the DNA reeling as asymmetric (72). In summary, these findings describe the DNA loop
extrusion by means of condensin binding to DNA, anchoring and initiating ATP-
hydrolysis-dependent, asymmetrical DNA translocation (72-74) (Figure 1.3B). This
model is in contrast with the original theoretical models that described the DNA loop
extrusion as symmetrical (69,70). Moreover, research in Xenopous eggs suggests that
DNA looping by condensin is cell-cycle dependent, suggesting that cells in a dividing state

adopt DNA looping as a form of chromatin organisation (75).
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Table 1.1. Condensin complex I and II subunit names

Condensin I

Classification ATPase
Subunits SMC2 SMC4
D. melanogaster SMC2 SMC4
C. elegans MIX-1 SMC4
S. cerevisiae SMC2 SMC4
S. pombe Cut14 Cut3
Vertebrates CAP-E CAP-C

Condensin II

Classification ATPase
Subunits SMC2 SMC4
D. melanogaster SMC2 SMC4
C. elegans MIX-1 SMC4
S. cerevisiae = =
S. pombe - -
Vertebrates CAP-E CAP-C

Kleisin
Cap-H
Barren

DPY-26

Brnl
Cnd2
Cap-H

Kleisin

Cap-H2

Cap-H2
KLE2

Cap-H2

Introduction

HEAT
Cap-G Cap-D2
Cap-G Cap-D2
Cap-G1 DPY-28
Ycgl Ycs4
Cnd3 Cnd1
Cap-G Cap-D2
HEAT
Cap-G2 Cap-D3
- Cap-D3
Cap-G2 HCP-6
Cap-G2 Cap-D3
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A Condensin Complex Structure
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B Condensin drives asymmetric DNA loop-extrusion

HEAT-subunits anchor the
complex to DNA

Figure 1.3. Condensin structure and loop extrusion mechanism

A) Structure of condensin I and II highlighting the SMC2/4-dimer and the non-SMC subunits;
Barren/Cap-H2, Cap-D2/D3 and Cap-G/GZ2. B) DNA loop extrusion mechanism. Cap-D2 and Cap-
G anchor to the DNA via their HEAT-motif. Barren forms a safety belt loop around the DNA and a
mechanochemical motor asymmetrically pushes DNA through the SMC-dimer arms, forming a
chromosomal loop. (Created with BioRender.com)
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1.8.2 Chromosome assembly and segregation
Over the last two decades studies have focused on describing the role of condensin
complexes in chromosome condensation, segregation and ultimately cell division (60). In
most eukaryotes condensin [ and II carry out overlapping, as well as distinct roles during
mitosis. The complexes are both involved in mitosis but at different stages, as each
complex is sequentially recruited to accurately shape chromosomes during mitosis.
Condensin II is present in the nucleus during interphase and contributes to early phase
chromosome assembly, whilst condensin I can only access chromosomes after
breakdown of nuclear envelope (60). A simplified current model suggests that condensin
II binds to DNA and extrudes DNA loops at the S-phase, driving the shortening of
chromosomes. Meanwhile condensin I initiates lateral compaction of the chromosomes
and further organise the DNA loops to form mitotic chromatids and then chromosomes

(60).

Every subunit of the condensin complex plays an essential role in this intricate
chromosome condensation process. Disruption of the complex leads to failed mitotic
events and often lethality of the organism. For example in Drosophila, mutations to the
subunit Barren lead to abnormal chromosome segregation during anaphase; resulting in
embryonic lethality (76). Moreover, Drosophila metaphase cells with depleted Barren
result in over-compaction of chromosome regions, leading to failed segregation (77). The
subunit Cap-D2 is essential for centromere resolution and complex I stability (78).
Meanwhile in Xenopous eggs, the subunits Cap-G and Cap-D2 are necessary for correct
assembly of chromosome axes (79). In mouse NSCs, the depletion of condensin complex

[ and II leads to aberrant segregation and organisation of chromosomes, ultimately
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resulting in cell death (80). Overall, the condensin subunits play an essential role in

executing the canonical condensin function of mitotic chromosome compaction.

The subunit Cap-G has also been extensively studied across species. In Drosophila, Cap-G
mutants are embryonic lethal (81). The Cap-G mutant flies display failure in chromosome
condensation at early mitotic sages (prometaphase) followed by impaired sister
chromatid separation at anaphase (81). Interestingly, in autosomes heterochromatin-
rich regions were lost in Cap-G mutants, observed as a loss of bright, punctuate DAPI foci
(81). Moreover, hemizygous flies for a semi-lethal Cap-G allele were lethal at the larval
stage, and displayed severe mitotic phenotypes in larval brains (81). These mitotic cells
failed to resolve sister chromatid arms, leading to chromosome segregation errors at
anaphase and aneuploidy (81). Therefore, disruption of Cap-G in Drosophila severely
impacts cell division and survival, emphasising the importance of this subunit during
mitosis. Overall, these examples highlight that each condensin subunit is necessary for

correct chromosome segregation and ultimately cell division.

1.9 Condensin and regulation of gene expression

The importance of condensin extends beyond its canonical function of physically
compacting chromosomes. Growing areas of research aim to describe condensin roles
linked to regulation of gene expression, transcription and chromatin organisation (Figure

1.4 (82,83).

1.9.1 Condensin and RNA Polymerases
The condensin complex has been implicated in promoting gene expression by interacting
with transcription factors and localising at promoter and enhancer regions. Several

studies describe the interaction between condensin and RNA Polymerases across
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multiple species. For example, in S. pombe SMC2 binding overlaps with RNA Pol II
transcription sites (84). Moreover, in mouse embryonic stem cells (ESCs), binding
enrichment correlation was observed between condensin Il and RNA Pol II (85). Finally,
in chicken DT40 cells, condensin I binding overlaps with RNA Pol I-transcribed genes
(86). Condensin binding is also documented at RNA Pol III (TFIIIC) regions such as tRNAs
in multiple species (86-89). In yeast, condensin peaks coincide with tRNA genes and small
cytoplasmic and nuclear RNA genes, but there is no evidence of condensin directly
promoting transcription of these sites (87). A more recent study in mouse ESCs showed
that Cap-H2 physically interacts and partially co-localises with TFIIIC (89). This has also
been reported in Drosophila Kc167 cells, where condensin [ (Barren) and II (Cap-H2) also
localise at tRNA genes (90). The recruitment of condensin to tRNA gene regions is
facilitated by TFIIIC (89,91). TFIIIC recognises a specific B-box sequence in the DNA,
recruiting and facilitating condensin binding to that specific site (87). Taken together
these studies suggest that condensin subunits can interact with RNA Polymerases and be

recruited to specific DNA sites to potentially regulate transcription.

In bacteria B. subtilis, RNA Polymerases (RNAP) have been described as “moving-
barriers” to condensin translocation on the DNA, slowing down loop extrusion (92). The
speed of condensin translocation is dependent on the level of transcription, where highly
transcribed regions, such as rRNA genes, significantly slow down condensin (92). The
authors suggest that condensin translocation along DNA is affected by transcription,
where condensin slows down and bypasses RNAP-dense regions to continue loop
extrusion. Therefore, detection of condensin peaks at RNAP genomic sites may be an
artefact of condensin stalling at those sites, rather than an indicator of direct binding of

condensin and hence a correlation between condensin and transcription.
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1.9.2 Condensin at Promoter / Enhancer regions
Condensin complex binding has been detected at enhancer/promoter regions however,
there is conflicting knowledge on the localisation of condensin I vs II at these loci. For
example, in Drosophila Kc167 cells, condensin II subunit Cap-H2 localises to and
antagonises enhancer-promoter regions interaction (93). This contrasts previous
reports from the same cells where Cap-H2 and condensin I subunit Barren overlapped
with very few known enhancer regions (90). In mouse ESCs, recruitment of Cap-H2 to
enhancer regions during interphase is mediator-dependant, and mutations to Cap-H2
resulted in reduced gene expression (85). Enrichment of Cap-H2 has been observed at
promoter regions and the bodies of transcribed genes in chicken DT40 mitotic cells (86).
Clearly, Cap-H2 is the most implicated condensin II subunit at enhancer regions across
species, whilst condensin I localisation still remains poorly understood. Evidence from C.
elegans suggests condensin I and Il binding is enriched at transcription start site (TSS) of
highly expressed genes (88). Moreover, a study on condensin [ in human cancerous cells
shows localisation of Cap-G to active enhancers, promoting estrogen-dependent gene
expression (94). Cap-G appears to be required for effective enhancer promoter looping,
though its localisation at enhancers is estrogen and interphase-dependant, with
localisation lost in mitotic cells, as well as in the absence of estrogen stimuli (94). Taken
together, these studies suggest that condensin loading onto enhancer regions may be
dependent on interactions with co-factors, as well as the stage and type of cells analysed.
Moreover, enhancer-localisation may be an evolved transcriptional regulation function,
predominantly of condensin Il as not enough evidence is yet present to define a clear role

of condensin I in enhancer-promoter interactions.
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1.9.3 Condensin DNA binding sites and TF interactions
Further research focused on dissecting the genome-binding profiles of condensin across
multiple species, to identify a potential role for condensin in transcription regulation. In
S. cerevisiae ChIP-seq experiments targeting condensin I subunits SMC4 and Barren
(Brn1) have been carried out in G1l-phase and metaphase cells (87). The authors
observed that DNA-binding sites were unchanged between dividing and interphase cells,
with an enrichment at centromere regions (87). A study in C. elegans carried out ChIP-
seq analysis in interphase cells by tagging each condensin subunit of condensin I and II
(88). Condensin II binding sites overlap significantly with binding sites of LIN-13 (88), a
zinc-finger TF involved in vulval development (95). This interaction led the authors to
suggest a model in metazoans where TFs recognise specific motifs and recruit condensin
to the DNA binding site (88). Evidence for this model are seen for condensin II in
Drosophila, where Cap-H2 interacts with TF Mrgl5 (96). The loading of Cap-H2 onto
chromatin is regulated by Mrg15, and this interaction maintains chromatin compaction

in interphase cells (96).

Some condensin I subunits also rely on co-factor proteins for loading onto the DNA. For
example in yeast quiescent cells, Cap-H binding is dependent on TF Msn2, as upon
depletion of Msn2 there is a global reduction in condensin binding (97). In human breast
cancer cells condensin I interacts with TF Estrogen Receptor o (ER- a) (94). ChIP-seq for
the Cap-G subunit showed a large overlap with ER- a peaks, also seen with subunit Cap-
H2 (94). Interestingly, Cap-G peaks were enriched at intergenic and intronic regions with
less than 5% of peaks detected at gene promoters (94). The authors report that Cap-G
physically interacts with ER- a via its DNA- binding domain and this interaction is

essential for successful loading of condensin onto active enhancers in response to
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estrogen stimuli (94). These studies present evidence that TF/condensin interactions can
modulate different gene regulatory functions of condensin, which can be dependent on

stimuli and cell-type.

1.9.4 Condensin and cell-specific gene expression
Studies in interphase and mitotic cells show that condensin I and II regulate cell-specific
gene expression in multiple species. For example in mouse ESCs, condensin II is
associated with activating the expression of cell-specific genes (85,89). In human
embryonic kidney cells, Cap-H2 is associated with activating expression of highly
transcribed, housekeeping genes (89). Moreover, in human breast cancer cells, condensin
[ (Cap-G) knockdown leads to reduced expression of estrogen-target genes (94). There is
evidence for condensin-mediated gene expression in post-mitotic cells. For example in
Drosophila post-mitotic fat body cells, Cap-D3 regulates transcriptional activation of anti-
microbial gene clusters, suggesting a role for condensin II in immunity (98). Finally,
another study suggests that T-cells in mice fail to differentiate upon depletion of Cap-H2,
as condensin Il is required for gene silencing (99). These studies suggest that condensin
complexes functions can be cell-specific and vary between different cell types, raising

questions on the role of condensin in unexplored cells, especially in a post-mitotic state.

1.9.5 Condensin and gene silencing
Gene silencing is essential in avoiding premature, or inappropriate, transcription of genes
in any given cell. The condensin complexes have been associated with gene repression in
multiple species and across several cell types. One suggested mechanism of condensin-
mediated gene silencing is by direct binding of subunits to specific regions. For example
in C. elegans, the DCC binds to specific DNA sequences known as recruitment on X (rex)

sites (100). This binding leads to transcriptional repression of X-linked genes by half, to
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balance expression in hermaphrodites (64). Moreover, condensin II binding has a
suggested direct repressive effect, as mutants display an upregulation of gene expression

due to disrupted gene silencing (88).

Important insights from Drosophila have revealed other mechanisms of gene silencing by
condensin. For example, condensin II negatively regulates transvection to repress gene
expression, which is a transcription regulation mechanism promoted by the direct
interaction of homologous allelic regions (101,102). Furthermore, heterozygous flies for
a Cap-G mutant allele display wing notches and a rough eye phenotype, attributing it to a
regulatory role of Cap-G in heterochromatin regulation (81). Gene silencing by condensin
has also been observed via its interaction with other complexes. For example, Barren
interacts with the chromatin-repressing Polycomb complex to silence homeotic genes

(103).

Chromatin compaction by condensin can impact gene expression. For example in yeast,
chromatin compaction driven by condensin represses transcription in quiescent cells
(97). This is supported by previous observations in mouse T-cells, in which condensin II
depletion causes chromatin decompaction and an increase in gene expression, disrupting
the quiescent state of cells (99). In S. cerevisiae, condensin is responsible for clustering
of ribosomal DNA loci to the nucleolus as well as clustering of tRNA genes (91,104). This
leads to silencing of adjacent RNA pol II transcriptional promoters, preventing
transcription (105-107). Finally, some evidence suggests that silencing of gene
expression by condensin has an impact on cell-differentiation. In murine cells, Cap-G2 has
a potential role in erythroid cell differentiation, by repressing transcription of

proliferation genes via chromosome condensation (82).
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1.9.6 Contradictory evidence for a condensin role in gene
regulation

Recent studies in yeast argue that condensin does not directly regulate gene expression.
For example, in budding and fission yeast transcriptome alterations observed in
condensin-mutant cells are due to aberrant segregation of chromosomes (108).
Accumulation of RNA levels in the cells is an indirect effect of chromosome
missegregation, which results in reduced RNA degradation in post-mitotic cells (108).
Therefore, the authors suggest that all previously observed gene regulation functions by
condensin are an artefact of failed chromosome segregation, challenging the current
understanding of condensin’s role in gene expression. Recent studies also argue that
condensin has no direct effects on gene expression. For example in yeast, the depletion of
Cap-D2 and Cap-G has no effect on overall gene expression (109). Moreover, in post-
mitotic mouse hepatocytes, depletion of condensin Il subunit Cap-H2 resulted in modest
changes to gene expression, hardly affecting the transcriptome of the cells (110). These
findings reveal that further research is needed to understand how condensin function in
gene expression may have evolved across species and whether it is cell-type dependant,

especially in a post-mitotic context.

40



Introduction

ROLES AND FUNCTIONS FOR CONDENSIN | AND I

SMC4 SMC4

Barr .’/"'”\EHP-EQ
Cap-D2 Cap-D3 A
Cap-G Cap-G2
I Il
3D GENOME ORGANISATION CHROMOSOME STRUCTURE
DNA LOOPING MECHANISM CHROMOSOME CONDENSATION
TAD FORMATION CHROMOSOME SEGREGATION
CHROMATIN COMPACTION CHROMOSOME TERRITORIES

CELL- SPECIFIC DEVELOPMENT

DNA DAMAGE REPAIR CELL IDENTITY
CELL DIFFERENTIATION

POST MITOTIC ROLES

Figure 1.4. Summary of known condensin functions.

GENE REGULATION
TRANSCRIPTION ACTIVATION
GENE SILENCING

PROTEIN INTERACTIONS
CO-FACTOR BINDING
TF INTERACTIONS

41



Introduction

1.10 Condensin and 3D genome organisation
1.10.1 Chromatin Topology

The metazoan genome is organised in 3D architectural structures, which are dynamically
formed depending on cell-cycle and developmental stages of a cell (111). These
structures are organised in hierarchical order and have multiple size scales. The first and
smallest feature is the “beads-on-a-string” form where double-stranded DNA wraps
around nucleosomes (112). In the next secondary structure, the nucleosomes fold and
are stacked into a solenoid form, producing a helix of adjacent nucleosomes.
Subsequently, ranging between 100 kb to 1 Mbp in size are the topologically associated
domains (TADs), which enclose genomic regions that interact with each other at higher
frequency than with the rest of the genome (113-115). TADs are distinct domains
separated by boundaries enriched in CTCF binding sites and highly transcribed genes
(115-117). The next structure in the topology hierarchy is the chromatin compartments,
these are large, multi-mega base genomic regions that can interact with each other over
long-range distances. The genome is split into two main chromatin compartments, A and
B, where A is active chromatin which is largely transcribed and B is mostly inactive
chromatin, with some transcribed regions (117,118). Finally, the largest chromatin
topology observed is the segregation of chromatin into distinct chromosome territories

(CT) (111).

The mapping of the 3D organisation of the genome has started to emerge in recent years
due to the development of molecular methods and cheaper high-throughput sequencing
(117). Chromatin conformation capture methods such as 3C and Hi-C are being used to
detect long-range interactions between genomic loci, generating contact maps which

display a genome-wide view of interactions (117). Moreover, the development of
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techniques such as HiChIP have allowed the profiling of long-range contact interactions
of a protein of interest (119). Overall, these methods are advancing our understanding of
how the 3D genome is organised, what proteins are involved in orchestrating this

organisation as well as explain the relationship between transcription and chromatin

topology.

Chromatin states are defined genomic regions, generally based on the binding of key
proteins or histone modifications associated with active transcription or repression. The
main chromatin states in Drosophila encompass two permissive states termed “yellow”
and “red”, where histone marker H3K27ac is a hallmark of the “red” state (120). In
addition, there are two heterochromatin sates marked by the HP1 and PcG (Polycomb
Group) proteins and finally a third repressive state, termed “Black” chromatin (120,121).
This chromatin partitioning in Drosophila is known as the five-colour state model (121).
To aid the discovery of these 5 chromatin states the accuracy of DamID was exploited to
profile the binding of 53 different chromatin-associated proteins, which varied from
enzymes to transcriptional machinery components and known complexes, resulting in
high resolution, genome-wide location maps of said factors (121). Using computational
analysis and classification strategies, the binding of these proteins was broadly
partitioned into the 5 colour states known and widely used today in Drosophila
(120,121). Since establishing this model, the Drosophila chromatin landscape has been
partitioned further, where profiling of 18 key histone modifications and subsequent
computational modelling resulted in a 9-states model (122). Overall, this research
highlights how dynamic chromatin is and further insights suggest that states are variable

and dependent on the cell type and stage analysed (120).
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Recent studies focused on understanding the relationship between chromatin topology
and chromatin states, to further understand whether it is the 3D topology that
determines the state of chromatin, or vice versa (117). Chromatin compartments are
large structures that encompass active (A) and inactive (B) regions of the genome.
However, evidence suggest that smaller “compartmental domains” exist and segregate
into A/B domains, but at a smaller scale similar to known accessible and inaccessible
regions (~10 kb) (123). These compartmental domains have been identified in
Drosophila, and their formation is dependent on the chromatin state of those regions
(123). The authors profiled interactions between inactive (H3K27me3) and active
(H3K27ac) histone features using HiChIP and compared them to known Hi-C data,
revealing that the histone interactions correlated with A/B compartments even at a
smaller scale (~ 10 kb) (123). Altogether this work suggests a relationship between
chromatin topology and chromatin states, where chromatin states display interactions
which lead to the formation of active/ inactive compartments. However, further research
is necessary to understand how chromatin compartments are established and what other

proteins and mechanisms are necessary for this 3D genome organisation.

1.10.2 Condensin and 3D chromatin organisation
The tertiary organisation of the genome is carefully orchestrated by architectural
proteins that bind to chromatin to reorder and shape its 3D structure. Cohesin and
condensin are chromatin associated complexes known to have a role in genome
organisation. At the higher organisational scale, there is evidence that condensin has a
role in maintaining nuclear structure, chromosome compaction and territories. In
Drosophila, condensin II subunit Cap-H2 distributes heterochromatin and centromeric

regions at specific loci to the nuclear periphery, forming distinct CTs (124). Depletion of
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Cap-H2 and Cap-D3 disrupts nuclear architecture in Drosophila Kc167 and S2 cells,
leading to deformed, larger nuclei (125). Moreover, Cap-H2 is necessary for chromosome
compaction and homolog pairing in Drosophila (96). At the smaller scale, the cohesin
complex has been shown to be essential in genome organisation, and when depleted of
cohesin TAD boundaries are lost (63,117,126,127). However, a role for the condensin
complex in TAD organisation remains largely unknown. Some research from Drosophila
Kc167 cells suggests that condensin II is necessary for formation of TADs, as Cap-H2
localises at strong TAD-borders and if depleted leads to disruption of TAD structures
(90,93). In C. elegans, the DCC complex (related to condensin I) binding at endogenous
rex sites in the genome promotes TAD formation on the X chromosome (128). Moreover,
in yeast cells, mutations to the condensin I subunit Cap-HZ resulted in global
decompaction of the genome, where a shift from short to long- range interactions and
loss of locus-specific interactions is observed (109). Overall, further research is necessary

to dissect the role of condensin in the organisation of chromatin topology.

The functionality of TADs in the genome has been recently disputed, as disruption of
TADs in multiple species resulted in minimal changes to gene expression (129-132). For
example in Drosophila, extensive genetic alterations that fuse, delete and shuffle TADs
resulted in modest changes to gene expression (130). Moreover in yeast, genome
decompaction and loss of short-range interactions did not result in significant changes in
gene expression (109). In addition, there is conflicting evidence on the role of condensin
in TAD formation and maintenance. A study in post-mitotic murine hepatocytes shows
that disruption of Cap-H2 has no effect on TAD formation (110). These studies question
how important chromatin topology really is for maintenance of the transcriptome. Taken

altogether, the condensin complex has a better established role in higher chromatin
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organisation, whilst its role in forming or maintaining smaller, active/inactive

compartments and/or TADs remains unclear.

1.11 Condensin and the nervous system
1.11.1 Chromatin remodelling and maintenance of neuronal fate

Accurate regulation of gene expression is key in ensuring appropriate differentiation,
maturation and maintenance of neuronal fate. The molecular mechanisms underlying
gene expression changes involve a complex interplay of transcription factors and
chromatin remodelling. The activation or repression of genes depends on the
accessibility of the chromatin at a given stage. Cell differentiation drives the compaction
of chromatin into a more inaccessible state, whilst in dividing and early differentiating

cells the chromatin is more open and accessible (133).

Chromatin dynamically changes as a cell transitions from a stem cell towards a
differentiated neuronal state (7,14). For example in neuronal progenitor cells, certain
enhancer/promoter regions were accessible to promote neurogenesis, which then were
compacted in differentiated neurons (8,38). In Drosophila a five colour chromatin state
model has been suggested, in which states are defined by the occupancy of key proteins
(120) (Section 1.10.1). In adult neurons, most NSC-specific genes were encompassed
within a repressive HP1 state, whilst in NSCs, neuronal genes were in a highly silenced
“Black” chromatin state (7). Therefore, the chromatin sate and thus the genomic binding
of the key proteins also change upon neuronal differentiation (7,120). During neuronal
maturation, there are also gradual changes that occur to the chromatin accessibility of
the cell. A newly differentiated neuron has more plastic and accessible chromatin,
compared to more compact and inaccessible chromatin in mature neurons (14).

Moreover, the transition from an immature to a mature neuron is also coupled with
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changes to the chromatin states (7). Overall, these studies suggest that chromatin
remodelling is in place to restrict cell fate plasticity, although the mechanisms and factors

driving this process remain largely unexplored.

Dissecting the relationship between chromatin associated complexes and
neurodevelopment could provide insights on the epigenetic changes that drive neuronal
maturation. There is limited knowledge on the factors involved in progressing neuronal
maturation, although recent research has started to progress this field (1,6-8). In the
Southall lab the neuron-specific transcription factor Lola-N has been found to interact
with condensin [ subunit Cap-G ina YZH screen (unpublished, Southall, T.D) (Section 1.4).
Given that the condensin complex is involved in chromatin compaction and remodelling
in mitotic cells (53), this interaction suggested that a similar role could be adapted in
neurons, and it could be potentially relevant in neuronal differentiation and maturation.
Therefore, 1 will explore our current knowledge of condensin in neurodevelopment,

highlight the gaps in the field which pose the key questions addressed in this work.

1.11.2 Condensin mutations impact neurodevelopment
All the literature presented above highlight the dynamic roles condensins have in
regulating gene expression and ultimately impacting cell identity and fate. Condensin
mutations in mitotic and interphase cells eventually disrupt post-mitotic daughter cells,
leading to severe phenotypes. In mouse NSCs, condensin Il mutations disrupted nuclear
architecture and resulted in apoptosis of NSCs and post-mitotic neurons (80). In
Drosophila, condensin I is implicated in regulation of position effect variegation (PEV)
(78,81,134), where heterozygous Cap-G mutants showed wing notches and rough eyes
phenotypes in flies (81). Furthermore, Barren mutants displayed loss of peripheral

nervous system neurons and an increase in the size of remaining neurons (76). In
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zebrafish, Cap-G mutants display severe apoptosis of proliferative retinal cells, but not of
differentiated retinal cells (135). These studies are examples of how impacting condensin
in mitotic cells has repercussions on development of neuronal daughter cells. However,
none of these studies explore condensin depletion in a post-mitotic context in neurons,

leaving a considerable gap in our knowledge of condensin functions beyond cell division.

1.11.3 The gap in our knowledge: a post-mitotic role of condensin
Virtually all the studies to date have observed the roles of condensin in a mitotic or
interphase cell-state, but there is limited knowledge of cell-specific, post-mitotic roles for
condensin. However, evidence in Drosophila suggests a post-mitotic role for condensin Il
in immunity, where Cap-D3 regulates transcriptional activation of anti-microbial gene
clusters in post-mitotic fat body cells (98). There is also evidence that cohesin, closely
related to condensin, has a post mitotic role in Drosophila (136). The cohesin complex
was found to be expressed in neurons, and post-mitotic knockdown of cohesin in neurons
resulted in lethality at the pupal stage (136). Post-mitotic knockdown of cohesin in
mushroom body neurons and cholinergic neurons resulted in defects in axonal pruning
and impaired locomotion in larvae respectively, suggesting a non-mitotic role for cohesin
in the Drosophila CNS (136). Condensins and cohesins are closely related multi-protein
complexes, therefore, it is possible that condensin could also play a role in post-mitotic

neurons.

1.12 Summary of project aims
Despite the wealth of knowledge on condensins, their role in post-mitotic cells remains
largely unexplored. This project aims to describe a novel role for condensin I subunit Cap-

G in Drosophila neurons. Condensin may be involved in altering the epigenetic state of
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neurons, promoting differentiation, maturation and ultimately maintaining neuronal fate.

Therefore to address this hypothesis in this thesis [ planned to achieve the following:

- Characterise in vivo condensin I complex localisation and expression in neurons
- Generate neuron-specific Cap-G knockdown (KD)

- Identify effects of neuron-specific Cap-G KD on animal behaviour and survival

- Identify effects of neuron-specific Cap-G KD on neuronal cell health

- Identify effects of neuron-specific Cap-G KD on neuronal transcriptome

- Profile Cap-G binding to DNA in neuronal stem cells and neurons
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Chapter 2 Materials and Methods

2.1 Drosophila melanogaster: Husbandry and maintenance
The Bloomington Stock Centre provided the fly strains in this study, unless stated
otherwise. Standard maintenance procedure on medium and at 25 °C was followed for all

the Drosophila stocks. Table 1 shows a list of the genotypes used and generated in this

study.

Table 2.1 List of Drosophila strains used in this study

Genotype

wilis

P(GawB)elavc1ss -GAL4
(elav-GAL4)

wil118; P(y+t7.7
w+mC=GMR57C10-
GAL4)attP2
(nSyb-GAL4)

w* ; P(w*mC=UAS-Nslmb-
vhhGFP4)
(w*;,;UAS-deGradFP)

W*,' Cap-GEGFP

Ay-GAL4,UAS-myr-td-
Tomato/Cyo

Cap-GEGFP; UAS-Nslmb-
vhhGFP4
(Cap-GEGFP,UAS-deGradFP)

Ay-GAL4,UAS-myr-td-
Tomato/Cyo; UAS-deGradFP

elav-GAL4; Cap-GEGFP

Description
Wild type

Pan-neuronal driver for immature and
mature neurons.

Neuronal driver for mature neurons that
are forming synapses.

deGradFP reporter line to allow cell-
specific degradation of GFP-tagged
protein. (137)

GFP-tagged Cap-G from its endogenous
locus (138)

Ubiquitous driver with FRT cassette for
generating FLP-out clones.

DegradFP fly line for cell-specific Cap-GEGFP
degradation.

Ubiquitous driver with FRT cassette to
generate FLP-out clones expressing
degradFP.

Neuronal driver line in a Cap-GEGFP genetic
background.

Source

#458

#39171

# 38421

Courtesy of the
Heidmann Lab

Courtesy of the
Brand Lab

[ generated it in
the Southall Lab.

[ generated it in
the Southall Lab.

[ generated it in
the Southall Lab.
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w* ; Daughterless-GAL4/TM6

w* Cap-GEGFP; Daughterless-
GAL4/TM6

w* Cap-GECFP; nSyb-GAL4

hs-FLP; Cap-G-EGFP / CyO

elav-GAL4;;tub-GAL80's

w* tub-GAL80s;nSyb-GAL4

wor-GAL4;tub-GAL80

yw, hs-FLP; If/CyO

UAS-Cap-G-Dam

UAS-LT3-Dam

UAS-Lola-N-Dam

UAS-mCD8-GFP (111)

Materials and Methods

Ubiquitous driver.

Ubiquitous driver line in a Cap-GEGFP
genetic background, for positive controls.

Mature neurons driver line in a Cap-GEGFP
genetic background.

Cap-GEGFP with flippase for generation of
stochastic clones.

To drive Dam-expression in neurons for
TaDa experiments.

To drive Dam-expression in mature
neurons for TaDa experiments.

To drive Dam-expression in NSCs for TaDa
experiments.

Heat shock-activated flippase line.

Dam-fused Cap-G to detect specific DNA
binding using Targeted DamID (140)

Dam-only control for background binding.

Dam-fused Lola-N to detect specific DNA
binding using Targeted DamID.
(19,140)(19,140)(19,141)(Marshall et al,,
2016, Southall et al., 2014)(Marshall et al.,
2016, Southall et al., 2014)(Marshall et al.,
2016, Southall et al.,
2014)(20,141)(19,140)(19,140)(19,140)(
19,140)

Fluorescent reporter line.

# 55851

[ generated itin
the Southall Lab.

[ generated it in
the Southall Lab.

[ generated it in
the Southall Lab.

Southall Lab
stocks.

Southall Lab
stocks.

(139).

Southall Lab
stocks.

[ generated it in
the Southall Lab.

(141)

#30003
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2.2 Cell-specific degradation of GFP-tagged proteins using the
deGradFP system

The deGradFP system (137) (described in Chapter 3, Section 3.1.3) is used to drive cell-
specific degradation of the Cap-GEGFP protein. All driver and reporter lines were put in a
homozygous Cap-GEGFP background to ensure no wild type Cap-G was present in the
animals (Table 2.1). As a positive control for the system, ubiquitous degradation of Cap-
GEGFPwas driven using w*; Cap-GEGFP; Daughterless-GAL4/TM6 crossed to Cap-GEGFP; UAS-
deGradFP. For cell-specific knockdown experiments, the drivers elav-GAL4; Cap-GEGFP
and w* Cap-GEGFP; nSyb-GAL4 were crossed to Cap-GEGFP; UAS-deGradFP to drive
degradation of Cap-GEGFP in all neurons and mature/synapse forming neurons
respectively. The negative controls used for knockdown experiments involved crossing
elav-GAL4 and nSyb-GAL4 to UAS-deGradFP. Finally, the lines Cap-GEGFP, elav-GAL4; Cap-
GEGFP and w*; Cap-GEGFP; nSyb-GAL4 and Cap-GEGFP; UAS-deGradFP were also used as

negative controls for behavioural assays when appropriate (Section 2.5).

2.3 Generation of stochastic clones

To induce Cap-GEGFP degradation in stochastic cell clones as a positive control, | combined
the deGradFP system with the heat shock ‘flip-out’ (hs-FLP) system (142). To obtain
clones in the optic lobes of the CNS, the lines hs-FLP; Cap-GEGFP and Ay-GAL4,UAS-myr-td-
Tomato/Cyo; UAS-deGradFP were crossed and the progeny larvae were heat shocked at
48 or 72 hrs post laying by incubating at 37 °C for 35 mins. Once they developed into 3rd

instar larvae they were dissected and stained accordingly (Section 2.6).
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2.4 Embryo microinjection

Fly crosses were setup in collection cages with apple juice agar plates to promote egg
laying [3% Agar, 30% apple juice and 2% methyl paraben dissolved in 100% ethanol].
Embryos were collected every 30 minutes and de-chorionated manually on a sticky slide
covered with double sided-tape. The embryos were gently rolled over, allowing the
chorion to stick to the tape and the de-chorionated embryos were gently placed on clear
apple juice agar. Embryos were then aligned on a slide covered in a layer of glue (Scotch,
double-sided tape dissolved in heptane), to ensure correct orientation and no movement
during injections. Embryos were left to air-dry on the slide for 8 minutes and then
covered in Halocarbon oil (Sigma). The DNA sample was added to a glass micro-capillary
needle and injected into the posterior end of 150-200 embryos. Post-injection, the
embryo slides were left at RT on apple juice plates and larvae were collected and placed
in normal food vials to develop to adult animals. The adults that successfully eclosed were
crossed to wll18 and the resulting progeny were allowed to develop into adults and
screened for orange eyes. The orange eyes were a marker for successful transgenic
insertions, so those adults were collected and crossed to a balancer line of interest,

generating the fly-line desired.

2.5 Behavioural and phenotypic assays

All animals were kept at 25 °C unless otherwise stated.

2.5.1 Developmental Survival Assay
For the developmental survival assay, three biological replicates per genotype were used.
Flies were allowed to lay for 5 hrs and then 100 embryos per replicate were collected.
After 24 hrs, L1 larvae were transferred to a food vial and allowed to develop. At 5 days

post-laying the number of pupae was scored. Finally, at 10 days post-laying the total
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number of eclosed adults were recorded. Statistical significance was measured using

Logrank and the Gehan-Breslow-Wilcoxon tests in Graphpad Prism version 8.

2.5.2 Survival assay
Survival assay in adults was performed by having three technical replicates, with 20 flies
per replicate, separating male and female animals upon eclosion. Death was scored daily
until total number of flies deceased. The flies were transferred to fresh food vials every 3
days. Survival curve and statistical significance was measured using Logrank and the

Gehan-Breslow-Wilcoxon tests in Graphpad Prism version 8.

2.5.3 Locomotion Assay
Locomotion assay was performed on 3rd instar larvae using 10 biological replicates and
3 technical replicates. Individual larvae were setup in clear agar plates against a 0.5 cm?
square grid. Larvae were left to acclimatise for 1 minute and locomotion was video-
recorded. Videos were analysed using Icy-Bioimage Analysis (143) where larval crawling
was visually tracked and locomotion was scored as distance (number of squares) covered

per minute (144).

2.5.4 Negative Geotaxis (climbing) assay
Negative geotaxis assays were performed on 10 male flies and 10 technical replicates per
genotype (144). Flies were set up in clear climbing vials against a grid and a camera. Video
recording was started before sharply tapping flies to the bottom of vials. Videos were
analysed using Icy-Bioimage Analysis (143), the frame in which the first fly reached the
top of the vial was extracted. The coordinates of each fly (bottom of vial to fly’s topmost

distance) were used to calculate the average distance climbed per replicate. Statistical
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significance between samples was measured by Kruskal-Wallis one-way ANOVA test and

plots were generated using the software GraphPad Prism version 8.

2.6 Immunostaining and microscopy

2.6.1 Larval and adult brain tissue
The brain tissue was collected at 3rd instar larvae and adult (5 days old) stages by
dissecting individuals in 1x PBS. Tissue was fixed for 25 minutes in 4% formaldehyde
(Sigma) diluted in PBST (0.3% Triton X-100 in PBS, Sigma). Steps were carried out at
room temperature unless stated otherwise. All washes were done in PBST for 10 mins
intervals. Upon fixative removal, the brains were washed three times for 30 mins. After
washing, the tissue was incubated in blocking serum (2% Normal Goat Serum (NGS) in
PBST) for 15-30 mins. The tissues were incubated with primary antibodies at 4 °C
overnight. Subsequently, brains were washed three times (5 mins washes) and then
incubated with secondary antibodies for 1.5 hrs, rocking at RT. Finally, tissues were
washed six times (10 mins washes) and mounted in Vectashield mounting medium
(Vector laboratory). Glass microscope slides and 22 mm squared coverslips were used

and sealed with clear nail varnish.

2.6.2 Embryonic tissue
Embryos were kept at 25 °C and collected every 12-15 hrs. Embryos were placed in a
small sieve and washed with distilled water. The embryos were de-chorionated by
submerging them in 50% bleach (diluted in water) for 2 mins. All bleach was carefully
washed off the embryos using distilled water. The embryos were placed in a 2 mL tube
containing fixative solution in a 1:1 ratio of 4% formaldehyde: Heptane (Sigma), vortexed
for 30 seconds and then placed on a rotating wheel (speed 40 rpm) for 20 mins. The lower

fixative phase was replaced with 100% methanol and vortexed to remove the vitelline
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membrane, allowing embryos to sink and be collected. Embryos were rinsed twice in

100% methanol, at this stage they were either stored at -20 °C or re-hydrated for 5 mins

in 50% methanol (in 1 x PBS). After re-hydration, embryos were washed three times in

PBST at 5 minute intervals. Blocking and antibody staining procedure as stated in section

2.6.1 was performed. Stained embryos were serially incubated in 50%, 70% and 90%

glycerol (in distilled water) before mounting on microscope slides.

Table 2.2 List of antibodies used in this study.

Primary Antibody

Anti-GFP (chicken)

Anti-HP1 (mouse)

Anti-Lola-N (rabbit)

Anti-elav (c) (rat)

Anti-deadpan (guinea pig)

Anti-pH3 (rabbit)

Anti-y-H2AV (mouse)

Anti-RFP (rat)

Secondary Antibody

Alexa Fluor® 488

Alexa Fluor® 546

Source

Abcam

DSHB

Southall Lab (19)

DSHB

Brand Lab

Millipore

DSHB

Takara Bio

Life Technologies

Life Technologies

Final Concentration

1:2000

1:500

1:10

1:500

1:1000

1:500

1:200

1:500

1:200
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Alexa Fluor® 633 Life Technologies
Dyes
DAPI (DNA stain) Thermo Fisher 1:20000

2.7 TUNEL Staining

For in vivo detection of apoptosis in embryos, I utilised the TUNEL (terminal
deoxynucleotidyl transferase-dUTP nick end labelling) assay using an adapted
commercial kit, the Click-iT® TUNEL Alexa Fluor® 549 (ThermoFisher). The TUNEL
assay marks for apoptotic cells by introducing modified dUTPs at the 3’-OH ends of
fragmented DNA (hallmark of apoptosis) using the TdT enzyme (terminal
deoxynucleotidyl transferase). The Click-iT® TUNEL assay was chosen as it allows for
fluorescent detection of apoptosis and can be used in conjunction with antibody staining,
to identify cells of interest. Click-iT® TUNEL assay involves a two-step process: firstly the
TdT reaction which attaches the EAUTPs at the site of DNA damage, secondly the click-
chemistry technology attaches a fluorescent dye onto the EAUTPs. In this experiment the

provided protocol was followed with minor changes, highlighted below.

The embryos were collected and fixed as previously described (Section 2.6.2). The fixed
embryos were incubated in 100 pl 1x Proteinase K for 30 mins at RT and subsequently
post-fixed in 4% formaldehyde for 15 mins at RT. The embryos were washed 3 times in
PBST (5 mins) and then rinsed in 1x PBS to remove all detergent. The tissue was
incubated in TdT Reaction Buffer for 10 mins at 37°C. After incubation, the TdT reaction
mixture containing TdT buffer, EQUTPs and TdT enzyme (as per protocol) were added

and incubated at 37°C for 1 hr. The embryos were rinsed with ddH20 and washed with
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PBST (5 mins) and then rinsed with PBS. The Click-iT® TUNEL reaction mixture
containing the dye and catalyst (per protocol) is added to the embryos and incubated at
37°C for 30 mins, protected from light. Finally, the embryos are washed in PBST (2x 5
mins) and then rinsed with PBS, ready for blocking and primary antibody incubation as

previously described (Section 2.6.2).

2.8 In-situ hybridisation

Single Molecule Fluorescent in-situ hybridisation (smFISH) was performed on wild type
(w1118) embryos and elav-GAL4;;UAS-mcd8-GFP larval brains to detect Cap-G-mRNA in
neurons. The tissues were treated following a previously published protocol, which can
be combined with immunofluorescence to co-visualise transcripts and proteins (145).
The RNA probes were designed using LGC Biosearch Technologies' Stellaris® RNA FISH
Probe Designer. There are two known isoforms for Cap-G in flies, Cap-G-RG and Cap-G-RF
and a total of 6 exons, with exon 4 being the largest and conserved in both isoforms. To
minimise background the probes were designed against Cap-G exon 4, generating 48
probe sequences. The Cap-G probe was generated by LGC Biosearch Technologies with
fused Quasar® 570 dye. Multiple molar concentrations of the probe were tried, and 3 uM

seemed to give the best imaging results.

All buffers and reagents are used as per published protocol unless otherwise stated (145).
The tissue was dissected and fixed. After fixation, the tissue was rinsed in 0.3% PBS-
Tween-20 (1 x PBS with 0.3% Tween-20 (ThermoFisher)). The tissue was blocked in 2%
NGS for 15-30 mins at RT. The tissue was incubated in Wash Buffer for 5 mins at 37°C.
The tissue was then incubated at 37°C for 8-15 hrs (maximum) in 100 pl of hybridisation
buffer including 3 uM Cap-G probe and any primary antibody of interest. Sample was then

rinsed 3x in Wash Buffer and followed by three 15 mins washes in Wash Buffer at RT.
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After the washes, the tissue was incubated with appropriate secondary antibodies and

then mounted, ready for fluorescent imaging (Section 2.6).

2.9 Image acquisition and analysis
Samples were imaged using Zeiss LSM 510 and Leica CF8 (courtesy of the Imperial
College FILM facility) confocal microscopes. Analysis of acquired images was performed

using Fiji (146), Icy-Bioimage Analysis (143), and Ilastik (147) softwares.

2.9.1 Average nuclear area quantification
DAPI staining distinctly marks the DNA in the nuclei of cells, so it was used as a reference
to measure the nuclear area of neurons in embryos. To automate the nuclear area
detection, the Ilastik software was used for bulk image segmentation (147). The software
operates on machine learning principles, so it was given 3 sets of “training” images with
the cell (DAPI +) vs background manually highlighted, to help the software identify the
cells. The images are then segmented to provide distinct enclosed shapes (nuclei) in a
black and white image. After training, the software was able to apply the algorithm to a
whole set of new images and create accurate segmentations. The segmented images are
then analysed in Fiji using the Analyze Particles Plugin, where each nuclei is identified as
a single region of interest (ROI) and the nuclear area in pixels is calculated. A total of 7
biological replicates (embryos) were used and in each replicate >1000 cells were

segmented and the average area calculated.

2.9.2 Automatic quantification of cell numbers
The Icy plugin Spot Detector (148) was used to automatically quantify the total number
of cells for NSCs (Dpn+), dividing cells (pH3+), apoptotic cells (TUNEL+) and DNA

damaged cells (y-H2Av+). For all analyses there was a Minimum Size Filtering of 10-25
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pixels, the detector scales were adjusted per experiment and kept constant across control

and experimental images (Table 2.3).

Table 2.3 Detector scales used per experiment.

Detector Ph3+ cells Dpn+ cells TUNEL+ cells y-H2AV+ cells
Scale 1 disabled disabled disabled disabled

Scale 2 50 disabled disabled 50

Scale 3 100 100 disabled 100

Scale 4 disabled 150 40 100

Scale 5 disabled disabled 100 disabled

2.9.3 Quantification of live and in vivo GFP signal intensity
To detected whether degradation of Cap-GEGFP was prematurely occurring in dividing
cells I quantified the live GFP signal intensity in dividing cells in Fiji. During imaging a z-
stack of the embryonic VNC was taken to cover most of the dividing cells layer (5-6 slices/
embryo). Actively dividing cells displayed highest GFP levels with distinct foci, so these
were segmented taking the high intensity pixels using Otsu’s thresholding (0, 2056). The
segmented image is analysed using Analyze particles (setting size = 1.8 - Infinity) to
detect dividing cells as individual, outlined ROIs. Mean pixel intensity per ROI (dividing
cell) was calculated using Analyze Particles plugin in Fiji (> 30 cells/ embryo). Average
pixel intensity of ROI was calculated across z-stack slices, for a total of 10 biological

replicates.
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To quantify the in vivo GFP levels in NSCs, images were analysed from three biological
replicates per condition (Chapter 3- Section 3.2.9). The Dpn positive cells were selected
as individual ROlIs as described above. The average pixel intensity detected for GFP and
for Dpn were extracted using the Analyze Particles plugin in Fiji (> 70 cells / embryo).
The GFP / Dpn ratio of pixel intensity was calculated per cell. Statistical significance was

analysed using a Nested t-test.

2.9.4 Statistical significance and plots
Upon extracting the quantitative data using the methods described above, the statistical
significance between the experimental and control data was analysed using GraphPad
Prism version 8 for Windows. For two-population experiments, non-parametric t-test’s
was used, to compare multiple groups Kruskal-Wallis test one-way ANOVA and
significant difference displayed a p-value < 0.05. Plots were generated using GraphPad

Prism version 8 for Windows.

2.10 DNA cloning

2.10.1 Genomic DNA extraction
A fly with the genotype of interest was ground in ‘Squishing buffer’ [10 mM Tris-HCL pH
8.2, 1 mM EDTA, 25 mM NaCl] with 200 pg.mL-1 of Proteinase K at 37 °C for 30 mins. An

incubation of 2 mins at 95 °C deactivated the enzyme and the sample was stored at 4 °C.

2.10.2 Polymerase Chain Reaction (PCR)
Genomic DNA or another template (e.g. UAS-LT3-Dam) were used for amplification of the
strand of interest using a standard PCR cycle in the SureCycler 8800 (Agilent
Technologies). The extension time and annealing temperature were adjusted according

to the amplicon’s size and primers’ melting temperature. PCR mix is as follows: 0.5 U
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Phusion® DNA Polymerase, 5x Phusion® buffer, 0.4 uM forward and reverse primers, 0.3
uM dNTPs and template DNA. Primers used are available in the Appendix. Diagnostics
were done using agarose gel electrophoresis; 1.5% agarose in 1x TBE [90 mM Tris, 90

mM boric acid (pH 8.3), 2 mM EDTA] and 0.1 pg/ml GelRed™ (Biotium).

2.10.3 Competent cells transformation
The plasmid of interest was transformed in competent cells DH5a. All following steps
were carried out at 4°C. 1-5 pg of vector DNA was added to the cells and incubated for 20
minutes. Cells were heat-shocked at 42°C for 30 seconds and then immediately placed on
ice for 5 mins. 250 pl of SOC medium was added to the cells and incubated at 37°C for 1
hour to optimise growth. Cells were streaked on an L-Agar plate (Agar (Sigma) and 1x L-
Broth (Miller)) with the relevant antibiotic to collect colonies the next day. Individual
colonies were picked and grown overnight in L-Broth media with the relevant antibiotic.
The plasmid was extracted from the overnight cultures according to instructions of the

Sigma GenElute™ Plasmid purification Miniprep Kkit.

2.10.4 Gibson Assembly
PCR products of interest were cloned into a vector using Gibson assembly procedure
(149). Equimolar concentration of PCR products to vector was added up to a 10 ul
volume. Subsequently, 10 pul NEBuilder® HiFi DNA Assembly Master Mix was added to
the sample for a total of 20 pl reaction. To control for successful ligation, a control
restriction digestion was performed on the plasmids extracted. Successfully cloned

samples were sent to Source Bioscience for DNA sequencing.
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2.10.5 Restriction digest
Restriction enzymes are used to diagnose ligation success. Table 2.4 shows a summary of
the enzymes used, all obtained from NEB. All reactions were carried out at 37°C for 2

hours.

Table 2.4 Enzymes used in this study.

Restriction enzymes

EcoRI-HF® Bglll
Xbal NotI-HF
Xhol HindlII
Bbsl

2.11 Targeted DamID

2.11.1 Cloning of UAS-LT3-Cap-G-Dam vector for transgenic fly
generation

To profile cell-specific DNA binding for Cap-G I generated a UAS-LT3-Cap-G-Dam line to
use in Targeted DamlID experiments. The isoform Cap-G-PF was amplified by PCR from
Drosophila cDNA library. The Dam and mCherry constructs used for the primary ORF in
the TaDa cassette were amplified by PCR from pUAST-LT3-Dam (141). The Dam construct
was fused on the C-terminus of Cap-G using fusion PCR at equimolar concentrations (1:1)
of both Cap-G-PF and Dam using annealing temperatures of 55°C, 62°C and 68°C, which
all provided positive construct results. The pUAST-attB (150) plasmid was linearised in a

double-digest reaction using the restriction enzymes Not-I-HF and Xhol. Finally, a three-

63



Materials and Methods

way Gibson Assembly with the mCherry construct, Cap-G-Dam construct and the
linearised pUAST-attB vector resulted in successful cloning of the pUASTattB-LT3-Cap-G-
Dam plasmid required to generate the UAS-LT3-Cap-G-Dam transgenic line (Appendix).

The vector was then injected in syncytial embryos (Section 2.4).

To infer cell-specificity in our Targeted DamID (141) experiments I used the following
driver lines: wor-Gal4; tub-Gal80ts for neuronal stem cells, elav-Gal4; tub-GAL80ts for
immature and mature neurons and tub-GAL80ts; nSyb-Gal4 for mature neurons. The UAS-
LT3-Cap-G-Dam line was used to profile Cap-G binding, the UAS-LT3-Dam-Lola-N (19) line
for Lola-N binding and the Dam-only line tub-GAL80ts; UAS-LT3-Dam (141) was used as
a control for background methylation and Chromatin Accessibility TaDa experiments

(14).

2.11.2 Targeted DamlID library preparation
UAS-LT3-Cap-G-Dam or UAS-LT3-Dam-Lola-N animals were crossed to the desired driver
line and embryos collected at 25°C for 4 hrs. To obtain third instar larval tissue, embryos
were raised at 18 °C for seven days post collection and subsequently placed at 29 °C for
24 hrs to induce Dam- expression. Two technical replicates were collected, with 30 larval
brains per replicate dissected in PBS and kept in PBS-EDTA at -80 °C until processed.
Extraction of Dam-methylated DNA from the tissue and generation of genomic libraries
were performed as previously described (140). In summary, the genomic DNA is
extracted using the QIAamp DNA Micro Kit (Qiagen) and methylated DNA is digested
using Dpnl enzyme. The digested DNA is purified to extract only the methylated
sequences using PCR purification kit (Qiagen). Adaptors are ligated onto digested,
methylated DNA fragments and a further Dpnll digest ensures removal of any

unmethylated DNA sequences. The adaptor-ligated DNA is purified and then amplified by
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PCR. Finally, the amplified methylated DNA is sheared in a BioRuptor Plus sonicator
(HIGH, 8 cycles, 30 sec ON/30 sec OFF). The sequencing DNA library is prepared as per
protocol (140) and adaptors are chosen based on Illumina HiSeq recommendations. A
maximum of 6 samples were pooled in a single library and ready for [llumina HiSeq 2500

single-end 50 bp sequencing.

2.12 Analysis of Targeted DamID sequencing data

Sequencing data obtained for both replicates was normalised against Dam-only control
binding and mapped against the Drosophila genome (r6.03) using the published
damid_seq_pipeline (140). This results in GFF files to be used for further statistical

analysis. The normalised data was visually inspected in Signalmap (Roche).

2.12.1 Data accessibility and file formats for statistical analysis
All raw sequence files and processed files have been deposited in the National Center for
Biotechnology Information Gene Expression Omnibus (accession number GSE142112).
The files used for statistical analysis vary depending on the tools used. The output GFF
files were converted into plain text bedGraph files using command line (Appendix). The
bedGraph files were then converted to an indexed, binary bigwig file using the
bedGraphToBigWig command which was compatible with most tools described below
(151). Finally, if only coordinate files of regions were required, BED files would be used,

which include the Chromosome, Start and Stop features only.

2.12.2 Peak calling
Significant peaks in the DNA binding profiles were called and mapped to genes using a
custom Perl program that allows for the identification of broadly bound regions

(available at https://github.com/tonysouthall/Peak_calling DamID) (140). The peak
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calling uses an algorithm where a false discovery rate (FDR) is calculated and assigned to
all potential peaks. Then, only peaks with an FDR less than 0.01% were classified as
significant. This outputs a file with the coordinates and name of each gene identified to
be within 5 kb of a peak (with no intervening genes). Only significant peaks present in
both replicates were used to form the final peak file, stored in a coordinates (BED) file for
further statistical analyses. The peak files generated and the unique genes identified are

available in this repository https://doi.org/10.14469 /hpc/7267.

2.12.3 Peak annotation and De Novo Motif discovery
The significant peaks were processed using the HOMER Statistical software to annotate
the peaks and for De Novo motif discovery (152). The annotatePeaks pipeline was used to
annotated peaks in relation to important genomic regions found at the centre of the
analysed peak (152). For de novo motif discovery the pipeline findMotifsGenome.pl was
used to find enriched motifs in genomic positions of interest (e.g. Cap-G binding peaks)
(152). The “mask” parameter was used to mask sequence repeats and the “size”
parameter was used as the default 200 bp, which means the region analysed is of a fixed

size rather than being dependant on the peak size.

2.12.4 Accessible chromatin and CRM analysis
For CATaDa data analysis Dam only reads were mapped to release 6.22 of the Drosophila
genome and binned to GATC regions using a previously described pipeline (14).
Subsequently, the data was normalised by the total number of reads per million (each
read was divided by the total number of reads and multiplied by 1,000,000). Regions of
open chromatin (Chapter 4, Section 4.2.4) were defined by calling peaks on CATaDa data
using a previously described pipeline, similar to the TaDa peak-calling (Section 2.12.2).

The data for known Drosophila cis- regulatory modules (CRM) were extracted from the
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REDfly database (153). The coordinates of these genomic regions were converted to BED

format for comparison to TaDa data.

2.12.5 Correlations and PCA
Deeptools was used for analysis of sequencing data described below (154). The genomic
regions analysed were BED coordinate files of either the known Drosophila genes (r6.22)
or defined genomic regions, e.g. Lola peaks (Chapter 4, Section 4.2.5). Using the
multiBigwigSummary function multiple files were summarised into an array of average
scores, based on 10 kb bins that span the entire genome. The output array was used for
correlation analysis between samples, using plotCorrelation to run Spearman'’s
Correlation test and visualise it in either a scatterplot or a clustered heatmap. The array

was also used to plot Principal Correlation Analysis using the plotPCA function.

2.12.6 Plotting binding profiles
To analyse the binding profiles, the detected scores per genomic regions were collected
in a matrix using computeMatrix. The inputs required were the binding BigWig files of
interest and the genomic coordinate (BED) files. For whole genome profiles I used the
“scale-region” parameter which stretched or shrunk all BED regions into a chosen fixed
length (e.g. 2 kb) (Chapter 4, Section 4.2.2). For analysis of enhancer regions and open /
closed chromatin regions I used the “reference-point” parameter, which refers to a fixed
position in the BED coordinates (e.g. centre) (Chapter 4, Section 4.2.4). Once the
appropriate matrix was produced, it was used as the input file for the plotProfile or the
plotHeatmap tools necessary to plot the scores with the associated genomic regions,

generating binding profiles and heatmaps respectively.
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2.12.7 Peak intersection analysis
Another genomic analysis toolset suite used was Bedtools (155). BED files of interested
were sorted using the Bedtools sort. Overlap analysis of peak-files from different datasets
was done using Bedtools Intersect and statistical significance determined by Fisher’s test

using Bedtools Fisher.

2.12.8 Gene Ontology Analysis
Peak calling algorithms also generated a list of unique genes bound by the protein of
interest. For functional profiling of these genes | performed over-representation analysis
for Gene Ontology (GO) terms using the R package clusterProfiler (156). The enriched GO
terms subontology analysed was “Biological Processes” (BP), and terms with a p-value <
0.01 and a g-value < 0.05 were defined as significant. GO Terms of Level > 5 were selected
using the dropGO function. Barplots and dotplots of the most significant GO terms were

generated using the clusterProfiler functions integrated with the ggplot2 package (156).

2.13 RNA extraction

To investigate transcriptional changes in the Cap-G KDs the tissue was processed to
extract sufficient RNA needed to prepare sequencing libraries. RNA extraction was
performed on three biological replicates, for Cap-G KD and controls respectively (Section
2.2). Total RNA was extracted from dissected 3rd instar larvae CNS, with 35 brains per
replicate, using a standard TRI Reagent® (Sigma) extraction protocol. The larval brains
were dissected in PBS in batches of 10, placed in 175 pl ice-cold TRI reagent® and then
flash-frozen in dry-ice. Tissue was homogenised in TRI reagent® and samples for a single
replicate were pooled together. Samples were covered in TRI reagent® to a total volume
of 800 pl/ tube and incubated at RT for 5 mins. To each replicate tube 160 pl of Phenol-

Chloroform (Sigma) was added, shaking vigorously, and then incubated at RT for 3 mins.
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To allow phase separation to occur the tubes were centrifuged at 4°C at 11,000 g for 15
mins. The upper, aqueous phase containing the RNA was transferred to a fresh tube. The
RNA was precipitated by adding 1 pl of co-precipitant GlycoBlue™ and 400 pl of
isopropanol (Sigma) and briefly mixing. The samples were incubated for 1 hr at - 20°C
then subsequently centrifuged at 4°C at 11,000 g for 10 mins. After centrifugation the
supernatant was removed and the pellet was washed with 1 ml 75% ethanol (diluted in
RNAse-free ddH20) for a final centrifugation step at 4°C at 6,000 g for 5 mins. After
carefully removing the supernatant the pellet was left to air-dry (not completely) for 5
mins before re-suspending the RNA in RNAse-free ddH20. Library preparation and

sequencing was performed by Beijing Genomics Institute (BGI).

2.14 Analysis of RNA-seq experiments

All raw sequence files and processed files have been deposited in the National Center for
Biotechnology Information Gene Expression Omnibus (accession number GSE142112).
The gene lists resulting from the differential expression analysis (Section 2.14.3) and the

GO analysis results are available in the repository https://doi.org/10.14469/hpc/7267.

2.14.1 Gene mapping and summarisation
The RNA sequencing data was mapped to the Drosophila genome (release 6.22) from the
annotation database “Drosophila_melanogaster.BDGP6.dna.toplevel.fa” using STAR
(57,157), resulting in individual, indexed BAM files per replicate. The RNAseq data was
visually inspected in Integrative Genome Browser (IGV). Using Deeptools, the BAM files
were summarised into a unique array of read coverages using multiBAMsummary (154).
This array was then used to visualise between and within sample group differences using
the plotPCA or the plotCorrelation functions. The mapped data was then processed in R

(version 3.5.2) using the Rsubread package, to count the number of reads detected per
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gene (158). Using the function featureCounts the number of reads/genes were counted
for all individual replicates and collected in a single matrix (158). The generated count

matrix was further processed for quality control and differential expression analysis.

2.14.2 Quality control
The count matrices and the sample information (control or experimental) were imported
into R (version 3.5.2) and assembled into DESeqDataSetFromMatrix objects for
processing using the DESeq2 package (159). The imported data was filtered to exclude
any genes that had low counts across all samples (less than 10), as these genes were not
expressed in the tissue. The gene counts for each sample were normalised using the
estimateSizeFactors function to allow for comparison of expression levels between

samples. The normalised counts were visualised into MA plots using the plotMA function

(159).

2.14.3 Differential expression analysis
Differential expression analysis was performed using standard procedure implemented
in DESeq2 (159). Briefly, the DESeq2 function pipeline runs: estimate size factors,
estimate dispersions, fitting generalised linear models based on negative binomial
distribution and finally compute Wald statistics. Genes that had an adjusted p-value
(FDR) < 0.05 and a logz fold change greater than 1 (for upregulated) or less than -1 (for
downregulated) were classified as significant. This generated a list of differentially
expressed genes (DEG), used for further functional analysis using the clusterProfiler
package (156) (Section 2.12.8). To visualise the most significant DEG, volcano plots were
generated using EnhancedVolcano R package (160) and heatmaps were generated using

pheatmap package (161).
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2.14.4 Tissue-specificity profiling from FlyAtlas 2
Tissue expression data from FlyAtlas 2 was used to determine tissue of origin of
upregulated genes (162). The following analysis was carried out using Pandas in Python
(163). The code generated for scraping the FlyAtlas 2 database and analysing the files is
available at https://github.com/amh111/FlyAtlas2Scraper. Tissue expression data from
the FlyAtlas 2 online database was extracted for each individual gene of interest and
collected in a single array. The “Larval FPKM” values were used as a filtering threshold
for expression, where any genes displaying a value above 2 were considered as expressed
in that specific tissue. All genes that were expressed (Larval FPKM > 2) in the “Brain/CNS”
were removed from the list, as | was interested in only identifying the genes that were
ectopically expressed in the brain. The remaining genes were filtered to exclude any non
-expressed genes (Larval FPKM < 2) and the rest was summarised to display the total

number of genes expressed in each tissue.
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Chapter 3 Cap-G is essential in post-mitotic
neurons for healthy nervous system
development

3.1 Introduction
3.1.1 Neuronal development

Drosophila melanogaster has a relatively simple nervous system, making it an attractive
model to study neurodevelopment. The two main developmental stages that are the focus
of this study are the embryonic ventral nerve cord (VNC) and the 3 instar larval brain
(Figure 3.1). In both stages, the cells that populate the nervous system include the
neuronal stem cells (NSCs) which will asymmetrically divide to self-renew and form an
intermediate ganglion mother cell (GMC), which will divide once to give rise to neurons
(18) (Figure 3.1). The neurons deriving from the GMCs are differentiating, post-mitotic
cells as they specialise and do not have any ability to divide. In the embryonic VNC these
cells separate into clear layers, making them ideal for visualisation and quantification
(Figure 3.1A). The layers help identify the younger, newly born neurons by their

proximity to the dividing cells.

At the larval stage, the brain anatomy includes optic lobes, which host the Optic
Proliferation Centres, a hub of highly mitotic cells, the central brain, where the majority
of NSCs and neurons lie, and finally the ventral nerve cord where axonal bundles gather
to innervate the larval body with neurons (15,18) (Figure 3.1B). This study will focus on
the NSCs and neurons, from immature newly born to fully synaptic, mature neurons. At
each cell stage specific markers are expressed that help identify the cells, for example

NSCs express deadpan (dpn) whilst newly born neurons express factors such as elav and
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lola-N. Elav and Lola-N localise in neuronal nuclei and are normally used as neuronal

markers (19).

3.1.2 Condensin I cell localisation and expression
Condensin is a multi-protein complex necessary for appropriate chromosome
condensation and segregation during mitosis (53,60). It is evolutionary conserved across
species, largely retaining its function and conformation (60). This chapter focuses on the
condensin [ complex of Drosophila, formed of the ATPases SMC2/4, the kleisin subunit
Barren and the HEAT-repeat subunits Cap-G and Cap-D2 (Chapter 1, Figure 1.3). The
condensin complex subunits are actively expressed in mitotic and interphase cells,
though the localisation of each subunit differs depending on the cell stage (53,60). In
Drosophila interphase cells the condensin I subunits exhibit different distribution to
mitotic cells. During mitosis the complex subunits assemble in the nucleus ready to
undertake the DNA-looping mechanism to drive chromosome condensation (72-74). In
interphase, Barren localises to the cytoplasm whilst Cap-G appears to be nuclear

(66,164).

Published RNA-seq data indicates significant levels of condensin subunit transcripts in
neurons, including Cap-G, mostly at the embryonic and larval stages (10,162). Moreover,
there is evidence of condensin I in murine NSCs, but not in neurons (80). The subunit Cap-
G was detected in a Y2ZH screen to identify interactors of Lola-N, a neuron-specific
transcription factor (19) (Southall, T.D., unpublished). This Cap-G/ Lola-N interaction
exposed the potential for a condensin subunit to have a post mitotic role in neurons.
These data gave us confidence in further exploring the role of Cap-G in Drosophila

neurons.
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Figure 3.1. Drosophila embryo and larval brain anatomy.

A) Embryo diagram showing Ventral nerve cord and layers distal to proximal of NSCs, GMCs and
neurons. Fluorescence staining of wild type embryonic VNC marking neurons (Elav) and NSCs
(Dpn). Scale bar 30 um. B) Third instar (L3) larval brain diagram showing Optic Lobes (OL),
Central brain (CB) and VNC. Fluorescence staining of L3 brain showing cell membranes (Dlg) and
NSCs (Dpn). Scale bar 100 pm.
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Condensin is characterised in mitotic and interphase cells, but there is limited knowledge
of its presence or potential role in post-mitotic cells. To address this question, we exploit
the genetic tractability of Drosophila to observe Cap-G localisation in vivo, as well as
create neuron-specific Cap-G knockdown (KD) animals. Instrumental to this study is the
CRISPR knock-in line Cap-GESFP, donated by collaborator Stefan Heidmann. This line
expresses C-terminally EGFP-tagged Cap-G from its endogenous locus, is homozygous
viable and fertile and display no ill effects. Moreover, the line is able to recapitulate native

Cap-G expression and localisation (138).

3.1.3 The deGradFP system to knockdown GFP-tagged proteins
To investigate a putative neuronal role for Cap-G, I used the deGradFP system to create
neuron-specific Cap-G KD animals (137) (Figure 3.2). The deGradFP system is a technique
that allows degradation of a GFP-tagged protein of interest. This technique exploits the
Ubiquitin Proteasome Pathway of protein degradation. A series of enzymes (E1, E2Z and
E3) attach ubiquitin molecules to proteins being targeted for degradation (165). The
ubiquitin-tagged proteins are then degraded by proteasomes and lysosomes. The E3
family of enzymes determines the specificity of the degradation pathway. An E3 enzyme
is the multi-protein complex SKP1-CUL1-F-box protein ligase (SCF). This protein ligase is
formed of common subunits SKP1 and CUL1, whilst the F-Box Protein (FBP) subunit
changes depending on the substrate, hence determining the enzyme specificity. In
Drosophila, the Slmb is an F-box protein that recruits the SKP1 and CUL1 factors to
mediate ubiquitin transfer onto target proteins (166,167). To hijack the pathway
specificity, Caussinus et al. modified Slmb to engineer the new FBP NSImb-vhhGFP4,
where they fused a single-domain GFP antibody fragment to the N-terminal of Slmb

(137). The engineered FBP mediates the ubiquitin transfer on GFP-tagged proteins
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resulting in their degradation by the proteasome. The authors coined the technical name

for this method deGradFP (degrade Green Fluorescent Protein).

The strength of the deGradFP system is that it can be coupled with the GAL4/UAS system
to allow for cell-specific and timed expression of the NSIlmb-vhhGFP4 protein (Figure
3.3). The GAL4/UAS system is a powerful tool developed in Drosophila to investigate gene
expression (55). This method exploits the yeast protein GAL4, a transcriptional activator
which recognises and binds specifically to UAS (upstream activator sequence). The
system involves two key parts, the driver lines (or GAL4-lines) which are genetically
modified GAL4 proteins coupled with tissue or cell -specific genes, and the reporter lines
(or UAS-lines) which have the UAS sequence upstream a target gene of interest. When
the driver and reporter fly lines are crossed, the GAL4 will bind to the UAS and activate
the transcription of the target gene, only in the tissue of interest. There is a wealth of GAL4
and reporter lines available in the Drosophila community, making it a versatile model for

investigating genes of interest in specific tissues.
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Degradation of Cap-GE®FP using the deGradFP system

1) Anti-GFP SImb F-box targets Cap-GEGFP
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Figure 3.2 Schematic of the DegradFP system.

1) Slmb F box engineered with anti-GFP antibody will target Cap-GESFP in the cells. 2) SKP1, Cull
and E2 enzyme are recruited by the Slmb protein 3) Cap-GEGFP is tagged with ubiquitin and
targeted for degradation (4).
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3.1.4 Cell-specific Cap-G knockdown with the deGradFP system
The deGradFP system has been combined with the GAL4/UAS system, generating a
reporter line UAS- NSImb-vhhGFP4, referred to as UAS-deGradFP hereafter (137). The
UAS-deGradFP when crossed to a GAL4 driver of interest allows for specific knockdown
of target proteins in a cell-type of interest. In this chapter I aimed to drive cell-specific
knockdown of Cap-GEGFP in neurons using the deGradFP system. Therefore, the GAL4 lines
and the UAS-deGradFP reporter were modified to be in a homozygous Cap-GEGFP
background, so that all Cap-G protein present in the organism is GFP-tagged and can be
targeted by the deGradFP system (Figure 3.3A). Two neuronal, post-mitotic drivers were
used: elav-GAL4 which is expressed in all neurons, from newly born to mature, and nSyb-
GAL4 which drives expression solely in more mature neurons which have begun synapse
formation (Figure 3.3B). Cap-G knockdown experiments with these two drivers are

referred to as elav-KD and nSyb-KD respectively hereafter.

Limitations of the deGradFP system include the fact that it infers a knockdown of the
protein, which may not result in a null phenotype, as some non-degraded protein may
still remain in the tissue. Moreover, the deGradFP effectiveness and specificity is limited
by the driver lines available and used for the experiments. If the GAL4 lines used have low
or non-specific tissue expression it could affect the resulting knockdown. Despite these
potential limitations, the deGradFP system has been used effectively to degrade protein
of interest in specific cell types, such as spermatocytes and neurons (168,169). The
deGradFP system was used to successfully degrade GFP-tagged proteins in the Drosophila
CNS, and in some instances the deGradFP KDs recapitulated known null mutant
phenotypes (169). Moreover, the deGradFP system was able to target maternally

inherited GFP-tagged protein in both neurons and spermatocytes (168,169). These
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reports provide a solid foundation for using the deGradFP system as a tool to generate

tissue-specific knockdowns, especially in the CNS, which is the focus of this study.

3.1.5 Alternative methods to generate cell-specific Cap-G
KD/mutant

A mutant Cap-G line has been previously described, which is an EP-element insertion and
has an embryonic lethal phenotype (81). This line was not suitable for this study, as it
cannot be manipulated to be cell-specific. Therefore, alternative methods were tested to
try and generate cell-specific Cap-G knockout or Cap-G knockdown animals. Extensive
measures were taken to try and generate cell-specific Cap-G knockout or knockdowns
using multiple methods, however, none of the methods described below resulted in a
faithful Cap-G mutant phenotype of embryonic lethality, making them unsuitable for this

study (Table 3.1).

In Drosophila, generation of cell-specific CRISPR/Cas9 mutants has been described (170).
The simultaneous expression of multiple gRNAs was coupled with the GAL4/UAS system
to achieve multiplexed, cell-specific genome editing (170). Initially, I generated
transgenic flies expressing gRNAs for cell-specific targeting of Cap-G following the
protocol described (170) (Appendix). However in positive controls, ubiquitous
expression of the Cap-G CRISPR/Cas9 mutants was unable to recapitulate Cap-G null

mutant phenotypes, therefore I discarded this approach.

Alternative knockdown methods were attempted, such as RNA interference (RNAi),
which target the nascent mRNA transcripts of interest and result in gene silencing (171).
However, positive controls of the Cap-G RNAi line available resulted in viable phenotypes
when ubiquitously expressed in the fly tissues, making it unusable for this study (Table

3.1). Finally, another method is an adaptation of RNAi, the in vivo GFP interference
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(iGFPi), which reduces the expression of GFP-tagged genes (172). This iGFPi could be
used to knockdown the expression of Cap-GEGFP in a cell specific manner. This would still
require the Cap-GECFP line and the UAS/GAL4 system, similar to the deGradFP system. The
phenotypes obtained with the deGradFP system have been shown to be comparable, and
almost identical to iGFPi when the drivers are continuously expressed throughout
development (169). Given the redundancy of these systems [ decided to generate the cell-

specific Cap-G knockdown only using the deGradFP system.

Table 3.1 Cell-specific Cap-G knockdown / knockout methods attempted.

Method Phenotype Source
UAS-Cap-G-RNAi (KK line) Viable VDRC #108841

UAS-Cap-G-gRNAs I generated following

Viabl
fable published protocol (170)

(Cell-specific CRISPR/Cas9 mutants)

deGradFP system Lethal (137)
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A) GAL4/UAS system for tissue-specific
degradation with deGradFP

1
& UAS deGradFP

X Cap-GF°™;UAS-deGradFP

elav-GAL4;Cap-GF©r

Cap-GF°f*; nSyb-GAL4

Neuron-specific Cap-GEGFP protein knockdown
B)

Immature neuron Mature neuron

@*CF*K%E?

Action
potential

Neurons with/forming

Pan-neuronal elav-GAL4 synapses nSyb-GAL4

elav-KD nSyb-KD

Figure 3.3 Generating neuron specific Cap-G KD using the deGradFP system.

A) The GAL4/UAS system where Tissue specific driver induces GAL4 expression, then the GAL4
binds to Upstream Activating Sequence (UAS) which induces expression of the deGradFP. All the
lines used are in a Cap-GEGFP homozygous genetic background. B) Schematic of experimental plan
for Cap-G knockdown driven by elav-Gal4 (elav-KD) expressed in all neurons and nSyb-Gal4 (nSyb-
KD) expressed in mature neurons.
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3.1.6 Chapter Aims
In this chapter I aim to characterise the expression pattern and protein localisation of the
condensin [ subunit Cap-G in the Drosophila nervous system. Currently there is little
understanding of condensin in post-mitotic cells and there is no evidence for the effects
of condensin knockdown in post-mitotic neurons. In this chapter I aim to generate a
robust and reliable post-mitotic, cell-specific knockdown to characterise Cap-G function
in neurons. [ present evidence for the localisation of Cap-G in neurons across embryonic
and larval tissues. Moreover, I successfully generated and characterised neuron-specific
Cap-G KD animals. These animals have impaired motility, reduced survival and neurons
display increased levels of DNA damage. Overall in this chapter [ demonstrate that Cap-G

plays a crucial role in the functioning and healthy development of the fly nervous system.
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3.2 Results

3.2.1 Cap-G is expressed in neurons
A Y2H screen in the Southall lab revealed an interaction between the TF Lola-N and the
condensin [ subunit Cap-G (unpublished, Southall T.D.). In the Drosophila brain, Lola-N is
expressed in neurons, so the Cap-G/Lola-N interaction suggests that Cap-G may be also
present in neurons. Whilst condensin activity has been characterised in neural stem cells
(80), the role of condensin complexes in post-mitotic neurons has not yet been studied in
any species. Published RNA-seq data indicates significant levels of condensin subunit
transcripts in neurons, including Cap-G (10,162). To determine whether Cap-G is
expressed in neurons I carried out fluorescent in-situ hybridisation on embryonic and
larval brain tissues. The method used to detect Cap-G mRNA is a single-molecule
fluorescent in situ hybridisation (smFISH), which has been shown to reliably work on
whole-mount Drosophila larval and adult brains (145). This method also enables co-
staining of tissue with antibodies, to mark different cell types, without affecting the

probes.

In wll18 stage 15 embryos there was ubiquitous expression of Cap-G mRNA in all cells of
the VNC (Figure 3.4A). Cap-G mRNA was also detected in the cytoplasm of neurons
marked by the nuclear protein Elav (Figure 3.4A). This suggests active expression of Cap-
G in embryonic neurons. Further to embryonic tissue I characterised the expression
pattern of Cap-G in 3™ instar larval brains. Cap-G mRNA is ubiquitously expressed in cells
of the Central Brain and Optic Lobes of larval brains (Figure 3.4B). In these larval brains,
the neurons are marked by mCD8-GFP, driven by elav-Gal4, to fluorescently label the
neuronal membrane. Sections of the central brain that highlight large cells are likely NSCs,

as there are expected strong levels of Cap-G mRNA but lack the mCD8-GFP marker (Figure
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3.4B). The neighbouring mCD8-GFP-positive neurons also display strong levels of Cap-G
mRNA, confirming that Cap-G is expressed in larval brain neurons. Together these results
provide in vivo evidence of condensin I subunit Cap-G being expressed in post-mitotic

neurons of the Drosophila nervous system.

3.2.2 Subunits of the condensin I complex Cap-G and Barren localise
in neurons

Upon confirming the active expression of Cap-G mRNA in vivo | wanted to characterise
the distribution of Cap-G protein in Drosophila neurons. To visualise Cap-G in the CNS I
used a Cap-GEGFP CRISPR knock-in line, which expresses EGFP-tagged Cap-G and
recapitulates native function and distribution (138). Originally, immunostaining
experiments were performed with an antibody against Cap-G (66) but the antibody used
did not reliably recognise Cap-G in wild-type tissues (data not shown). Therefore the Cap-

GEGFP line was the most suitable tool available for visualisation of Cap-G in vivo.

Firstly, to validate whether the Cap-GECFP line recapitulated native expression, I
investigated GFP-signal in dividing cells, where condensin I should be most prevalent. In
the VNC of stage 14 embryos, Cap-GEGFP was strongly detected in NSCs, marked by Dpn
(Figure 3.5). Larval brains also displayed strong Cap-GEGFP signal in the optic proliferation
centre and the NSCs (Figure 3.6). In Drosophila, NSCs and mitotic cells require Cap-G and
the condensin complex subunits for appropriate cell division (81). Therefore, strong GFP
signal detected in dividing cells increased confidence in the accuracy and suitability of

the Cap-GECFP fly line for experiments.
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A Cap-G mRNA

s

2

Cap-G mRNA

Cap-G mRNA

Figure 3.4 Cap-G expression in neurons.

A) w1118 embryo (stage 15, anterior top). Cap-G mRNA is ubiquitously present in neuronal
cytoplasm, neurons marked by Elav. B) Optic lobe of 3rd instar larvae. Cap-G mRNA is ubiquitously
expressed in the lobe and central brain. mCD8-GFP marks neuronal membrane. Central brain
section shows expression of Cap-G mRNA in neurons marked by elav-driven GFP expression. Scale
bars 10 um.
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Since establishing Cap-GEGFP as a fly line suitable for visualisation of native Cap-G, [ aimed
to investigate whether there were visually detectable levels of Cap-G in post-mitotic
neurons. There is currently no reported in vivo data for any condensin subunit in neurons.
A study on mouse cortex cells identified condensin I and II subunits in NSCs, but absent
from neurons (80). Secondly, I aimed to characterise whether Cap-G had a discrete
distribution in neurons, and whether it was cytoplasmic or nuclear. In interphase
Drosophila cells Cap-G appears to localise to the nucleus, whilst the rest of the condensin
subunits are localised in the cytoplasm, prior to initiation of cell division (66,76). In the
embryonic VNC Cap-GEGFP was localised in neurons, as it co-localised with the neuronal
marker Elav (Figure 3.5). Cap-GEGFP Jocalises to neuronal nuclei, as Elav marks neuronal
nuclei (Figure 3.5). Cap-GEGFP also localises to neuronal nuclei in the larval central brain
(Figure 3.6). These experiments provide in vivo evidence of condensin I subunit Cap-G

localises to post-mitotic, neuronal nuclei in embryonic and larval tissues.

In embryos, neuronal differentiation occurs in the distal to ventral direction, with newly
born neurons localising at the VNC edges closest to the progenitor cells (Figure 3.1A). In
larval central brain, the cells closest to the NSCs are often the progenitors and the newly
born neurons resulting from a mitotic and differentiation event (15). Interestingly, in
both larval and embryonic tissue, the Cap-GEGFP signal appears stronger in the neurons
closest to NSCs. In embryos, Cap-GEGFP signal is detected in newly born neurons as well as
the rest of the VNC (Figure 3.5). In larval brains, most obvious Cap-GEGFP signal is detected

in close proximity of NSCs (Figure 3.6B)
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Figure 3.5 Cap-GEGFP]ocalises in neuronal nuclei in embryos.

A) Cap-GESFP embryonic VNC (stage 14, anterior top). Neurons marked by Elav and NSCs by Dpn.
Cap-GEGFP strongly co-localises with Dpn. Highlighted VNC segments (dotted box) show Cap-GEGFP
co-localise with Elav (neurons) marked by yellow arrowheads, in proximity of NSCs. B) Section
of Cap-GEGFP embryonic VNC (stage 16, anterior top). Cap-GESFP signal is widespread in neuronal
nuclei at the distal edges of the VNC (yellow arrowheads). Neurons in the centre of the VNC show
distinct foci distribution of Cap-GEGFP (yellow arrowheads). Scale bars 10 pm.
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i

Figure 3.6 Cap-GESFP]ocalises in neuronal nuclei in larval brains.

Optic lobe of 3rd instar Cap-GEGFP larvae. A) Cap-GESFP is strongly present in the optic proliferation
centre and the central brain (CB). CB sections show Cap-GEGFP is present in neuronal nuclei as it
overlaps with marker Elav (yellow arrowheads). B) Cap-GEGFP localises in neurons closest to
dividing cells (yellow arrowheads). Scale bars 10 um.
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In addition to Cap-G, a second condensin [ subunit, Barren, was investigated in the context
of neuronal localisation. The fly line barren£GFP is another CRISPR knock-in line which
expresses EGFP-tagged Barren and recapitulates native function and distribution (138).
I aimed to investigate the localisation of a second condensin subunit to understand
whether localisation to neurons was exclusive to Cap-G, or possibly involved the whole

condensin [ complex.

The BarrenEGFP protein was detected in cells all across the embryonic VNC (Figure 3.7A).
Surprisingly, Barren localisation appears to be predominantly in the cytoplasm of
neurons (Figure 3.7A), unlike Cap-G which is nuclear. In larval brains BarrenEGF? strongly
localised to cells in the optic proliferation centre as well as the Dpn positive cells in the
central brain (Figure 3.7B). Moreover, BarrenEGFP co-localises with neuronal marker Elav
(Figure 3.7B). BarrenEGFP Jocalisation also appears to be cytoplasmic in both neurons and
NSC in larval neurons. However, in the larval brain the localisation of BarrenktGFP js
widespread and the high intensity signal makes it difficult to distinctly characterise the
localisation of Barren, which could also be in the nucleus (Figure 3.7B). Overall these
results indicate that the condensin subunits Cap-G and Barren localise to neurons across
Drosophila developmental stage. Since Cap-G showed the most distinct nuclear

localisation, we decided to focus on the neuronal role of Cap-G for the rest of this study.
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Barren EGFP

Figure 3.7 BarrentGf? Jocalises in neurons

A) barrenféfP embryo (stage 15).Barrenf¢fPis present in all cells of the VNC,
including Elav positive neurons. All images show ventral view of embryonic VNC (anterior -top).
B) barrenEGFP Jarval brain. BarrentGFP detected in the optic lobes and colocalsies with neurons
marked by Elav (yellow arrowhead). CB section show BarrenkGFP colocalises with NSCs (Dpn) and
neurons close to the dividing cells. Scale bars 10 um.
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3.2.3 Cap-G co-localises with Lola-N in neuronal nuclei
Upon validating Cap-G localisation in neurons, I aimed to see whether Cap-G and Lola-N
colocalised in vivo in Drosophila embryos. Lola-N is a neuron-specific TF that is present
in neuronal nuclei (19) and an interaction was detected between Cap-G and Lola-N in a
Y2H screen (unpublished, Southall T.D). To further understand the interaction between
Lola-N and Cap-G I carried out experiments to observe potential co-localisation in vivo.
Cap-G and Lola-N co-localise in neuronal nuclei across embryonic stages (Figure 3.8).
Stage 14 embryos show widespread distribution of Cap-G in neuronal nuclei co-localising
with Lola-N (Figure 3.8A). Previously I observed prominent distribution of Cap-GEGFP in
neurons nearest to the NSCs and progenitors, suggesting that Cap-G is present in newly
differentiated neurons (Figure 3.5). Given Lola-N is a TF present in neurons from their
birth onwards (19), co-localisation of Cap-G with Lola-N further confirms that Cap-G is

present in newly born neurons.
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Figure 3.8 Cap-GEGFP colocalises with Lola-N in neurons.

A) Cap-GEGFP embryo (stage 14, anterior top). Cap-GESFP co-localises with Lola-N in neuronal nuclei
of the VNC. B) Cap-GEGFP embryo (stage 16, anterior top) Cap-GESFP co-localises with Lola-N in
distinct foci in neuronal nuclei marked by yellow arrowheads. Scale bars 10 um.
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Interestingly, the distribution of Cap-G within the nucleus seems to differ across
embryonic stages. At stage 16, Cap-G distribution in neurons marked with Lola-N is more
restricted in the nucleus to a few discrete foci (Figure 3.8B). This is distinct to the broader
distribution of Cap-G in the nucleus at the earlier stage (Figure 3.8A). Given the role of
the condensin complex in chromatin compaction, these imaging results could suggest that
later in development Cap-G localises at heterochromatin sites in nuclei, which could
explain the foci distribution observed. Previous reports demonstrate that Drosophila Cap-
G co-localises with heterochromatin protein 1 (HP1) in interphase cells (66). From this
evidence I hypothesised that Cap-G could co-localise with HP1 in neurons. Therefore, to
investigate the nature of the Cap-G foci distribution in neurons I co-stained Cap-GEGFP
embryos with an HP1 marker. In embryonic VNC, Cap-GEGFP partially co-localises with
HP1 in neurons (Figure 3.9). Cap-G localises in distinct foci in neurons, however, when
compared to HP1 staining those foci only partially overlap (Figure 3.9B). Moreover, in
larval brains Cap-G broadly co-localises with HP1 in neurons, though Cap-G signal in
neurons did not display distinct foci as in embryos, but is more widespread across the
nucleus (Figure 3.9C). These results suggest that Cap-G distribution partially resembles

heterochromatin in neuronal nuclei across development.
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Cap-G Elav Cap-G HP1 Cap-G HP1 Elav

Cap-G Elav Cap-G HP1 Cap-G HP1 Elav

Figure 3.9 Cap-GEGFP partially colocalises with HP1 in neurons.

A) Cap-GEGFP embryo (stage 14) VNC segment. Cap-GEGFP distribution is widespread in the
neuronal nuclei (Elav) and partially colocalises with HP1 (yellow arrows). B) Cap-GEGFP embryo
(stage 16) VNC segment. Partial co-localisation between Cap-GEGFP and HP1 in neurons (Elav) and
foci are highlighted by yellow arrows. C) Cap-GEGFPlarval optic lobe. Cap-GEGFP signal is widespread
in nuclei of larval brain cells and has no distinct foci. Partial co-localisation of Cap-GEGFP and HP1
in neurons (yellow arrow). Scale bars 10 pm.
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3.2.4 Cell-specific knockdown of Cap-G with deGradFP
The presence of Cap-G in neurons suggests a post-mitotic function for condensin in the
CNS. To investigate this putative neuronal role, | used the deGradFP system to create
neuron-specific Cap-G KD animals (137). Firstly, I aimed to assess whether the deGradFP
system could effectively induce degradation of the Cap-GEGFP protein. Ubiquitous
degradation of Cap-GEGFP with daughterless-GAL4 resulted in 100% embryonic lethality.
This is consistent with previous reports of Cap-G mutant embryonic lethality in
Drosophila (81,173). To further confirm and visualise the effectiveness of deGradFP as a
knockdown tool I designed a positive control experiment to induce Cap-GEGFP degradation
in stochastic cell clones. [ combined the deGradFP system with the heat-shock ‘flip-out’
(hs-FLP) system (142), which exploits a ubiquitous driver line intrinsic of FRT cassette
to inhibit GAL4 expression. Upon heat- shock, the hs-FLP line activates expression of the
flipase (Flp), which will remove the FRT cassette and allow GAL4 expression. In turn, this
expresses the UAS-deGradFP line solely in stochastic clones, marked by a fluorescent
reporter protein, and induce Cap-GEGFP degradation. In larval optic lobes, drastic loss of
Cap-GEGFP signal is detected in stochastic clones compared to the neighbouring cells
(Figure 3.10A). This result further confirms that the deGradFP system is suitable for

inducing neuron-specific degradation of Cap-GEGFP,

Immunostaining of elav-KD embryos showed a reduction in GFP signal in neurons,
indicating that a robust neuronal knockdown was achieved using the deGradFP method
(Figure 3.10B). I performed knockdown experiments using both GAL4 lines to better
characterise the role of Cap-G during neuronal maturation, assessing its effect on survival,

behavioural and genomic traits.
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A Cap-GEC®FP protein knockdown in stochastic clones
using the deGradFP system

Cap-GE°FP myr-tmt

Effective knockdown of Cap-GE®"" protein in neurons

B using the deGradFP system
ol elav-KD
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Cap-GEGFP Elav Dpn

Figure 3.10. Cap-GESFP knockdown in neurons.

A) Optic lobe 3rd instar larvae. Cap-GEGFP degradation driven in clones marked by myr-tmt.
Effective knockdown of Cap-GESFP in clones in the optic proliferation centre. Scale bar 10 pym. B)
Effective knockdown of Cap-GEGFP in neurons. Single slice of embryonic VNC (stage 14, anterior
top) showing reduced Cap-GESFP levels in neurons marked by Elav in elav-KD compared to Cap-
GEGFP control. Cap-GEGFP js still detected in NSCs marked by Dpn in both Cap-GEGFP control and elav-
KD. Scale bars 10 um.
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3.2.5 Cap-G KD in neurons leads to reduced survival and
behavioural defects across development

To study condensin I in a neuronal context I induced the degradation of Cap-G specifically
in neurons, resulting in a cell-specific knockdown of Cap-G. Removal of Cap-G from
Drosophila neurons led to a severe developmental mortality phenotype (Figure 3.11A).
Both elav-KD and nSyb-KD animals displayed increased mortality at pupal and adult
stages when compared to Cap-GEGFP controls. In elav-KD animals, only 17% of embryos
developed into pupae, and only 4% successfully eclosed to produce adult animals,
compared to 71% and 66% reaching pupal or adult stages respectively in controls (Figure
3.11A). Embryos from nSyb-KD flies also displayed a severe survival defect, with only
25% pupating and 21% adults flies eclosing. Survival analysis using both the Logrank and
the Gehan-Breslow-Wilcoxon tests showed a significant difference between both Cap-G

KDs and control flies (p < 0.0001, n = 300).

Whilst the number of animals surviving to pupation was not significantly different
between elav-KD and nSyb-KD, significantly more nSyb-KD flies survived to adult stages.
The surviving 4% elav-KD adults all had severe mobility impairment, where most adults
were unable to move and died shortly after eclosing. Despite appearing morphologically
normal, the eclosed nSyb-KD adults displayed a significantly higher mortality rate when
compared to Cap-GEGFP controls (Figure 3.11B). On average the male nSyb-KD flies lived
20 days less compared to controls. Female nSyb-KD animals fared marginally better,
surviving on average 15 days less than controls. Survival analysis using both the Logrank
and the Gehan-Breslow-Wilcoxon tests showed a significant difference between the nSyb-
KD and control flies (p < 0.0001, n = 60). Overall, these results suggest that Cap-G in post-

mitotic neurons is necessary for normal development of the CNS and survival.
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Figure 3.11. Cap-G knockdown in neurons results in premature developmental arrest and
severe mobility defects.

A) Survival of developing flies recorded at pupal and adult stages. Cap-GEGFPflies were used as the
control genotype. Survival expressed as a percentage of the initial total number of embryos. 300
biological replicates/genotype. Logrank test and weighted Gehan-Breslow-Wilcoxon model (****,
p < 0.0001). B) Survival of adult nSyb-KD and Cap-GEGFP control recorded daily until all flies
deceased. Survival expressed as a percentage of starting flies, 60 biological
replicates/genotype. Logrank test and weighted Gehan-Breslow-Wilcoxon model (****, p <
0.0001). C) Locomotion assay of L3 larvae from 3 independent experiments. Control 1 = Cap-
GEGFP; UAS-deGradFP. Control 2 = elav-Gal4; Cap-GESFP, Control 3 = Cap-GEGFF; nSyb-Gal4. Mean
crawling speed from 10 technical replicates for each of the 30 biological replicates/ genotype.
Kruskal-Wallis test one-way ANOVA (**** p < 0.0001). D) Negative geotaxis assay from 3
independent experiments. Control 1 = Cap-GEGFP; nSyb-Gal4. Control 2 = Cap-GEGFF; UAS-deGradFP.
Control 3 = nSyb-Gal4; UAS-deGradFP. Mean distance climbed from 10 technical replicates for
each of the 30 biological replicates/genotype. Kruskal-Wallis test one-way ANOVA (****, p <
0.0001).
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3.2.6 Cap-G KD in neurons results in impaired mobility in flies
Larval locomotion is a distinct behavioural trait in Drosophila larvae and commonly used
as a proxy to assess healthy neuronal development (174). Knockdown of Cap-G in
neurons severely reduced larval locomotion ability. Both elav-KD and nSyb-KD animals
displayed similar severity in their locomotion defects when compared to controls (Figure
3.11C). On average, the Cap-G knockdown larvae moved 4 cm/min less than the control
animals (p < 0.0001, n =30). Mobility impairment carried over onto adult flies in both
genotypes (Figure 3.11D). elav-KD adults displayed a very severe mobility phenotype, as
they were unable to move after eclosion and died shortly after. As a few nSyb-KD animals
successfully eclosed as adults, I was able to carry out another mobility assay known as
negative geotaxis (climbing) assay (175). This exploits the innate fly response to climb
against gravity, as flies are firmly tapped to the bottom of the tube and their upward

distance climbed is recorded and scored.

The nSyb-KD adults showed a compromised ability to climb, with the mean climbing
distance of ~5 cm, as compared to ~9 cm or ~13 cm for control genotypes (Kruskal-
Wallis test one-way ANOVA, p <0.0001, n=30) (Figure 3.11D). Behavioural phenotypes
can be affected by the genetic background of the animals. Therefore, all possible control
genotypes were used to account for any differences caused by the genetic background.
The controls included the GAL4 lines used to drive the knockdown and the UAS-deGradFP
line, all in a Cap-GEGFP homozygous background. Overall, these data show that knockdown

of Cap-G in neurons results in motor defects in both larvae and adult flies.
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3.2.7 Increased levels of DNA damage in Cap-G KD neurons
The behavioural phenotypes observed suggest that Cap-G depletion affects the healthy
development of the nervous system. Analysis of the brain tissue in vivo did not show any
gross morphological defects in larval or adult brains, suggesting that Cap-G KD may lead
to molecular and genomic instability, given the established role of condensin in
chromosome organisation. Studies in yeast suggest the condensin complex regulates DNA
damage response in interphase cells (176,177). To determine whether Cap-G KD had an
effect on DNA damage response in neurons, | quantified DNA damage levels in vivo using
y-H2Av antibody as a marker for double-stranded DNA breaks (DSB) (178). The total
number of y-H2Av positive neurons were quantified as a percentage of the total number

of y-H2Av positive cells observed in the tissue.

In the larval CNS I observed an increase in neuronal DNA damage in both elav-KD and
nSyb-KD, when compared to Cap-GEGFP controls (Figure 3.12). In elav-KD and nSyb-KD we
observed a two/threefold increase of y-H2Av positive neurons compared to controls,
(Kruskal-Wallis test one-way ANOVA, p < 0.001, n=10) (Figure 3.12B). There was no
significant difference in the DNA damage between elav-KD and nSyb-KD tissues, an
interesting result given the more severe survival phenotype seen previously (Figure

3.11).
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Figure 3.12 Cap-G KD leads to increased DNA damage in larval neurons.

A) Larval optic lobes for Cap-GE¢FP controls and Cap-G KD genotypes. y-H2Av indicates DNA
damage, Cap-G signal is strongest in dividing cells. Scale bars 10 um. B) Quantification of y-H2Av+
neurons as percentage of total y-H2Av+ cells. 10 biological replicates per genotype. Kruskal-
Wallis test one-way ANOVA (***, p < 0.001).
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Condensin complex has an established role in chromatin compaction in mitotic cells,
which impacts the shape, area and size of nuclei (82). In Drosophila, mitotic cells in the
larval brains of heterozygous Cap-G mutant flies display diffused DAPI staining,
accounting for aneuploidy and aberrant chromosome segregation in the nuclei (81).
Moreover, in Drosophila S2 and Kc167 cell lines the depletion of condensin II subunits
Cap-HZ and Cap-D3 resulted in an increased nuclear size, disrupting the area and shape
of the nucleus (125). These studies report effects on mitotic and interphase cells, but
there is no current knowledge on whether condensin affects chromatin compaction in
post-mitotic cells. To investigate whether Cap-G has any role in regulating chromatin
compaction in neurons I analysed the nuclear area of embryonic neurons in both elav-KD
and nSyb-KD animals. DAPI staining was used to mark the DNA content in nuclei and Elav
to mark the nuclei of neurons. There was no significant difference in neuronal nuclei area
between both Cap-G KDs and the Cap-GE¢FP control (Figure 3.13). The average area ranged
around 900-1000 pixel (~1000 cells per replicate analysed, 7 biological replicates).
These results suggest that Cap-G in neurons may carry a role independent of the

chromatin compaction function of the condensin complex.
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Figure 3.13 Cap-G knockdown has no effect on neuronal nuclei area.

A) Section of embryonic VNC (ventral view) stage 15 for all genotypes. Elav to mark neuronal
nuclei and DAPI as nuclei stain. Control Cap-GEGFP, elav-KD and nSyb
KD genotypes. B) Quantification of neuronal nuclei area. Pixel area average of at least 1000 cells
per replicate was analysed. 7 biological replicates per genotype. No statistical difference
determined by one-way ANOVA (p> 0.5).
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3.2.8 Cap-G KD leads to increased neuronal death
Further to the DNA damage observed in Cap-G KD animals (Figure 3.12) I wished to
investigate whether there was an increase in neuronal apoptosis as a result of Cap-G KD.
A previous report of condensin mutations in the mouse developing cortex led to
increased apoptosis of NSCs and neurons (80). In zebrafish, Cap-G mutants displayed a
significant increase in apoptosis of proliferating retina cells (135). Given these previous
findings, | assumed that any degradation of Cap-G in newly-born neurons could result in

a detectable increase in cell death.

TUNEL staining was done on elav-KD and Cap-GEGFP embryos staged 14-16 and the total
number of apoptotic neurons (TUNEL +ve, Elav +ve) was quantified (Figure 3.14). There
was a significantly higher number of apoptotic neurons in elav-KD embryos compared to
Cap-GEGFP controls (Figure 3.14B). On average ~20 apoptotic neurons were detected in
control embryos, compared to ~35 detected in elav-KD across 9 biological replicates
(Figure 3.14B). Despite being a statistically significant difference, the effect on neuronal

cell death observed is still mild.

As visual observations showed a number of TUNEL-positive cells that did not overlap
with neurons, [ wished to quantify whether there were any differences in apoptotic non-
neuronal cells between elav-KD and control embryos. The area analysed was the
embryonic VNC, therefore these could represent NSCs and other mitotic cells such as
GMCs. There was no significant difference in the amount of apoptotic non-neuronal cells
between elav-KD and controls (Figure 3.14C). Taken together these results suggest that
knockdown of Cap-G in neurons results in a mild increase in neuronal death, with no

effect on apoptosis of NSCs and dividing cells at the embryonic stage.
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Figure 3.14 Increased neuronal apoptosis in elav-KD.

A) Staining for apoptotic cells in embryonic VNC stage 16 for Cap-GESFP (control) and elav-KD.
Neurons marked in green by Elav and apoptotic cells in magenta by TUNEL staining. Anterior left,
posterior right. Maximum Z-projection. Scale bar 10 pm. B-C) Quantification of apoptosis in
embryonic VNC stage 15/16 for Cap-GEGéFP and elav-KD. B) Significant difference in number of
apoptotic neurons (TUNEL+, Elav +), t-test p = 0.006. Outliers have been identified and removed
using the Grubbs’ test. 9 replicates per genotype. C) No significant difference in number of
apoptotic non-neuronal cells (TUNEL +, Elav -) between Cap-GEGFP control and elav-KD. 10
replicates per genotype.
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3.2.9 Characterising the effects of elav-GAL4 driven Cap-G KD
Given the vital role of Cap-G in dividing cells I had to ensure the tools used for protein
knockdown were exclusively post-mitotic. It has been reported that elav-GAL4 can drive
low level expression in embryonic NSCs (179), which could interfere with the intended
post-mitotic, elav-driven Cap-GEGFP knockdown. Therefore, I undertook a careful
characterisation of the elav-KD effects on NSCs and dividing cells. First, I analysed
whether the elav-GAL4 would drive degradation of Cap-GEGFP in NSCs as well as neurons.
Imaging of elav-KD embryos shows no significant difference in GFP levels in NSCs, marked
by Dpn, compared to Cap-GEGFP controls (Figure 3.15). However, the GFP-degradation
levels may be subtle and difficult to detect without quantitative measures. Therefore, to
determine whether low level degradation of Cap-GEGFP was occurring, | quantified in vivo
GFP levels in NSCs. There is no significant difference in the GFP levels in Dpn-positive
cells between elav-KD and Cap-GEGFP embryos (Figure 3.15B). Quantification was carried
out by normalising the average pixel intensity of Cap-GEGFP protein levels against Dpn
signal. The levels are then represented as a ratio of EGFP/Dpn average signal intensity
per cell. Across replicates for both elav-KD and Cap-GE¢FP controls the cells displayed a

similar distribution in the signal ratio detected (Figure 3.15B).
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Levels of Cap-GE® P in neuronal stem cells
of the embryonic VNC
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Figure 3.15 Cap-GEGFP]evels remain constant in NSCs between elav-KD and control.

A) Representative images showing Cap-GEGFP in NSCs, marked by Dpn Note that NSCs show
variable Cap-G expression depending on cell-cycle stage. Scale bars 5 pum. B) Quantification of
Cap-GEGFPsignal in NSCs normalised against Dpn signal. Y-axis displays ratio of EGFP/Dpn average
signal intensity per cell. The average pixel intensity is calculated for >70 cells/ embryo, with 3
biological replicates per genotype (Cap-GESFP control and elav-KD). No significant difference as per
Nested t-test (p > 0.05).
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The in vivo data presented above does not take into account other mitotic cells present in
the VNC, for example the GMCs, which could still be affected by low-level Cap-GEGFP
degradation. Therefore, I quantified the GFP-fluorescence levels in live mitotic cells of the
VNC in elav-KD and Cap-GE¢FP control embryos. There was no significant difference in the
levels of Cap-GEGFPin mitotic cells between the elav-KD and control embryos (Figure 3.16).
Mitotic cells displayed high intensity GFP signals, which was used to threshold the live
images and allowed for analysis of mitotic cells only, isolated as individual Regions of
Interest (ROI) (Figure 3.16A). The average pixel intensity of mitotic cells ranged around
1700 pixels for both elav-KD and control embryos (Figure 3.16B). A potential reduction
of GFP intensity in mitotic cells may affect the total number of cells detected by the
thresholding algorithm. Therefore, I quantified the number of thresholded mitotic cells
between both genotypes and noted no significant difference in both elav-KD and Cap-GEGFP
animals (Figure 3.16B). These results indicate that a robust neuronal knockdown was
achieved using the deGradFP method and conclude that any low-level expression of

deGradFP in NSCs is not sufficient to significantly reduce Cap-GEGFP levels.
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Figure 3.16 Live Cap-GEGFP levels remain unchanged between elav-KD and controls.

A) Quantification of Cap-GESFP protein levels in dividing cells in Cap-GEGFP control and elav-KD
embryonic VNC (stage 14 /15- anterior top). Pixel intensity thresholding was performed to
produce images in which dividing cells were defined as regions of interest (ROI) whilst neurons
(lower pixel intensity) were excluded from the analysis. B) The average pixel intensity of dividing
cells is calculated for >30 cells/ embryo, with 10 biological replicates per genotype. No significant
difference in Cap-GEGFP levels, t-test (p > 0.5). Number of mitotic cells (ROIs) remains constant.
Scale bar 10 pum.
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3.2.10 Cap-G KD driven by elav-GAL4 has no impact on cell
division

Since condensin has a well characterised function in mitotic cells, any depletion of
condensin subunits from these cells would affect their ability to divide. To further confirm
the post-mitotic specificity of elav-driven Cap-G KD I quantified the number of dividing
cells, NSCs and mitotic NSCs in both elav-KD animals and Cap-GEGFP controls. The
embryonic stages analysed ranged from stage 14 to 16, when the highest number of NSCs

and dividing cells is detectable (15).

There was no detectable difference in the number of NSCs, dividing cells nor dividing
NSCs in both elav-KD and Cap-GESFP controls (Figure 3.17). A total of ~350 NSCs (Dpn-
positive) were detected in both elav-KD and Cap-GEGFP control embryos across 10
biological replicates (Figure 3.17A). I used the M-phase marker pH3, to account for all
dividing cells in the VNC, including the GMCs (180). On average, 200 pH3-positive cells
were detected in both genotypes, confirming there is not a significant difference in the
number of mitotic cells between elav-KD and controls (Figure 3.17B). Finally, there was
no difference in the overall number of dividing NSCs (Dpn, pH3-positive cells) between
the Cap-G KD and controls (Figure 3.17B). These results suggest that there is no effect on

NSCs in elav-KD embryos and that the method is specific to post-mitotic cells.
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Figure 3.17. elav-KD has no effect on mitotic cell numbers.

Quantification of NSCs numbers and cell division in Cap-GEGFP control and elav-KD individuals. Z-
stacks of embryonic VNC stage 15 for Cap-GEGFP and elav-KD were used. A) Quantification of total
number of NSCs marked by Dpn. B) Quantification of total number of mitotic cells marked by pH3.
C) Quantification of total number of dividing NSCs as number of pH3+/Dpn+ cells. 10 replicates
per genotype. No significant difference as per t-test (p > 0.05). D) Maximum Z-projection of stage
15 embryonic VNC for both Cap-GEGFP and elav-KD showing quantified NSCs (Dpn) and dividing
cells (pH3). Scale bar 10 um.
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3.3 Discussion

3.3.1 Condensin I localisation and distribution in Drosophila
neurons

Cell differentiation and maturation during development requires a tightly regulated
interplay of transcription factors, co-factors and chromatin remodelling. A family of
chromatin remodelling proteins are the condensin complexes, necessary to condense
DNA into chromosomes and ensure effective cell division. The role for condensin in
dividing cells is well established (53), but little is known about potential roles of
condensin in post-mitotic cells. In this chapter I presented evidence for a novel role of
condensin I subunit Cap-G in Drosophila neurons. Firstly, 1 characterised Cap-G
expression patter in vivo and in-situ hybridisation results show ubiquitous expression of
Cap-G mRNA in embryonic and larval neurons. These observations are consistent with
previously published RNA-seq data (10,162). Moreover, in agreement with the RNA-seq

data, I was unable to detect Cap-G expression in adult brains.

In order to characterise localisation of condensin I subunits Cap-G and Barren in neurons
[ utilised fluorescently tagged lines for both subunits: Cap-GES*? and BarrenE¢FP. Both of
these lines have been described to express the genes from their endogenous locus and to
recapitulate the wild type expression of the subunits (138). Imaging of Cap-GEGFP
displayed its nuclear distribution in neurons. In contrast, BarrenEGFP ]Jocalised to the
cytoplasm of neurons. These observations are in agreement with the described
localisation of condensin I subunits in Drosophila interphase cells, where Cap-G localised
to the nucleus whilst subunits SMC2, Cap-D2 and Barren localised in the cytoplasm
(66,76). This difference in localisation suggest that in post-mitotic cells, condensin I
subunits may localise individually and perform roles distinct from the whole condensin

complex. It is important to note that due to the lack of reliable antibodies for Cap-G and
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Barren the localisation observed could not be validated by alternative methods. For
example, [ attempted to stain wild-type tissue with a previously described anti-Cap-G (66)
antibody, however, the antibody failed to reliably recognise Cap-G in
immunofluorescence experiments. Despite this, the EGFP tagged lines were viable and
with no apparent ill effects, reinforcing that the observations made mirror the wild type

condensin subunits.

Prior to the immunofluorescence experiments, a detected Y2H screen initially suggested
presence of Cap-G in neurons, due to a detected interaction between Cap-G and Lola-N
(unpublished, Southall T.D.). Stainings of embryonic VNC show that Cap-G and Lola-N co-
localise in neuronal nuclei, further suggesting a potential Lola-N/ Cap-G interaction in
neurons. Lola-N is a neuron-specific transcription factor essential in newly born neurons,
as it maintains the differentiated state of the cell (19). Removal of Lola-N from newly-
born neurons causes a de-differentiation phenotype, where neurons express stem-cell
genes and proliferate uncontrollably causing tumours (19). However, when removing
Lola-N from mature neurons these effects do not occur (19). Cap-G distribution was
predominantly observed in early neurons, closest to the differentiating cell lineage. Given
this observation and the fact that Cap-G co-localises with Lola-N, it is plausible to
speculate that Cap-G may also be necessary at the early stages of neuronal development.
However, it is possible that the Cap-G observed in such proximity of the progenitors may
also be maternally inherited protein, and not relate to a function for Cap-G in early

neurons.

In late embryonic stages, Cap-GEGFP distribution resemble distinct foci in neurons further
from the progenitor cells. A previous study in interphase cells observed similar foci

localisation of Cap-G, describing it as a “non-homogenous distribution” in the
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nucleoplasm that co-localises with HP1 (66). However, | observed only partial, restricted
co-localisation between HP1 and Cap-GEGFP in neurons. As this distribution was only
observed in embryonic tissue and not larval it is plausible that it is temporally regulated
and sparse in neuronal cells. In Drosophila nurse cells, Cap-H2 is involved in the formation
of chromosome territories, by distributing heterochromatin and centromeric regions at
the nuclear periphery (124). This foci localisation of Cap-G at some heterochromatin
could relate to a function in spatially organising the genome in neuronal nuclei in

Drosophila.

3.3.2 A post-mitotic role for Cap-G in neurons
This study presented first evidence for a robust post-mitotic knockdown of Cap-G in
neurons, revealing a novel post-mitotic role. Cap-G knockdown in neurons resulted in
phenotypes such as reduced survival, impaired mobility and genomic instability. There
were no gross morphological changes to the CNS or the overall animal at any stage of
development, despite the observed phenotypes. Cap-G mutants in Drosophila are
homozygous lethal, however heterozygous animals for some alleles showed rough eyes
phenotypes (81).1did not observe any eye phenotype in my neuron-specific knockdowns
(which include eye tissue), confirming the robustness of the knockdown and that the

phenotypes observed may be a consequence of a separate post-mitotic role for Cap-G.

Cap-G knockdown animals were generated using the deGradFP system coupled with
GAL4/UAS, resulting in highly specific degradation of GFP-tagged proteins in a cell-type
of interest (137). The deGradFP has been shown to successfully degrade proteins in the
Drosophila CNS and in some instances recapitulate null mutant phenotypes (169). In my
experiments, ubiquitous degradation of Cap-GEGFP resulted in embryonic lethality, the

same phenotype observed in Drosophila Cap-G null mutants (81). This result gave
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confidence in the effectiveness of the KD method used. Further validation of Cap-G KD is
seen in clones, which showed that GFP was successfully degraded, but not completely
depleted. In neuron-specific Cap-G KD some GFP signal is still detectable in neuronal cells,
suggesting that the knockdown of Cap-G from neurons is not a complete depletion. This
could be attributed to the two/ three-hours onset time of the deGradFP system (137).
Despite this, the phenotypes of the knockdown are very severe, further emphasising the

importance of Cap-G in neurons.

To ensure a robust, post-mitotic neuronal phenotype I induced Cap-G knockdown in two
overlapping populations of cells, immature to fully differentiated neurons (expressing
elav) and mature, fully differentiated neurons (expressing nSyb). Interestingly, survival
phenotypes exhibited by the elav-KD were more severe than the nSyb-KD. This could be
due to the maturation stage of the cells targeted by each driver. The nSyb-GAL4 targets
fewer neurons which have already matured and lost plasticity, whilst elav-GAL4 also
targets newly born neurons which are in a more transient differentiating sate. Given |
observed Cap-G distribution mostly in newly born neurons, I can assume that Cap-G may
play a more prominent role in the early life of neurons. For example, Cap-G may be
required for terminal differentiation of newly born neurons and aid their maturation. The
deGradFP system is able to effectively degrade maternally inherited protein (169),
therefore, if the Cap-GEGFP observed close to the progenitors were to be inherited by the
neurons, it would still be depleted. Results with nSyb-KD show impaired mobility and
survival in adult flies, suggesting that, even if at a lesser degree, Cap-G may be required
to maintain proper neuronal identity and function. Overall, condensin [ seems to have
implications on effective neuronal development and the overall functioning of the

Drosophila nervous system.
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One of the drivers used in this study, elav-GAL4, has previously reported low-level
expression in NSCs (179). This expression could interfere with the intent of generating
an exclusive post-mitotic knockdown of Cap-G. Therefore,  took extensive qualitative and
quantitative measures to assess whether any Cap-GEGFP degradation occurred in NSCs.
Image analysis of in vivo and live images did not detect any decrease in Cap-GEGFP Jevels
in mitotic cells and NSCs and the number of mitotic cells and NSCs also remained
constant. Furthermore, functional analysis on NSCs show that their ability to divide
remained unaffected as well as apoptotic ratio. In the mouse cortex, depletion of
condensin I resulted in increased death of NSCs (80). Therefore, the absence of an
increase in apoptosis in progenitors suggests that Cap-G in NSCs is not degraded in my

experiments.

The knockdown and control populations observed often displayed a widespread dataset,
which may be attributed to the variations in staining quality as well as the intensity of the
KD driven by Cap-G, which may differ across generations. Multiple biological replicates
were performed in the analysis to account for this spread in the population. Taken
together, characterisation of the elav-KD animals displays no ill effects in mitotic cells,
suggesting that the Cap-G KD is indeed in post-mitotic neurons. However, there is some
possibility that Cap-G knockdown may occur at levels too low to be detected by the
measures used, or in an undetected subset of progenitor cells, giving rise to phenotypes
related to aberrant chromosome segregation. That phenotypes were observed with two
independent neuronal GAL4 lines (elav-Gal4 and nSyb-Gal4) provides further confidence

in a bona fide role for Cap-G in neurons.

Further to the behavioural phenotypes, I observed an increase in DNA damage in both

Cap-G knockdowns. Previous studies in yeast have implicated the condensin complex in
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the regulation of the DNA damage response during interphase (176,177). Moreover in
Drosophila, condensin II subunit Cap-D3 has been implicated in inhibiting double
stranded break (DSB) formation (181). In contrast, condensin I in human cells was not
involved in DSB repair, but only in single stranded break (182). Moreover, similar levels
of DNA damage were detected in both elav-KD and nSyb-KD, suggesting that potential
involvement of Cap-G in DSB repair in neurons may be independent of the neuronal
maturation stage. Overall, results suggest that condensin I may be involved in DNA
damage repair pathways in Drosophila. Consistent with the increase in DNA damage in
neurons, I also observed a mild increase in neuronal apoptosis in elav-KD embryos.
Similarly, significant apoptosis was seen in the proliferating cells of zebrafish retinas in
Cap-G mutants (135). These findings suggest that despite not causing morphological
changes to neurons, Cap-G depletion leads to genomic instability and is necessary to

maintain healthy neuronal cells.

Cap-G depletion from neurons has no effects on neuronal nuclei area. Imaging of DAPI
signal across neuronal nuclei did not show any changes in nuclear area, nor diffusion of
signal. These results were somewhat surprising as knockdown of condensin has been
shown to affect nuclear area (97,125). In quiescent yeast cells, knockdown of condensin
[ subunit SMC4 results in an increase in nuclear volume, used as a measure of chromatin
compaction (97). In Drosophila, condensin Il Is required to maintain nuclear architecture
of interphase cells, as knockdown of Cap-H2 and Cap-D3 results in an increase in the
nuclear area (125). Moreover, in Drosophila Cap-G heterozygous mutants there was a
diffusion of DAPI staining in mitotic cells of the larval brain (81). As the results in this
study are from post-mitotic knockdown of Cap-G in neurons, it suggests that a neuronal

role for Cap-G may not be related to maintenance of nuclear architecture. Overall Cap-G
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plays a regulatory role in neuronal development as it is necessary for fly survival and

effective functioning of the nervous system.
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Chapter 4 Cap-G binds dynamically to
chromatin in neuronal stem cells and
neurons

4.1 Introduction
4.1.1 Condensin binding at multiple genomic regions in the DNA

Condensin complexes have the ability to bind to DNA and drive compaction of chromatin,
impacting on gene regulation and chromatin organisation (82,83). The condensin I
complex is able to anchor itself onto DNA via its HEAT- repeat subunits, Cap-G and Cap-
D3 (68). An electrophoretic mobility shift assay (EMSA) showed that Cap-G and Cap-D3
have strong affinity to double-stranded DNA in vitro (68). Moreover, in yeast and human
cells the HEAT-repeat subunits are responsible for loading the whole condensin complex
ring onto the chromosomes (68). The ability of condensin to directly associate to DNA led
to the hypothesis that condensin could target specific genomic regions. To date the DNA
binding profiles for condensin I and II have been studied in mitotic and interphase cells,
mostly using ChIP-seq methods (Table 4.1). However, condensin I binding was largely the
same in both mitotic and interphase cells in yeast (87), so these cell types are not enough
to have a comprehensive view on condensin function. Currently, there is a gap in our
knowledge of condensin, as binding patterns in post-mitotic, terminally differentiated
cells are unknown. Given condensin are highly conserved, chromatin-associating
complexes, they may carry important roles in cell development and differentiation.
Therefore studies on condensin in more specialised cell types are necessary to increase

our understanding of these complexes.
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Table 4.1 Summary of condensin genomic binding

Condensin I

SMC(4,
Brnl (Barren)

Cap-D2, Cap-G,
Cap-H (Barren)

SMC2, Cap-H

Barren

Cap-G

Cap-G

Brnl (Barren)

Condensin I1

Cap-H2

Cap-H2, Cap-D3,
Cap-G2

Cap-H2

Cap-H2, Cap-D3

Species/tissue

S. pombe

C. elegans

Chicken DT40 cells

D. melanogaster
Kc167 cells

Human breast
cancer cells

D. melanogaster
NSCs, neurons
(elav) and mature
neurons (nSyb)

S. cerevisiae

D. melanogaster
Kc167 cells

C. elegans

mouse ESCs

mouse ESCs

tRNA, scRNA, snRNA genes

Binding regions

Chapter 4-Introduction

Method

ChIP-seq

tRNAs, TSS (promoters),

H3k27ac open chromatin

markers

ChIP-seq

promoters, TSS of active

genes, non-coding RNAs,

ChAP-seq

tRNAs and rRNAs, gene bodies

tRNA genes

Estrogen-dependent

localisation at enhancers, ER-

o peaks, intergenic and
intronic regions

ChIP-seq

ChIP-seq

Gene bodies, repressed genes,
Lola-N binding sites,

repressive chromatin e.g.

Black, PcG, HP1

In mitotic cells: tRNAs,
centromere Quiescent cells:

increased number of peaks,
localises at divergent gene

Targeted
DamlID

ChIP-seq

promoters, overlaps Msn2
binding

enhancers

ChIP-seq,
Hi-C

TSS, tRNAs, open chromatin

H3k27ac, enhancers, LIN-13

sites

TFIIIC sites, enhancers

CTCF sites, TFIIIC

ChIP-seq

ChIP-seq

Hi-C,
ChIP-seq

References

(87)

(88)

(86)

(90)

(94)

This study
(1)

(97)

(93)

(88)

(85,89)

(90)
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Condensin binding has been characterised at multiple genomic features across different
species with some disagreements in the data (Table 4.1). Condensin has been implicated
with active transcription sites, as in C. elegans binding concentrated around TSS of active
genes, whilst in yeast and mouse cells condensin was enriched at RNA Pol II sites
(84,85,87). Similarly, in chicken DT40 cells condensin I binding overlapped with RNA Pol
[ sites (86). Multiple studies report condensin [ binding at RNA Pol III (TFIIIC) sites, such
as tRNAs and rRNAs (86-89) (Table 4.1). Taken together these studies suggest that
condensin binding coincides with binding sites of RNA Polymerases (RNAP) and
potentially affect transcription. However in chicken DT40 cells, condensin binding is not
restricted to RNAP sites, as SMC2 and Cap-H binding is also observed in the bodies of
transcribed genes (86). Overall, condensin is able to localise to multiple genomic regions,

and the loci may be dependent on cell stage and species.

Condensin binding has also been associated with co-factor interactions, whereby
condensin subunits are recruited to specific loci by other proteins. For example,
condensin binding in C. elegans overlapped with binding sites for TF LIN-13 (88). In
human cancer cells, ChIP-seq data revealed large overlaps between Cap-G and TF
Estrogen Receptor o (ER- a) (94). Moreover, Cap-G physically interacts with ER- a via its
DNA- binding domain which facilitates the recruitment of condensin onto active
enhancers in response to estrogen stimuli (94). In Drosophila, the condensin II subunit
Cap-H2 interacts with DNA-binding protein Mrg15, which partially regulates levels of
Cap-H2 at chromatin sites (96). These studies highlight the importance of identifying
condensin interactor proteins, to unveil more specific, co-factor dependent functions of

condensins.
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4.1.2 3D genome organisation and chromatin states
Chromatin topology refers to a hierarchy of structures that organise the chromatin in a
3D conformation in the nucleus. The genome is separated into large multi mega-base
structures known as chromatin compartments. These compartments are split into
broadly active chromatin (compartment A) and broadly inactive chromatin
(compartment B) (117). The genomic sequences present in the active/ inactive
chromatin compartments can interact with each other, and these interactions can occur
over long range distances across the length of a chromosome (117). Within the chromatin
compartments, there are smaller structures, ranging from 100 kb- 1 Mbp in size, known
as topologically associated domains (TADs) (113-115). These TADs encompass genomic
loci which interact at higher frequency with each other than with other regions of the
genome, for example enhancers and their target genes (183). Most TAD regions are
separated by “boundaries”, which are genomic loci enriched for CTCF binding sites (a

transcriptional repressor) and highly transcribed genes (111,117).

Generally, TADs are the smaller sub-structures found within the larger chromatin
compartments, however, recent research identified smaller structures (10-50 Kkb)
referred to as “compartmental domains” (as reviewed in (117)). Compartmental domains
resemble the compartments A and B and are formed by the segregation of active and
inactive chromatin, just at a smaller scale (123,126). These domains have been identified
in other species, including D. melanogaster and C. elegans (123). Chromatin
compartments and compartmental domains are the most unstudied topology, as there is
little understanding of the proteins and chromatin changes involved in creating

active/inactive regions, though recent work has focused on addressing these gaps (117).
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In Drosophila, genome organisation is highly dynamic and chromatin has been broadly
divided into different “states”, identified by key associating proteins (120). Chromatin
states can include two euchromatin (accessible/open) “red” and “yellow” states, two
heterochromatin (inaccessible/closed) states marked by HP1 and Polycomb Group (PcG)
and finally a repressive “Black” chromatin state making up 50% of the genome (121). The
genomic regions present in these chromatin states are variable depending on the cell type
and developmental stage. Therefore, chromatin landscape of a cell can influence gene
expression and hence its identity (120). Cell differentiation drives progressive
compaction and inaccessible chromatin to form, whilst in dividing and early
differentiating cells the chromatin is generally more accessible (7,14,133). For example,
in Drosophila NSCs, genomic regions such as enhancers required for neurogenesis are
accessible, but subsequently compacted in differentiated neurons (14). Similarly, in
neurons, most stem cell and mitotic genes are repressed in an HP1 heterochromatin state
(7). Chromatin landscape changes clearly play an important role in cell development,

however, the mechanisms underlying these processes remain largely unknown.

There is a relationship between chromatin topology and the transcriptional active/
inactive state of chromatin (marked by histone features). In Drosophila, high resolution
Hi-C data (250 bp) allowed the identification of smaller (~10 kb) compartmental
domains (123). These are smaller than TADs and correspond to the active/inactive
chromatin states. The authors collated HiChIP data for histone modification H3K27me3
(inactive) and H3K27ac (active) which captures long range interactions between these
two features (protein-centric chromatin conformation method) (119,123). Comparing
the interactions between these histone features revealed the presence of smaller

compartmental domains that matched the A/B compartments known from Hi-C data

123



Chapter 4-Introduction

(123). These results suggest that in Drosophila the chromatin segregates into
compartmental domains depending on the chromatin state of those regions, revealing a
relationship between topology and active/inactive states. Therefore, increasing our
understanding of what proteins orchestrate chromatin landscape changes would offer a
window into understanding how active/inactive chromatin compartments could be

formed.

4.1.3 The condensin complex and the chromatin landscape
Condensin binding has been observed at enhancer and promoter regions, which are
accessible chromatin regions contained in TADs and generally known as a hub of active
transcription (111). For example, the Cap-H2 subunit of condensin II localises to
enhancers in chicken and mammalian cells (85,86). Condensin localisation at enhancer
regions in Drosophila remains unclear. A study suggests that Cap-H2 localises to enhancer
regions (93), however this is not observed in a separate study on the same cell type, which
reports scarce overlap of condensin I and II with enhancers (90). Most evidence of
enhancer binding is for condensin II, whereas there is limited knowledge for condensin I
subunits (Table 4.1). During interphase of human cancer cells, Cap-G binding is hardly
detected at promoter regions however, upon estrogen stimuli strong binding to
enhancers is detected (94). Our knowledge of condensin I localisation at enhancers is still
poorly understood, especially in the context of specific cell types. Condensin localisation
to enhancers may be dependent on other factors such as co-factor interactions, cell stage

and species studied.

There is some evidence suggesting that condensin complex interactions with chromatin
leads to global landscape changes, affecting gene expression. For example, in mouse T-

cells and yeast, condensin Il maintains the quiescent state of cells by driving chromatin
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compaction (97,99). In T-cell development chromatin condensation increases as the cell
differentiates from immature thymocyte onto a mature one, and this process is
dependent on Cap-H2 function (99). Loss of Cap-H2 from mature thymocytes results in
an opening of the chromatin (99). Chromatin compaction could relate to chromatin
topology changes, however it remains unclear whether chromatin compaction is a cause

or consequence of mass 3D genome reorganisation.

Condensin and cohesin are chromatin associated complexes with the ability to interact
with chromatin and influence 3D genome organisation. In mammals, cohesin has been
characterised as the SMC complex required for TAD formation (63,117,126,127). On the
other hand, a role for condensin in TAD formation still remains unclear. Most evidence is
for subunit Cap-H2, where it strongly localises at TAD borders and is necessary for
maintenance of TAD structure (90,93). Similarly, in C. elegans disruption of the
condensin-like DCC complex results in loss of TAD formation (128). These studies
support a role for condensin II in TAD formation however, there is scarce evidence for
condensin I in this process. Contradictory evidence for a role of condensin in TAD
formation has emerged, where depletion of Cap-H2 in mouse post-mitotic hepatocytes
does not alter TAD conformation (110). Further research is necessary to understand how
condensin affects chromatin topology, and whether it changes the transcriptional

landscape to impact cell development, especially in post-mitotic cells.
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Figure 4.1 DamID experimental pipeline.

A) Dam is fused to a protein of interest (POI). Dam methylates adenine on GATC motifs on DNA
sequences nearby POI binding sites. Dam-only binding is used to control for background
methylation. B) Methylated DNA is extracted and cleaved using Dpnl endonuclease. C)
Methylated DNA is amplified using ligation-mediated PCR. D) Dam-fusion binding is normalised
against Dam-only binding, providing a genome-wide binding pattern of the POI. Figure adapted
from review (184).
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4.1.4 Targeted DamlID to profile cell-specific binding
In this chapter I use a cell-specific, DNA profiling technique known as Targeted DamID
(TaDa) (140,141). This technique is based on the DNA adenine methyltransferase
identification (DamID) method (Figure 1). DamlID exploits the E. coli DNA
methyltransferase enzyme (Dam) which methylates adenine residues in GATC motifs
(184). Dam is fused to any protein of interest and once expressed at low levels, its DNA
binding pattern is marked by methylation at nearby GATC sites (Figure 4.1A). Methylated
DNA regions can be cleaved by the endonuclease Dpnl and enriched using ligation-
mediated PCR (Figure 4.1B, C) (184). The DNA is sequenced using Next Generation
Sequencing technology to reveal genome-wide binding pattern of the protein of interest
(Figure 4.1D). The control samples express only the Dam, to account for background
methylation. The final sequencing data for the protein of interest is normalised against

the Dam-only control before conducting any data analysis.

In Drosophila, TaDa has been developed to allow for cell-specific profiling of DNA binding
without the need to isolate cells (140). TaDa uses the GAL4/UAS system to drive the
expression of Dam-fusion protein in specific cell types (Figure 4.2A). Excessive Dam
expression can be toxic to the animals, so to overcome this, the Dam-fusion construct is
encoded as a secondary open reading frame (ORF) downstream of the UAS enhancer
(184). The translation of a secondary ORF is reduced in this system due to the ribosome
reinitiation phenomen (185). The primary ORF expresses a non-intrusive, fluorescent
protein (mCherry) and is upstream of the Dam-fusion construct, so upon GAL4 activation,
the primary ORF is translated at high levels, whilst the Dam-fusion remains at low, non-

toxic levels (Figure 4.2A). Moreover, the primary ORF also reduces Dam-fusion

127



Chapter 4-Introduction

translation levels sufficiently to remove any non-specific Dam expression, resulting in

cell-specific methylation (184,186).

In a recent study, analysis of TaDa control samples has been adapted to reveal accessible
chromatin sites in the cell types of interest, a method called Chromatin Accessibility TaDa
(CATaDa) (14)( Figure 4.2B). This method takes advantage of the fact that the untethered
Dam preferentially methylates accessible chromatin sites in the specific-cell types used.
The Dam-only controls are usually needed to normalise the TaDa data, but with CATaDa
these control samples become a powerful dataset that allows profiling of accessible

chromatin sites in a cell type of interest.
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Figure 4.2 Targeted DamlID for cell-specific profiling of Cap-G binding.

A) Targeted DamID (TaDa) exploits the GAL4/UAS system to express Dam in a cell specific
manner, e.g in larval neurons. GAL4 binds to UAS, driving non-toxic, low-level expression of Dam-
fusion by using primary ORF as an intermediate to attenuate translation. B) CATaDa uses the
control, Dam-only background methylation as a read out for accessible chromatin sites in cells of
interest. Figure adapted from review (187).
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4.1.5 Profiling cell-specific binding of Cap-G in NSCs and neurons
The current literature portrays diverse binding patterns for condensin, seemingly
dependent on transcription, protein interactions and also chromatin architecture.
However, these data are limited to mitotic and interphase cells, revealing a gap in our
knowledge of condensin binding in post-mitotic cells. In this chapter I aimed to
characterise cell-specific Cap-G binding profiles in Drosophila NSCs and neurons using
TaDa. Therefore, [ generated the UAS-LT3-Cap-G-Dam transgenic Drosophila line (Chapter
2, Section 2.11) and utilised it to investigate Cap-G binding to DNA in different cell types
of the nervous system (Figure 4.3). The cell types of interest used in this study were
targeted using cell-specific driver lines. For NSCs, wor-GAL4 driver was used to profile
cell-specific Cap-G binding. For neuronal binding [ utilised the elav-GAL4 and nSyb-GAL4
lines previously used and for the reasons delineated in Chapter 3. The cell types and
stages analysed will be referred to in this chapter as NSCs (wor-GAL4), elav (elav-GAL4)
and nSyb (nSyb-GAL4) hereafter. Moreover, in this chapter I will compare Cap-G binding
profiles to the open chromatin regions for these cell types, using the CATaDa technique.
Profiling these three cell types offers an insight in how condensin binding changes from
a mitotic cells to a post-mitotic cell, how it relates to open chromatin and whether any

cell-specific binding can be detected.
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Profiling cell-specific Cap-G binding using TaDa
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Figure 4.3 Cell specific profiling of Cap-G using TaDa.

A) Cap-G-Dam is generated to use in TaDa experiments. Dam will methylate GATC motifs adjacent
to Cap-G binding sites therefore enabling profiling of Cap-G binding in a cell-specific manner. B)
Cap-G binding is profiled in the Drosophila larval CNS in three selected cell types: NSCs (wor-
GAL4) for dividing, progenitor cells, newly born and mature neurons (elav-GAL4) and synapse-
forming, mature (nSyb-GAL4) neurons.
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4.1.6 Chapter aims
In the previous chapter I identified Cap-G localisation in neuronal nuclei, its partial
localisation with HP1 and severe developmental defects upon knockdown. It is plausible
to speculate that condensin may play a role in regulating chromatin structure depending
on cell type, to aid cell differentiation and effective neuronal development. To address
this hypothesis, my aim was to characterise the chromatin binding profile of the
condensin [ subunit Cap-G. Using Targeted DamID I was able to produce genome-wide
DNA binding profiles for Cap-G, as well as chromatin accessibility data for NSCs and
neurons. [ analysed Cap-G binding and correlated it with known chromatin states,
offering an insight on a potential post-mitotic role for Cap-G in neurons. Moreover, I
explore the interaction between Cap-G and Lola-N by analysing and comparing their
binding profiles in neurons, to understand whether Lola-N is a potential co-factor for Cap-
G necessary to drive neuronal maturation. Analysis of the binding profiles reveal that
Cap-G binds dynamically across cell types. Cap-G binding is depleted in open and
accessible chromatin across all cell types and conversely, is enriched at inaccessible
chromatin sites in NSCs. Lola-N and Cap-G show a significant overlap in their binding
sites, specifically in mature neurons. Overall this chapter presents data for the binding of

the condensin I subunit Cap-G in post-mitotic neurons.
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4.2 Results

4.2.1 Profiling cell-specific Cap-G binding in the Drosophila CNS
In my observations from the previous chapter, Cap-G localises to NSCs and neuronal
nuclei in the larval CNS. In neurons, Cap-G distribution also resembled foci and partially
co-localised with heterochromatin (Chapter 3). Building on this knowledge I
hypothesised that Cap-G may associate with chromatin in neurons. Characterisation of
Cap-G DNA binding profiles in neurons could further illuminate on a role in chromatin
remodelling and gene regulation in the CNS. Moreover, it would be interesting to
characterise whether genomic localisation of Cap-G differs between differentiated, post-

mitotic neurons compared to mitotic NSCs.

Two biological replicates were performed for each condition and the DamID methyl-PCR
required for the TaDa experiments yielded strong amplification for all cell types,
indicating that Cap-G-Dam associates with chromatin in post-mitotic cells. Quality control
analysis of the biological replicates was carried out to ensure the data would yield reliable
results. There is a strong positive correlation between replicates for each of NSCs, elav
and nSyb conditions with spearman’s correlation coefficient values ~0.9 (Figure 4.4A).
This gives confidence in the replicability of the sequencing data obtained for Cap-G
binding. Moreover, [ analysed how the different conditions studied correlated with each
other. There appears to be a mild positive correlation between the different cell types
(Figure 4.4B). The poorest correlation (rho = 0.38) is observed between nSyb cells and
NSCs, which is to be expected given the drastically different cell stages. The elav cells
display a similar correlation for both NSCs and elav (rho = 0.45) which faithfully

represents the more intermediate state of elav cells (Figure 4.4B).
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Spearman's correlation analysis of Cap-G binding
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Figure 4.4 Cap-G binding is dynamic across cell types.

Statistical analysis of Cap-G binding in NSCs (NSC), newly born neurons (elav) and mature
neurons (nSyb). A) Strong positive correlation between replicates for Cap-G mapped binding
reads across all cell types (2 per cell type, rho ~ 0.9). B) Mild positive correlation between Cap-G
binding across all cell types (spearman’s rho < 0.5). Lowest correlation observed between NSCs
and nSyb neurons (rho= 0.38) whilst elav correlates similarly between NSCs and nSyb neurons
(rho= 0.45). C) Principal Component Analysis (PCA) shows separate clustering of all cell types,
whilst replicates of each cell type cluster together. There is less variance detected between NSC
and elav as they cluster in proximity of each other, separate from nSyb.
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In order to assess whether the Cap-G binding displays greater variability between
experimental conditions than between replicates I carried out Principal Component
Analysis (PCA). Differences are represented by separate principal components and are
sorted depending on the amount of variability between the populations analysed. PCA of
Cap-G binding profiles for NSCs, elav and nSyb displays that biological replicates cluster
together (Figure 4.4C), further emphasising similarity between replicates. More
importantly, each of the NSCs, elav and nSyb cell types cluster separately and
independently from each other (Figure 4.4C). Altogether, this analysis suggests that Cap-
G binding varies and dynamically changes depending on the cell type. Generally, Cap-G
genomic localisation reflects the differences between each of the NSCs and neuronal cells

from different maturation stages.

A peak-calling algorithm identified unique regions significantly bound by Cap-G, present
in both replicates for each condition studied (Chapter 2, Section 2.12). Unique Cap-G
binding sites dynamically change from NSC to differentiating and mature neurons,
suggesting a cell-specific role for Cap-G in the CNS (Figure 4.5). In nSyb neurons, Cap-G
peaks are detected at known NSC-specific genes such as dacapo, deadpan, HLHmy and
asense (Figure 4.5A). No peaks at those genes are detected in NSCs nor elav datasets.
Moreover, cell-cycle genes such as cyclin-E and string (stg) display a similar trend (Figure
4.5B). These genes are known to be actively repressed in neurons (188) as they are
necessary for NSC identity and proliferation (15,18,46). Whilst binding of Cap-G is
frequently seen in the gene body, in some cases peaks are observed in the surrounding
locus as in the case of stg in which several peaks are present in the upstream regulatory

region (Figure 4.5B).
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Figure 4.5. Cap-G binds to NSC and cell-cycle genes in neurons.

Cap-G binding at example genes in NSCs, elav and nSyb neurons. The top row shows the gene
annotation tracks and light grey boxes represent other genes within the same region. Horizontal
dark grey bars that match vertical grey shading over binding indicate statistically significant
peaks. Y-axis represents ratio of logz Cap-G-Dam/Dam reads. A) Cap-G binds at NSC specific genes
with peaks detected in nSyb neurons. B) Cap-G binds to cell-cycle genes in neurons and to
neuronal gene nSyb in NSCs. The gene Unc-89 (not expressed in CNS) shows strong Cap-G binding
in all cell types.
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In contrast, when looking at neuron-specific genes, such as nSyb, peaks are detected in
NSC and elav but not in nSyb neurons (Figure 4.5B). Peaks at the nSyb gene are also
detected in elav neurons as the majority of cells are likely to be in the early, immature
stages and therefore have not yet formed synapses. Finally, Cap-G also binds to non-
neuronal genes in all cell-types, such as Unc-89, which is expressed in muscle tissues, but
not the CNS (162) (Figure 4.5B). Interestingly, marked differences are apparent in Cap-G
binding between the two post-mitotic cell types, elav and nSyb, suggesting that Cap-G
binding in the early life of the neuron differs from more mature neurons. Taken together
these data suggest that Cap-G binding is cell-specific and dynamic, likely to localise at

repressed genes across cell types.

4.2.2 Cap-G binds to unique genes across cell types
As Cap-G binding appeared in gene bodies and at some upstream sites, I carried out an
annotation analysis to associate Cap-G peaks to known genomic features in Drosophila.
Majority of Cap-G peaks across cell types corresponded to gene bodies (Figure 4.6).
About 30-40% peaks were detected at introns and exons but depleted in intergenic and
non-coding regions. The second largest distribution of peaks, ~17%), is seen at promoters
/transcriptional start sites (TSS) and transcriptional terminal sites (TTS) (Figure 4.6A).
Finally, I did not observe any significant peaks at tRNA or rRNA genes, in contrast to
previously reported data for condensin binding in S. cerevisiae (in which there is only one

condensin complex) or condensin II binding in mouse ESCs (87,89).
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Figure 4.6. Cap-G binds to unique genes and is enriched in gene bodies.

A) Bar chart displaying genomic annotation of Cap-G peaks. Percentage of peaks per feature are
displayed and show an enrichment for Cap-G binding in gene bodies (introns and exons) whilst
binding at non-coding regions is depleted. B) Venn diagram showing unique genes bound by Cap-
G and the total overlap between all cell types. C) Signal profile and heatmaps of Cap-G binding
across the Drosophila genes for all three cell-types. Regions show a pseudo-length of 2 kb mid-
gene region and up/downstream an anchored TSS and TES. Binding is enriched mid-gene and
depleted at TSS and TES.
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Upon annotation of peaks I was curious to understand the dynamic binding of Cap-G seen
across cell types. Therefore, from the peak-calling analysis I extracted the genes uniquely
bound by Cap-G in each of the NSCs, elav and neurons. Overall, the number of genes bound
by Cap-G is similar, with 4775, 5866 and 5255 genes identified in NSC, elav and nSyb
datasets respectively (Figure 4.6B). There is an overlap of 2304 genes across all cell types
and pairwise analysis with Fisher’s exact test suggests significant overlap between each
cell type (p-value< 1 x 1020). Despite significant overlaps, Cap-G binds to unique genes in

each cell type, with 827, 1138 and 776 genes unique to NSC, elav and nSyb respectively.

In order to characterise the general binding pattern, binding scores for Cap-G were
calculated per genomic regions (all known Drosophila genes, see Chapter 2, Section
2.12.6) and summarised in a heatmap and signal profile plot. The signal profiles of Cap-
G at transcribed regions are similar across NSCs, elav and nSyb cells (Figure 4.6C). Cap-G
profiles show a depletion of binding at TSS and TES of Drosophila genes, with a mild
enrichment mid-gene (Figure 4.6C), in agreement with the previous peak annotation
results (Figure 4.6A). The positive binding detected for Cap-G in all cell types has low
logarithmic values, which could explain the negative values seen in the profiles. Overall,
this data shows that Cap-G binds to unique genes across cell types, and that the binding

distribution is enriched in gene bodies.
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4.2.3 Gene Ontology of Cap-G bound genes reveal multiple tissue-
specific terms

To understand the biological relevance of genes bound by Cap-G, Gene Ontology (GO)
terms analysis for Biological Processes was carried out for all three cell types (Figure 4.7).
In NSCs, elav and nSyb cells the genes bound by Cap-G relate to a variety of enriched
terms, some neuron-specific and other non-tissue specific terms (Figure 4.7). The terms
change depending on the cell type, for example, in NSCs some CNS-specific terms such as
“Neuromuscular Synaptic Transmission” appear whilst most belong to non-CNS specific
tissues, such as wing discs and tracheal system (Figure 4.7). These non-tissue specific
terms suggest that Cap-G in NSCs binds to silenced genomic regions, possibly as part of
condensin I activity of chromosome compaction in dividing cells. Interestingly, elav-
genes are enriched for terms relating to differentiating neurons such as “Neuron
projection development” and “Cell morphogenesis in neuron differentiation”, indicating
that genes bound by Cap-G in elav reflect the early differentiation stage of the cells.
Finally, in nSyb neurons, mostly non-CNS specific terms such as “midgut development”,
“muscle cell differentiation” and “leg disc development” appear. These terms possibly
refer to genes that are not tissue-specific and that are probably silenced in the CNS. The
variety of terms obtained suggests that Cap-G binding to genes changes as the cell
develops, potentially silencing genes not necessary in neurons to aid differentiation and

maturation.
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Enrichment GO Analysis of Cap-G-bound genes
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Figure 4.7. Gene ontology enrichment analysis for Cap-G bound genes.

GO terms enriched in gene lists for each of NSCs, elav and nSyb neurons. X-axis represents gene
enrichment ratio and colours show the significance by adjusted p-value. Common terms in NSCs
and neurons relate to non-CNS specific terms, such as “open tracheal system development” and
“Wing disc development” possibly highlighting repressed genes across development. In elav,
neuron differentiation terms such as “neuron projection development” reflect genes for the
intermediate stage of newly born, differentiating neurons. In nSyb neurons, most enriched terms
are non-CNS specific, suggesting Cap-G bound genes belong to repressed loci.
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Using DNA motif analysis I identified sequence patterns that were enriched in the
datasets and likely have a biological significance. The de novo motifs were identified as
enriched compared to background sequences, and then were “best matched” to already
known transcription factors (TFs) with a p-value cut off for significance at p <le-12.
Unique enriched motifs were identified for Cap-G binding in all cell types (Figure 4.8). In
all cell types enriched motifs matched known homeobox genes motifs, such as abd-A
(189), detected in both NSCs and nSyb neurons, and Optix (190) identified in NSCs and
elav neurons. In NSCs and nSyb neurons a common motif that matched transcriptional
repressor pleiohomeotic (pho), which recruits Polycomb group proteins to chromatin
(191) (Figure 4.8). Possibly suggesting involvement of Cap-G in gene repression in NSCs
and neurons. In nSyb cells, Cap-G binding motifs matched to TFs such as Giant (gt) and
Cut (Ct) which are involved in pattern specification and neuronal identity of peripheral
nervous system respectively (192,193) (Figure 4.8). Importantly, motif enrichment
analysis can suffer from the low resolution of Targeted DamID, which is limited to GATC
motif availability (187). From these motifs it is plausible to speculate that Cap-G has
unique co-factor associations, which may mediate gene regulation and vary dependent

on the cell type and stage of neuronal maturation.

142



Neural
stem cell

©-©)
U

Progenitor

elav

+
O
i

?

nSyb

N\
N

Enriched Motif

TAICACTGGIGS
TTARXCCERLCT
GGATCAATTAGA
LRTEER:
CACCTCAGAT2A
TCICIZTGAZAS
GGCTATCGCTGA

AAGATTTATCIT
TTGAACTCATTC
AAAACGTTGTTA
TeLILITEAS
ACCATTGAGETS

Figure 4.8 Enriched Motif analysis for Cap-G binding.

Optix

abd-A

inv

pho

tin

Su(H)

Optix

abd-A

ct

gt

hb

pho

Chapter 4-Results

Gene Match  p-value

1e-18

1e-17

1le-17

1e-13

1e-22

1e-15

1e-14

1e-13

1e-13

1e-13

1e-12

1e-12

De novo motif analysis of Cap-G peaks to identify enriched DNA motifs for each of NSCs, elav and
nSyb cell types. Enriched motifs were matched to already known motifs relating to Drosophila
genes, significance detected by p-value cut-off of p < 1e-12. The genes matched to the motifs relate
to transcription factors (TFs). In both NSCs and nSyb the transcriptional repressor pho is
identified. In nSyb, genes identified are TFs involved in neuronal identity and pattern
specification. Motifs extracted from TaDa data require careful consideration due to the low

resolution of the data.
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4.2.4 Cap-G binding is depleted at accessible chromatin and enriched
at repressive chromatin

As a neuron undergoes differentiation, its chromatin state shifts from being accessible
and “open” to amore “closed” and inaccessible state (14). The accessible chromatin states
correspond to enhancer and active transcription regions. Previous evidence suggests
Condensin I and II subunits localise at enhancer regions (85,86,93,94). Therefore, I
wished to analyse Cap-G binding in relation to chromatin accessibility in the relevant cell
type of interest. The CATaDa method was used, where the reanalysis of control Dam-only
data (originally used for Targeted DamID experiments) represents the open chromatin
regions in each cell type used (14). The calculated scores for Cap-G binding are plotted
over the accessible chromatin (AC) regions. This generates signal profiles to characterise
distribution of Cap-G binding at open chromatin regions across all three cell types. The
“centre” of each accessible chromatin region is taken as a reference point and the Cap-G
binding is plotted for 2 kb either side. Signal profiles show a general depletion of Cap-G
binding at accessible chromatin sites (Figure 4.9A). The depletion at AC appears to
increase gradually as the cells differentiates, with the strongest depletion observed in
nSyb neurons. In the distribution heatmap, a subset of open chromatin regions show

positive, enriched binding of Cap-G in all three cell types (Figure 4.9A).

Previous evidence suggests that condensin associates with open chromatin and enhancer
regions in C. elegans (88). Similarly, the condensin II subunit, Cap-H2 localises at
enhancer regions in Drosophila Kc167 cells (93). As I observed mild enrichment of Cap-
G at some AC sites, | hypothesised that Cap-G could bind to known regulatory sequences
in Drosophila. To address this I analysed the Cap-G binding distribution at regions from
the REDfly database, a collection of cis-regulatory elements (CRMs) and transcription

factor binding sites (153). Cap-G binding appears to be depleted from known Drosophila
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regulatory regions across all cell three types (Figure 4.9B). These results suggest that
Cap-G binding does not broadly associate with CRMs and is only mildly enriched in some
open chromatin regions, suggesting Cap-G may have a gene regulatory role independent

of accessible chromatin.

The accessible chromatin identified for each of NSCs, elav and nSyb is further analysed in
relation to the Cap-G binding detected for these cell types. There is a negative correlation
between the AC and Cap-G binding in all three cell types (Figure 4.10A). Moreover, PCA
shows that Cap-G binding clusters separately from AC for each cell type. Interestingly, the
accessible chromatin regions from NSCs and elav cluster more closely together,
compared to mature nSyb neurons (Figure 4.10B). As PCA displays the variance between
populations, a possible explanation may relate to the different chromatin states displayed

by immature and mature neurons (14).
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Cap-G binding at open chromatin
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Figure 4.9. Cap-G binding is depleted at enhancers and open chromatin.

A) Average Cap-G binding is depleted at accessible chromatin for all cell types. Plot shows
2 kb up/downstream centre of an open chromatin region. B) Cap-G binding is depleted at known
Drosophila Regulatory Elements (REDfly). Profiles plotted against centre of enhancer region and
10 kb up/downstream.
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Figure 4.10 Cap-G binding analysis against accessible chromatin.

A) Correlation heatmap between Cap-G binding and Accessible Chromatin (AC) per cell type. Cap-
G binding negatively correlates with AC in each cell type. Numbers represent Spearman’s
rank correlation coefficient. Cap-G binding and AC samples cluster separately by k-means. B)
PCA of Cap-G binding and AC per cell type. Cap-G binding (red) and AC (grey) cluster
separately. Elavand NSC cluster in proximity of each otherreflecting their greater
similarity, whilst nSyb is more distant, observed in both AC and Cap-G binding samples.
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It has been demonstrated that chromatin can be divided into several discrete states
(121). These states include repressive chromatin environments such as Polycomb (PcG-
repressive), HP1 and “Black” chromatin and permissive states, defined as TrxG, Yellow
(non-TrxG) and PcG chromatin (120). As [ observed Cap-G mostly depleted at accessible
chromatin, I asked whether it could localise to some of these states, offering an insight on
Cap-G binding in relation to chromatin. Published Targeted DamID data in Drosophila
profiled proxy protein binding and was used to define chromatin states in NSCs and adult
neurons (7). The published data used wor-GAL4 for targeting NSCs in larval brains, which
matched the cell type used in my experiments. Therefore, | was able to compare Cap-G

binding to chromatin states in NSCs.

Cap-G binding profiles showed an enrichment at repressive chromatin states and
depletion at permissive states in NSCs (Figure 4.11). Cap-G was particularly strongly
associated with ‘black’ chromatin - a prevalent repressive state that does not incorporate
traditional heterochromatin markers. Similarly, Cap-G binding was enriched at PcG
repressive state, followed by milder enrichment at TrxG repressive and then HP1 states.
In contrast, Cap-G binding was relatively depleted at permissive chromatin states,
particularly the ‘red’ TrxG state (Figure 4.11). Taken together, this analysis suggests that
Cap-G in NSCs is mostly enriched at repressive chromatin. Given there was no matching
data available for the neuronal cells analysed in these studies, Cap-G binding at chromatin
states in neurons could not be profiled. Overall, across NSCs and neurons Cap-G binding
is depleted at accessible chromatin sites and enriched at repressive chromatin states in
NSCs, suggesting that Cap-G has a potential role in chromatin compaction to induce

differentiation.
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Figure 4.11. Cap-G binding is enriched at repressive chromatin states in NSCs.

Signal profile for Cap-G binding in different chromatin states in NSCs. Cap-G binding is enriched
in repressive states (Black, HP1, TrxG-repressive, and PcG repressive), and depleted in
permissive chromatin states (non-TrxG, TrxG, and PcG). Heatmap is shown for most highly
enriched (black) state.

149



Chapter 4-Results

4.2.5 Cap-G binding overlaps with Lola-N binding sites in mature
neurons and is differentiation-dependent

This project was inspired by an interaction detected between the TF Lola-N and Cap-G in
a yeast-two-hybrid screen (unpublished, Southall T.D). Lola-N is a transcription factor
expressed as soon as the neuron is born and it is crucial to maintain neuronal fate (19).
The interaction between a post-mitotic transcription factor and a condensin subunit was
unexpected, as there was no prior evidence of a role for condensin in post-mitotic
neurons. As I confirmed localisation of Cap-G in neurons, and its co-localisation with Lola-
N (Chapter 3, Section 3.2.3), [ aimed to characterise whether there were shared binding
loci between Lola-N and Cap-G at the genomic level in neurons. Therefore, I generated
Lola-N binding profiles in elav and nSyb cells using Targeted DamID. The UAS-Lt3-Lola-
N-Dam line was used (19) and the same drivers elav-GAL4 and nSyb-GAL4 were used to
profile Lola-N binding and allow faithful comparisons with the generated Cap-G binding

data.

Statistical analysis for quality control of the replicate datasets generated for Lola-N
binding in elav and nSyb neurons was carried out (Appendix, Figure 8.3). There was a
strong positive correlation between each replicate for elav and nSyb neurons with a
Spearman’s correlation value of 0.9 and 0.75 respectively (Appendix, Figure 8.3).
Moreover, Principal Component Analysis displays a clustering of each replicate, whilst
the two different neuronal subtypes cluster separately, suggesting a difference in Lola-N
binding between elav and nSyb neurons. This is also observed in correlation analysis
between Lola-N binding in elav and nSyb neurons, which displays a negative Spearman’s
coefficient value of -0.02, suggesting that the two binding datasets do not correlate

(Figure 4.12A). Such a drastic change in genomic binding between elav and nSyb neurons
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for Lola-N was unexpected, but I continued using these datasets to compare to Cap-G

binding.

When comparing Cap-G and Lola-N binding in elav neurons I observed a mild negative
correlation, in contrast to a strong positive correlation in nSyb neurons (Figure 4.12A).
The poor correlation seen between Cap-G and Lola-N suggests a drastic difference in their
genomic binding in immature, elav neurons. In mature neurons, there is a strong linear
trend, with spearman’s coefficient value of 0.79, suggesting that Cap-G and Lola-N binding
is very similar. In agreement, PCA between Cap-G and Lola-N binding shows clustering of
nSyb datasets, whilst elav binding for both Lola-N and Cap-G clusters less clearly (Figure

4.12B).
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A Spearman's correlation between
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Figure 4.12. Cap-G and Lola binding positively correlates in mature neurons.

A) Correlation scatterplot between Cap-G and Lola binding in elav and nSyb neurons. Cap-G
binding negatively correlates with Lola in elav. Strong positive correlation between Lola and Cap-
G binding in nSyb data. Numbers represent Spearman’s rank correlation coefficient. B) PCA of
Cap-G / Lola binding per cell type. Cap-G binding (purple) and Lola (blue) cluster separately in
elav. In nSyb Cap-G/Lola binding cluster in proximity of each other reflecting their greater
similarity.
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Overall, there were detectable differences in the number of genes bound by Lola-N and
Cap-G in elav and nSyb neurons (Figure 4.13). In elav, Lola-N binds to 7737 genes,
compared to 5866 genes bound by Cap-G. Interestingly, Lola-N peaks in nSyb neurons
corresponded to far fewer genes, binding to 2968 total genes compared to 7737 in elav
neurons. This suggests that there is a reduction in Lola-N targets in more mature
neurons, compared to early differentiating, elav neurons. There were 3402 genes
commonly bound by Cap-G and Lola-N in elav, compared to 2486 genes in nSyb neurons
(Figure 4.13A). There is 1041 genes that remain shared by Cap-G and Lola-N between
elav and nSyb neurons. This amounts to 31 % of elav co-bound genes and 42% of nSyb
co-bound genes. Therefore, even though there is a reduction in Lola-N targets in more
mature neurons, a large proportion of the shared genomic loci between Lola-N and Cap-
G are still detected in both cell types. The genes shared between Cap-G and Lola-N in both
cell-types were highly significant, fisher’s exact test (p < 0.1 x 1029). In nSyb cells, some
NSC-specific genes bound by Lola-N and Cap-G were identified, such as miranda and
engrailed (Figure 4.13A). Moreover, cell division genes such as Cyclin E were also
identified in nSyb cells. These are known Lola-N targets and are actively repressed in
neurons (19), suggesting that Cap-G and Lola-N binding may act in concert to supress

gene expression.
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Figure 4.13. Cap-G and Lola binding significantly overlaps in neurons.

A) Venn diagrams representing the number of genes bound by Cap-G and Lola in elav and nSyb
neurons, with total number of overlap. Significance of overlap analysed by Fisher’s test p-value
< 0.1 x 1020, Example genes bound by both Lola and Cap-G are shown. B) Enrichment GO term
analysis of genes bound by both Lola and Cap-G in nSyb neurons. GO terms reflect repressed gene
regions.
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To characterise the biological relevance of the shared genes bound by Cap-G and Lola-N
[ carried out GO term analysis (Figure 4.13B). Some NSC-specific GO terms were enriched,
such as “neuroblast differentiation”, which are not expressed in neurons. These terms
suggest that Cap-G/Lola-N binding suppresses gene expression. Similar to the GO terms
observed for Cap-G binding in nSyb (Figure 4.7), the majority of Cap-G/Lola-N shared
genes appear non-CNS specific, belonging to tissues such as the hindgut, muscle and
salivary glands (Figure 4.13B). In summary, there is a significant overlap in Lola and Cap-
G binding in neurons, with greater similarity observed in the mature, nSyb neurons.
These data suggest that Cap-G and Lola repress gene expression to ensure correct

differentiation and maturation of neurons.

The similarity in peaks observed and genes called suggest that the binding profiles of
Cap-G and Lola-N at all known Drosophila genes could also be similar. In elav neurons the
Cap-G and Lola-N binding are very different, as Lola binding is enriched at TSS and TES,
as expected of a transcription factor (Figure 4.14). Interestingly, as the neuron matures,
the Lola-N binding resembles Cap-G binding, where it is depleted at TSS and TES sites,
with a mild increase in binding seen mid-gene (Figure 4.14A). This shift in Lola-N binding
pattern suggests that it could be a result of neuronal maturation. Thus, it was interesting
to investigate whether Cap-G binding at Lola-N specific sites was also dependent on
differentiation of the cell. Cap-G binding distribution at Lola peaks is enriched in neurons
when compared to NSCs (Figure 4.14B). This suggests that binding of Cap-G at Lola-N-
bound genomic sites increases as a result of cell differentiation from NSCs to neurons.
Cap-G and Lola-N interaction at genomic regions is more prominent in mature neurons
and appears differentiation-dependent, suggesting that Cap-G/Lola-N may interact to

regulate neuronal maturation.
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Genome binding profiles for Cap-G / Lola in neurons
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Figure 4.14. Cap-G binding at Lola peaks is differentiation-dependent.

A) Signal binding profiles at known Drosophila genes for Cap-G and Lola in elav and nSyb neurons.
Cap-G and Lola binding profiles display reversed pattern in elav cells, with Lola enriched at TSS

and TES in contrast to Cap-G which is depleted. In nSyb Cap-G/Lola binding profile patterns
overlap, with enrichment in gene bodies. B) Analysis of Cap-G binding profiles at known Lola
peaks. Low enrichment detected in NSCs, followed by high enrichment in nSyb neurons,
suggesting localisation of Cap-G at Lola peaks is dependent on differentiation.
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4.3 Discussion

In this chapter I characterised the binding profiles for Cap-G in NSCs, newly-born and
mature neurons. Using the TaDa technique I generated cell-specific binding profiles for
Cap-G and compared them with accessible chromatin data in all three cell types. This is
the first evidence for condensin binding profiling in post-mitotic cells, providing exciting

new insights into a role for Cap-G in neurons.

4.3.1 Cap-G binding profiles in NSCs and neurons
The Cap-G binding profiles obtained show dynamic changes in binding in NSCs, immature
and mature neurons. The data from these three cell types clustered separately, though it
still showed positive correlations. These suggest that there are similarities in the binding
data between cell types. These results are somewhat surprising as the cell types analysed
are very different, from mitotic NSCs to post-mitotic newly differentiated neurons and
mature neurons. However, a previous study in yeast suggests that condensin binding
profiles remain similar between dividing and interphase cells (87). A similar
phenomenon may occur in vivo in Drosophila, as 1 also observed similar Cap-G profile
binding patterns between all cell types. The annotation of peaks also shows an
enrichment in Cap-G binding at intron and exons in all cell types analysed. This is in
agreement with previous ChIP-seq data for Cap-G in human cancer cells, where binding
is enriched at intergenic and intronic regions (94), although I detected limited binding at
intergenic regions in my datasets. In chicken DT40 cells condensin I subunits Cap-H
(Barren) and SMC2 displayed 24% and 31% of peaks in bodies of transcribed genes
respectively (86). These percentages are similar to the ones observed for intron/exon
peak distribution of Cap-G across NSCs and neurons. A subunit of the condensin II

complex, Cap-H2, also localised to gene bodies of elongating genes (194). This evidence
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suggests that condensin binding can therefore be enriched at gene bodies and may be

dependent on the cell type analysed.

To date, condensin binding has been profiled using mostly ChIP-seq methodology (Table
4.1). The use of ChIP-seq as a technique for analysing binding profiles of chromatin-
associating SMC-complexes, like condensins, has been disputed in the literature (61). In
this study I used TaDa as the technique of choice to profile Cap-G binding. There are some
advantages and disadvantages in choosing TaDa over ChIP for this particular study.
Firstly, using TaDa allowed me to profile cell-specific binding in vivo without the need to
isolate cells (184). The cell-specificity of TaDa also allowed me to profile binding in NSCs
as well as two distinct neuronal stages, observing how the patterns change across neuron
development and maturation. In ChIP-seq, individual cell populations are required and
the sample needs to be fixed (195), offering a “frozen in time/snapshot” of the chromatin
at the time of collection. In contrast, TaDa doesn’t involve sample fixation but rather
collects binding profiles in vivo from a 16-hrs expression period, offering a more
representative picture of the chromatin-association pattern of the protein of interest
(184). Moreover, ChIP relies on the specificity of antibodies against the proteins of
interest, whilst TaDa uses the chromatin-associating protein itself to detect the binding
profiles, bypassing specificity-related issues. However, a limitation of TaDa is that it has
lower resolution than ChIP-seq, as it depends on the distribution and availability of GATC
sites along the genome (184). Overall, the use of TaDa allowed to generate novel, cell-

specific and robust genomic binding profiles for Cap-G in post-mitotic neurons.

Both techniques need to be carefully considered in the context of chromatin-remodelling
ability of condensin. The condensin complex creates bridges and DNA loops, so what may

appear as individual binding loci may in fact be genomic regions that are bridged closely
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together by condensin. Therefore, the condensin-dependent chromatin folding and 3D
conformation may be reflected in the protein-binding profiles. This hypothesis has been
suggested for ChIP-seq maps (61) and it is also possibly true for TaDa-generated maps. It
would be interesting to compare binding profiles generated with Hi-C (chromatin
conformation capture experiments) to dissect the individual binding of condensin from

3D genomic interactions.

Annotation of Cap-G peaks revealed mild enrichment at promoter-TSS sites in NSCs, elav
and nSyb neurons. The promoter-TSS sites are usually associated with RNA Polymerases
(RNAP), and multiple studies observe condensin at these sites (86-89). In chicken DT40
cells condensin I localises at RNA Pol I regions (86). In yeast and mammalian cells,
condensin co-localises with RNA Pol II binding (84,85,87). However, recent evidence
from Drosophila Kc167 cells suggests that RNA Pol II distribution is independent of Cap-
H2 (194). The lack of enrichment of Cap-G peaks at TSS in my dataset proposes that there
is no overlap between RNAP and Cap-G binding sites. A recent study suggests that as
condensin translocates along the DNA to form loops, it encounters a “barrier” of RNAP
machinery and is stalled at those regions (92). It is then plausible that condensin
accumulates at RNAP barriers, and that the binding detected is an artefact resulting from
the sample fixation required in ChIP-seq. However, comparisons between Cap-G and
RNAP binding in NSCs and neurons would be necessary to definitively rule out any

overlaps.

There is a wealth of evidence supporting co-localisation of condensin subunits with
TFIIIC binding sites, such as tRNAs, in multiple species (86-89). In Drosophila Kc167 cells,
condensin I subunit Barren and condensin II subunit Cap-H2 localise at tRNAs loci (90).

This evidence has been obtained mostly from ChIP-seq methods (Table 4.1) and in yeast
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there have been reports of false-positive signals from ChIP-seq maps that suggest
protein-binding with tRNAs regions and highly-transcribed genes (196). In my data
analysis I was unable to detect any overlap between Cap-G peaks and known TFIIIC
genomic regions. Taking all this into account, the observations of condensin binding at
RNAP sites need to be carefully considered. As in my study I use a different methodology,
which does not suffer from some ChIP-mapping pitfalls, it may more accurately represent
condensin binding. However, this study also focuses on specialised, post-mitotic cell
types, not directly comparable to previous studies. Therefore, it is plausible that Cap-G
binding in post-mitotic neurons exhibits different patterns than those previously

observed in mitotic and interphase cells.

[ observed depletion of Cap-G binding at open chromatin regions across all three cell
types. Some signal was detected at some accessible chromatin, but these did not match
any known Drosophila enhancers. These findings disagree with previously published
data. There is evidence that condensin Il subunit Cap-H2 binds to enhancer/promoter
regions in murine and chicken cells (85,86,93). However, there is limited evidence for
condensin I binding at enhancer regions. In C. elegans, condensin I is reported to localise
to TSS of actively expressed genes (88). Conversely, Cap-G does not localise to enhancer
regions in mitotic human cancer cells (94). This agrees with my findings of depleted Cap-
G at enhancers in NSCs. As there is scarce evidence for condensin I at enhancer regions
this may hint at different roles between the condensin I and II complex in active
transcription. Furthermore, the enhancer localisation may be dictated by the presence of
co-factors or dependent on the cell type, therefore it may not be necessary in the post-

mitotic cells.
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Interestingly, across cell-types Cap-G appeared to bind to actively repressed genes as well
as non-tissue specific genes. Moreover, the binding dynamically changed between NSCs
and neurons, and the binding was specific to the cell type observed. In yeast cells, as they
transition from a log phase (highly mitotic) to a quiescent state, there is an increase in
Cap-H binding to quiescent specific loci (97). Therefore, condensin binding can
dynamically change as the cell progresses to a different stage. Cap-G appears to directly
bind to NSC and cell-cycle specific genes in neurons, which are actively silenced. There is
evidence that direct condensin binding leads to gene repression, for example in C. elegans
the DCC complex (related to condensin I) binds to specific loci in the genome to induce
repression of X-linked genes in hermaphrodites (64). Moreover, condensin binding is
associated with direct repressive effects in C. elegans and yeast (88,97). Overall,
condensin binding is observed across species, however the evidence in this study is the
first relating to post-mitotic cells, suggesting that this feature of condensin may be

maintained in different cell stage and cell types.

4.3.2 Cap-G binding in NSCs and neurons suggests a role in
chromatin organisation

Chromatin topology describes the 3D genome organisation in nuclei. The topologically
associated domains (TADs) are a structural feature which encompass genomic loci that
interact with each other at high frequency, such as enhancers (183). There is a poor
understanding of the role for condensin I in TAD formation. Most of the evidence is for
condensin II, where Cap-H2 is involved in TAD formation and maintenance in Drosophila
(90,93). As I did not observe Cap-G localising at specific enhancer regions it may not
associate with TAD regions nor regulate interactions within the domains in Drosophila

neurons. However, the data obtained in this study is not sufficient to draw clear
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conclusions on the role of condensin in TAD formation, and further research is necessary

to explore this relationship in neurons.

Chromatin states is a way of describing the proteins and histone modifications associated
with genes that are expressed or silenced. Therefore, these dynamically change between
cell stages and different cell types. To understand whether Cap-G is involved or associates
with repressive/ permissive chromatin states I compared my NSCs data to previously
published work (7). Cap-G binding was strongly enriched at repressive chromatin states
and depleted at permissive chromatin sates. Unfortunately, due to the lack of
corresponding chromatin state data for larval neurons I was unable to compare the
chromatin states and Cap-G binding for those cell types. It would be interesting to
generate chromatin states data for the neuronal cells used in this study, to compare it to
the Cap-G biding. Nonetheless, given the depletion at open chromatin and the overall
similarities between the cell types, it can be assumed that Cap-G binding is also enriched

at repressive chromatin in neurons.

The TADs are sub-structures found within larger structures, known as chromatin
compartments which segregate the genome into active/inactive regions. The chromatin
compartments encompass active (A) chromatin and inactive (B) genomic regions, which
are able to interact with each other (117). Recently, there is emerging evidence of smaller
chromatin compartments, described as compartmental domains. In Drosophila, these
compartmental domains A have been described to be similar in size to regions
corresponding to active chromatin states (123). Therefore there is a suggested
relationship between the active/inactive chromatin compartments and the chromatin
states (117). In my data Cap-G binding was depleted at accessible chromatin and enriched

at repressive chromatin states, so it is plausible to assume that condensin, as an
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architectural protein complex, may have a role in regulating large-scale chromatin
topology changes. There is little known about the proteins involved in formation of
active/ inactive chromatin compartments. From my data [ speculate that Cap-G may have
a role in regulating chromatin compartmental domains, to drive differentiation by
segregating genomic regions of heterochromatin. However, further research on Cap-G’s

role in chromatin topology are needed to elucidate on this hypothesis.

The binding at repressive chromatin offers interesting insights on a potential Cap-G role
in neurons. In NSCs, Cap-G is most likely associated with the rest of the condensin
complex to drive chromosome compaction during cell division (197). In this instance
chromatin compaction may work in tandem with gene silencing, hence the Cap-G
localisation at repressive chromatin is logical. Condensin-mediated chromatin
compaction drives cell silencing in murine and yeast cells, maintaining the quiescent cell
state (97,99). Therefore, in my data, Cap-G localisation at repressive chromatin states
may suggest that Cap-G facilitates chromatin compaction, to induce differentiation by

silencing gene expression.

4.3.3 Cap-G and Lola-N interact to maintain neuronal fate
Investigating Cap-G in neurons stemmed from preliminary Y2H data that identified an
interaction between the neuron-specific TF Lola-N and Cap-G (unpublished, Southall
T.D.). To further investigate this interaction, [ analysed and compared the Cap-G and Lola-
N binding profiles in neurons. There was limited similarity between Cap-G and Lola-N
binding in elav-cells, with negative correlation of samples and reciprocal patterns of their
binding profiles across Drosophila genes. Cap-G depletion from newly born neurons had
more severe effects on fly development than depletion in mature neurons (Chapter 3). In

newly born neurons Cap-G may have a role independent of Lola-N, still relevant to
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neuronal differentiation. However, for the mature nSyb neurons, the Lola-N average
binding pattern resembled that of Cap-G, with an enrichment detected in gene bodies.
Moreover, the genes bound by Lola-N and Cap-G in mature neurons significantly
overlapped, including known NSC and cell-cycle specific genes. Lola-N actively represses
said genes, as newly born neurons in lola-N mutants dedifferentiate to create stem-cell
like, proliferative cells that result in tumours (19). Therefore, since Cap-G and Lola-N
share binding at these repressed genes, it suggests a role for Cap-G in maintenance of

neuronal fate by gene repression.

Localisation of Cap-G and Lola-N at shared genomic loci suggests that they interact to
regulate gene expression. There were apparent differences in binding between elav and
nSyb neurons, with larger similarity between Lola-N and Cap-G detected in nSyb neurons.
Lola-N is crucial in newly born neurons, a small window of development before neuronal
maturation, as depletion of Lola-N from mature neurons has no dedifferentiation effects
(19). A potential hypothesis is that, as the neuron matures, Lola-N recruits Cap-G to its
binding sites to drive chromatin compaction and hence more permanently silence genes.
This is also suggested by my observations that Cap-G binding at Lola-N sites increases as
the cell shifts from NSCs to mature nSyb neurons. In yeast, as the cells enter quiescence,
Cap-H2 is directed to specific loci by TF Msn2 to induce gene silencing (97). Moreover in
Drosophila S2 cells, the DNA-binding protein Mrgl5 regulates the level of Cap-H2 at
chromatin sites and their interaction is crucial in maintaining chromosome compaction
and function (96). Finally, Lola-N may direct Cap-G to its binding loci to drive gene

silencing and induce effective neuronal maturation.

There is evidence in the literature for the recruitment of condensin to specific loci by

cofactor proteins, leading to gene expression and development. For example, in human
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cancer cells, Cap-G interacts with the DNA binding domain of TF ER- a, which results in
loading of Cap-G to specific genomic regions upon estrogen stimuli (94). Also in C. elegans,
condensin II binding sites largely overlap with those of TF LIN-13, needed for vulval
development (88,95). My motif analysis for Cap-G binding identified different sets of
motifs in the profiled cell types, some of which are known to be involved in
transcriptional repression and specification of neuronal identity, such as pho (191).
Overall, other factors could be recruiting Cap-G to specific loci to drive gene repression

in neurons and to infer a cell-specific role for Cap-G in neurons.
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Chapter 5 Cap-G knockdown leads to severe
disruption of neuronal transcriptomes

5.1 Introduction

5.1.1 Gene expression regulation by the condensin complex
The condensin complex has been well studied in mitotic cells, however, there is evidence
arising that condensin does more than just package DNA during mitosis (60).
Importantly, the condensin complex has been associated with regulation of gene

expression across a number of species (Table 5.1).

Condensin can manipulate chromatin into a compact state, resulting in silencing of gene
expression (Table 5.1). For example, condensin-dependent chromatin compaction is a
conserved feature of S. cerevisiae and human fibroblast quiescent cells (97). In yeast
quiescent cells, mutations to the SMC4 subunit resulted in chromatin decompaction and
in gene de-repression, re-activating transcription (97). Condensin II has also been
associated with maintenance of a quiescent cell state in mice (99). In naive T-cells,
mutations to Cap-H2 resulted in failed silencing of gene expression thereby losing the

quiescent cell state (99).

In some instances the condensin complex can regulate and manipulate genomic region
interactions to affect gene expression. For example, in yeast, condensin can repress
transcription by clustering rDNA and tRNA regions, which leads to silencing of adjacent
RNA pol II promoters (91,104-107). In Drosophila, a process known as transvection is
when homologous allelic regions interact to regulate transcription (102). Condensin II
negatively regulates transvection to ultimately repress gene expression (101). Moreover,

Cap-G seems to have a repressive effect on gene expression by regulating
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heterochromatin structures in Drosophila (81). Examples from C. elegans also support a
silencing role for condensin. For example, the dosage compensation complex (DCC),
closely related to condensin I, binds to specific DNA regions resulting in gene repression
(64,100). Furthermore, condensin II binding is suggested to directly repress genes in C.
elegans (88). Disruption of condensin does not exclusively lead to a loss of repressive
state, but can also activate gene expression. In Drosophila SG4 cells, knockdown of Cap-
D3 (condensin II) results in changes to the chromatin structure adjacent to
retrotransposon regions, which in turn affect the expression of neighbouring genes (181).
Moreover, loss of Cap-D3 resulted in increased methylation of the retrotransposon loci

leading to an increase in transcription of nearby genes (181).

The interaction of condensin with other proteins and complexes can also result in gene
expression changes. In Drosophila, the chromatin-repressing Polycomb complex silences
homeotic genes via its interaction with condensin I subunit Barren (103). In addition,
Cap-G appears to interact with TF Estrogen Receptor a (ER- ) in human cancer cells to
promote expression of estrogen-target genes (94). Condensin interactions with other
complexes and factors still remain largely unexplored and could provide further evidence

to cell-specific, gene regulatory roles.

There are also cell-specific roles for condensin in regulating gene expression, where it
impacts cell identity and transcription specificity. For example, in mouse erythroid cells,
condensin Il subunit Cap-G2 silences proliferation-specific genes, inducing cell
differentiation (82). Furthermore, cell-specific genes and housekeeping genes are

activated by condensin Il in mouse ESCs and human embryonic kidney cells (85,89).
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Table 5.1 Condensin roles in gene expression regulation

Condensin I
Subunit

Cap-G

Condensin I

Cap-G

Barren

SMC4

DCC complex

Condensin Il
Cap-H2

Cap-H2, Cap-
D3, Cap-G2

Cap-H2
Cap-H2

Cap-H2, Cap-
D3, Cap-G2

Cap-H2

Cap-D3

Cap-H2

Cap-G and
Cap-D2

Cap-D3

Species/ cell lines

human cancer cells

S. cerevisiae

D. melanogaster

D. melanogaster

S. cerevisiae

C. elegans

mouse T-cells
C elegans

Mouse ESCs

Human embryonic
kidney cells

C. elegans

D. melanogaster

D. melanogaster SG4
cells

Mouse post-mitotic
hepatocytes
S. cerevisiae

D. melanogaster
post-mitotic fat body
cells

Gene Regulation roles

promote transcription activation of
estrogen-target genes

Clustering rDNA and tRNA to silence
RNA Pol II transcription
heterochromatin gene expression
Interaction with chromatin-repressing
Polycomb complex to silence homeotic
genes

Condensin-dependent chromatin
compaction represses transcription

Transcriptional repression of X-linked
genes

Silence IL-2 target genes by chromatin
compaction to maintain quiescence
repressive function

activate gene expression of ESC genes

Activate gene expression of
housekeeping genes

Direct binding leads to repressive
effects

Negative regulation of transvection
leads to gene silencing

Regulate chromatin structure around
retrotransposon loci to maintain
neighbouring gene expression

Mild effects on gene expression

No changes to gene expression upon
loss of condensin

Activate transcription of AMP gene
clusters

References

(94)

(91,104)
(81)

(103)

(97)

(64)

(99)
(88)
(85)

(89)

(88)

(101)

(181)

(110)

(109)

(98)
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5.1.2 Contradictory evidence for gene expression by condensin and
gaps in our knowledge

The literature described above supports a role for condensin in regulation of gene
expression, however, recent studies contradict this view. For example, studies in yeast,
and mouse hepatocytes argue that condensin depletion has no impact on overall gene
expression (109,110). In S. cerevisiae, mutations to condensin I subunits Cap-G and Cap-
D2 resulted in global chromatin decompaction but with insignificant effects on gene
expression (109). Moreover, the authors report that they did not observe direct
correlation of condensin binding and gene silencing (109). A recent study describes the
effects of condensin II depletion in post-mitotic mouse hepatocytes (110). Hi-C data on
adult liver cells reveal that mutations to the subunit Cap-H2 resulted in no changes to the
chromatin conformation (110). Moreover, quantification of gene expression showed a
modest change of only 64 genes, which was not enough to deem the condensin II as

necessary for the maintenance of the transcriptome in mouse liver cells (110).

A common way to assess the effects of condensin depletion on gene regulation is by
analysing RNA levels from mutant organisms or cell lines. A recent study in yeast has
shown that condensin mutant cells have disrupted RNA levels as a result of mis-
segregation of chromosomes (108). These accumulated RNA levels lead to changes in
gene expression, but as an indirect effect of aberrant chromosome segregation, rather
than a direct role for condensin in gene regulation. This finding raises the possibility that
gene expression changes found in previous condensin mutant studies may be artefacts.
Investigating condensin in a post-mitotic environment would exclude any artefacts from
cell division. Taken together, these findings challenge our understanding of a role for
condensin in gene regulation, and highlight a gap in our knowledge of specific, post-
mitotic cell types.
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Our knowledge of condensin functions are mostly limited to mitotic cells and seldom to
specific cell types, especially post-mitotic cells. One study in Drosophila suggests
condensin [ subunit Cap-D3 regulates gene expression in post-mitotic, fat body cells (98).
The study showed that Cap-D3 heterozygous mutants have compromised immunity due
to disrupted expression of anti-microbial gene clusters (98). These observations in post-
mitotic, fat-body cells revealed that condensin subunits can have further, unidentified
cell-specific and post-mitotic roles. The focus of this study is to understand condensin in
a post-mitotic context in the nervous system, and to date there is no current evidence for

arole for condensin regulating neuronal gene expression.

5.1.3 Chapter aims
In this chapter I aim to investigate the role of Cap-G in regulation of gene expression in
post-mitotic neurons. Data from previous chapters of this thesis suggests that Cap-G is
present in neuronal nuclei and that it binds dynamically to DNA in neurons (Chapter 3,
4). Knockdown of Cap-G from neurons resulted in severe behavioural, survival
phenotypes and increased DNA damage and apoptosis in neurons (Chapter 3). These
findings suggest that changes may be occurring at the transcriptome level in neurons.
Therefore, I aim to characterise the effects of Cap-G knockdown on the transcriptome of
post-mitotic neurons and how they relate to the observed phenotypes. To address this I
implemented RNA-seq experiments to detect differentially expressed genes in Cap-G KD
animals. Finally, [ aimed to investigate how these mis-expressed genes related to the
observed phenotypes as well as the Cap-G binding profiles in neurons. In this chapter I
present evidence for a post-mitotic, neuron specific gene regulatory role for condensin I
subunit Cap-G. | demonstrate that Cap-G knockdown exclusively in post-mitotic neurons

(both immature and mature) results in disruption of gene expression. Gene expression
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changes include a downregulation in CNS-specific genes and an ectopic upregulation of
non-CNS genes in the knockdown tissues. Moreover, the differentially expressed genes
partially overlap with genes bound by Cap-G in neurons. Overall this chapter identifies a

role for Cap-G in regulation of gene expression in Drosophila neurons.
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5.2 Results

5.2.1 Knockdown of Cap-G in neurons leads to disruption of gene
expression in the CNS

The data presented in this thesis so far suggests a role for Cap-G in post-mitotic neurons.
Cap-G localises to neuronal nuclei and severe developmental phenotypes result from its
depletion (Chapter 3). Moreover, I profiled Cap-G binding in neurons and identified
enriched binding at neuron-specific and repressed genes in neurons, as well as
inaccessible chromatin states (Chapter 4). All these observations suggest that Cap-G may
be involved in regulation of gene expression, necessary for correct neuronal development
and overall functioning of the nervous system. To definitively assess whether Cap-G
impacts gene expression in neurons, [ carried out RNA-seq experiments on Cap-G KD
animals.  used the neuron-specific Cap-G KD animals previously described (Chapter 3) to
detect any potential changes in the neuronal transcriptome upon Cap-G depletion. I
induced neuron-specific KD using the drivers elav-GAL4 and nSyb-GAL4 as previously
described (Chapter 3, Section 3.1.4) and refer to them in this chapter as elav-KD and nSyb-
KD respectively hereafter. Knockdown of Cap-G presented similar behavioural
phenotypes with both drivers, but with different severities (Chapter 3, Section 3.2.5), so
I continued using these two drivers to observe if such differences were also evident at the

transcriptome level.

[ performed RNA-seq experiments on both elav-KD and nSyb-KD third instar larval CNS
tissues. The controls used in this experiment included the driver and deGradFP in the
absence of GFP-tagged Cap-G (the elav-Gal4 > UAS-deGradFP and nSybGal4 > UAS-
deGradFP), to account for any off-target effects of the deGradFP system. Three biological
replicates were obtained for each of the Cap-G KD animals and controls, each with 30
larval brains per sample.
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Spearman's correlation analysis of control and
experimental replicates for Cap-G KD
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Figure 5.1 Positive correlation between Cap-G KDs replicates and experimental conditions.

Spearman’s correlation analysis shows strong positive correlation between replicates for both
controls and elav-KD, nSyb-KD animals. Numbers in panes represent Spearman’s correlation co-
efficient. The scores obtained for each replicate are computed against consecutive genome bins
of 10 kb for the whole Drosophila genome. Control genotypes are elav-Gal4; UAS-deGradFP and
nSyb-Gal4; UAS-deGradFP for elav-KD and nSyb-KD respectively.
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elav-KD RNAseq tracks 10 Kb
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Figure 5.2. RNAseq example profiles of chr 3L show similarity between replicates.

Example of the mapped sequencing data tracks for chr 3L for elav-KD and nSyb-KD. Three
replicates for each of the control and experimental samples is shown. Y-axis shows raw
Fragments Per Kilobase of transcript per Million reads (FPKM).
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Quality control analysis of the sequencing data obtained reveals overall similar signal
detected between replicates, for both control and Cap-G KD samples. There is strong
positive correlation between the genomic scores of the replicates for each of controls and
experimental samples in both Cap-G KDs (Figure 5.1). There is also a strong correlation
between the control and experimental data for both Cap-G-KDs (Spearman’s rho ~0.9).
Finally, the similarity is also visible upon inspection of signal tracks for both Cap-G KD

samples and their respective controls (Figure 5.2).

In order to analyse whether the controls and Cap-G-KD samples were different from one
another, I carried out a Principal Component Analysis to sort the data in order of variance
(importance) (Figure 5.3). As expected, in elav-KD two separate, distinct clusters can be
seen, each corresponding to either control replicates or experimental replicates (Figure
5.3A). The individual replicates for either controls or experimental samples cluster in
close proximity to one another, suggesting similarity in the replicates and giving
confidence in the quality of the data obtained. In nSyb-KD the clustering is not as clear,
with one main cluster of replicates from both controls and experimental samples and an
individual replicate for nSyb-KD sample clustering separately (Figure 5.3B). This unusual
clustering of all replicates could be due to very small changes between the control and
experimental replicates, not detectable by PCA. Moreover, PCA is not able to detect the
origin of the variance, i.e. whether it is “between groups” or “within groups”. Overall, the

RNA-seq data quality is sufficient to carry out further statistical analysis.
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PCA elav-KD vs control samples
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Figure 5.3. PCA between control and experimental samples.

Individual PCA for elav-KD and nSyb-KD. In elav-KD control replicates (grey) cluster separately
from experimental replicates (red). Individual replicates cluster together for both controls and
experimental samples. In nSyb-KD control (grey) and experimental (blue) replicates cluster
except for one experimental replicate, suggesting less variance between control and experimental
samples.
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5.2.2 Elav-KD and nSyb-KD display similar gene expression
differences but at different severities

Once the quality of the sequencing data was confirmed, I carried out differential gene
expression analysis to identify significant differentially expressed genes (DEGs) in both
elav-KD and nSyb-KD samples. Differential expression analysis exploits a logarithmic fold
value, known as fold change (FC), to describe how much a gene is up or downregulated
in a tissue. To identify significant changes in gene expression [ used a logz FC greater than
1 for upregulation (marking a doubling in expression) or less than -1 for downregulation,

and a False Discovery Rate (FDR) < 0.05.

Cap-G knockdown resulted in disruption of the neuronal transcriptome, as a significant
number of genes are differentially expressed in both Cap-G KD samples (Figure 5.4).
Knockdown of Cap-G in elav-KD animals resulted in a strong disruption of gene
expression (Figure 5.4A), whilst more modest changes are observed in nSyb-KD animals
(Figure 5.4B). In elav-KD a total of 2668 genes were differentially expressed, of which
1356 were upregulated and 1308 downregulated in the larval CNS. In comparison, nSyb-
KD significantly disrupted 278 genes, with 152 upregulated and 126 downregulated
genes. The differential expression is also evident in an MA plot, which shows the intensity
ratio between the mean of normalised read counts and the logz FC in each of the Cap-G
KDs (Figure 5.5). The MA plot for elav-KD is more widespread, suggesting larger
differences between the samples when compared to the nSyb-KD plot, where the data
clusters mostly around zero on the y-axis, suggesting greater similarity. These data

suggest that Cap-G KD in neurons results in disruption of gene expression.
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Differentially expressed genes
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Figure 5.4. Differential gene expression analysis shows misregulation of genes.

Volcano plots showing differentially expressed genes (DEG) inelav-KD (A) and nSyb-KD
(B) respectively. Significant differential expression marked in red by a Log2 fold change >1 or <-
1 and FDR <0.05. Total number of DEG in elav-KD is 2668 compared to 278 in nSyb-KD.
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Despite the overlap between the cells targeted by elav-GAL4 and nSyb-GAL4, only 83 DEGs
overlapped in both cell types. That amounts to only 3% of DEGs in elav-KD compared to
30% of DEGs in nSyb-KD. Overall, the pattern by which these overlapping genes are
disrupted remains largely the same (Figure 5.6) with the exception of a few genes. For
example, the gene stall is involved in negative regulation of neuron migration (198) and
is upregulated in nSyb-KD but downregulated in elav-KD. The RNA-seq data obtained
from both Cap-G-KDs also resulted in unique DEGs for each of nSyb-KD and elav-KD. From
the numbers obtained it appears that 195 DEGs in nSyb-KD are not identified in elav-KD

analysis, despite the overlap in the targeted cell types.

Signal tracks of overlapping DEGs also show the similarity in gene expression changes
between elav-KD and nSyb-KD samples (Figure 5.7). For example, neuron-specific gene
hig (199) is heavily downregulated in both elav-KD and nSyb-KD larval brains (Figure
5.7A). On the other hand, the non-CNS specific gene Gadd45, involved in oxidative stress
response (200) is upregulated in both Cap-G KD samples (Figure 5.7B). Furthermore, an
oocyte-specific gene tej (201) is upregulated in nSyb-KD but not detected in the analysis
for elav-KD. Similarly, gene CG12129 is downregulated in elav-KD, but not detected in the
nSyb-KD analysis. Overall these data suggest that Cap-G is required in neurons for
appropriate gene expression throughout development. Moreover, given the difference in
severity of gene expression changes, Cap-G appears to have a more essential role at the

early stages of neuronal maturation.
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Figure 5.5 MA plot of RNA-seq datasets.

Differentially expressed genes analysis showing ratio between mean of normalised counts and
log; fold change values, significant genes marked in red. Red line on zero axis shows no difference

in expression, for genes marked in grey.
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Overlapping DEGs between Cap-G knockdowns
elav-KD nSyb-KD
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Figure 5.6. Overlapping DEGs between elav-KD and nSyb-KD.

Differentially expressed genes overlapping in both Cap-G KDs show similar trend of
misexpression, except for a handful of genes (green arrows). Heatmap colours refer to log, fold
change values with red being most upregulated (positive values) and blue being most
downregulated (negative values). Total of 83 genes identified and analysed.
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5.2.3 Depletion of Cap-G in neurons leads to downregulation of CNS
genes

To understand the nature of the differentially expressed genes in the Cap-G KD animals, |
analysed enriched Gene Ontology (GO) terms associated with both downregulated and
upregulated genes (Figure 5.8, 5.9). Each DEG analysed is associated with a GO term and
the subontology “Biological Processes” was used to identify biologically relevant, tissue-
specific or function-specific terms. Enrichment ratio analysis of each identified term was
carried out, where “Gene Ratio = number of observed divided by the number of expected

genes from each GO term”.

In Cap-G KD animals I observed differences in the GO terms yielded for downregulated
genes of both elav-KD and nSyb-KD animals. In elav-KD the genes downregulated
belonged mostly to CNS-specific GO terms (Figure 5.8). For example, in elav-KD terms
such as “neuron projection development”, “axon guidance” and “cell morphogenesis
involved in neuron differentiation” were enriched in downregulated genes (Figure 5.8).
In contrast, nSyb-KD downregulated genes were enriched for more vague, non-CNS terms,

such as “nucleotide metabolic process”, “cellular respiration” and “ATP synthesis electron

transport” (Figure 5.8).

GO analysis of upregulated genes for both Cap-G KD animals also displayed differences in
the GO terms between the two neuronal populations (elav and nSyb) (Figure 5.9).
Interestingly, in nSyb-KD animals displayed an upregulation in neuronal-specific terms
such as “neuron projection development” (Figure 5.9B). Moreover, some non-CNS terms
were also enriched nsyb-KD, such as “midgut development”, “open tracheal system

development” and “leg and muscle development” (Figure 5.9B). In elav-KD the terms

were more vaguely associated with metabolic processes, but surprisingly, also with terms
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such as “mitotic cell cycle process” and “mitotic nuclear division” appearing in the
analysis (Figure 5.9A). In summary, the GO term analysis revealed that the DEGs belong
to a variety of terms, suggesting disruption of neuron-specific gene expression as well as

some ectopic expression of non-neuronal genes in the CNS of Cap-G KD animals.
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Figure 5.7. Example of DEG tracks for both elav-KD and nSyb-KD.

Control and experimental replicates shown. A) Significant downregulation of hig a neuron-
specific gene seen in both Cap-G KDs. B) Significant upregulation of Gadd45 a non-CNS specific
gene seen in both Cap-G KDs. C) Individual gene examples of misexpression, in nSyb-KD tej, an
oocyte-specific gene, is upregulated and in elav-KD CG12129 is downregulated.

184



Chapter 5-Results

5.2.4 Ectopic upregulation of non-CNS genes in Cap-G KD animals
In Cap-G KD animals I observed an upregulation of non-CNS specific genes, which led me
to investigate the tissues in which these genes are normally expressed. Moreover, I
investigated whether these genes were in fact ectopically expressed in the brain. I
extracted the baseline expression of these genes in the wild type CNS using previously
published RNA-seq data from FlyAtlas 2 (162). I extracted gene expression data from
larval tissues for the list of upregulated genes in Cap-G KD animals. To identify the tissues
in which the genes are normally expressed I used the FPKM values > 2 as a threshold for
actual expression (FPKM < 2 was considered background). With this method I was able
to identify in which tissues (including the CNS), the upregulated genes were normally
expressed. | excluded all the genes with detected expression in the CNS from the analysis

and tissue expression data of the remaining non-CNS genes was summarised.

Tissue expression analysis revealed that the majority of upregulated genes in both elav-
KD and nSyb-KD are not normally expressed in the larval CNS (Figure 5.10). Surprisingly,
73% of upregulated genes in elav-KD, and 58% in nSyb-KD were non-CNS specific,
belonging to tissues such as the midgut, trachea and fat body. Moreover, the tissue
expression distribution of ectopic genes was very similar in both Cap-G KDs. Each of the
6 tissues analysed amounted to ~16% of the upregulated genes. This is interesting given
the large discrepancy in the original total number of differentially expressed genes
detected for each of the Cap-G KDs (Figure 5.4). Taken together, these data suggest that
the upregulated genes in Cap-G KD tissues are ectopically expressed in the CNS as a result

of Cap-G loss.
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Figure 5.8 GO analysis of downregulated genes for elav-KD and nSyb-KD.

A) Downregulated DEGs in elav-KD show mostly neuron-specific terms. B) Downregulated genes
in nSyb-KD showing metabolic-related GO terms. Gene enrichment ratio shown on x-axis, circle
size correlates with number of genes detected and colour with p-adjust value.
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Figure 5.9 GO analysis for upregulated genes for elav-KD and nSyb-KD.

A) Upregulated DEG in elav-KD showing metabolism and mitotic-related enrichment in terms. B)
Upregulated genes in nSyb-KD showing muscle, midgut and some neuron-specific enrichment of
terms. Gene enrichment ratio shown, circle size correlates with number of genes detected and

colour with p-adjust value.
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5.2.5 Cap-G binding significantly overlaps with differentially
expressed genes

In the previous chapter I characterised the DNA binding profiles for Cap-G in elav (newly
born to mature) and nSyb (mature) neurons (Chapter 4). Cap-G binding changed
dynamically across these cell stages, with specific genes identified as bound by Cap-G in
each of elav and nSyb neurons (Chapter 4, Section 4.2.1). Knockdown of Cap-G in neurons
would result in a loss of Cap-G binding to those unique genes and potentially affect gene
expression. Therefore, to determine whether disruption of gene expression was a direct
consequence of loss of Cap-G binding in the genome, | compared the RNA-seq data to the

previously observed Cap-G binding profiles.

[ extracted the genes uniquely bound by Cap-G in elav and nSyb neurons and analysed
the amount of overlap with the differentially expressed genes detected in elav-KD and
nSyb-KD samples. There was a significant overlap between Cap-G bound genes from the
TaDa data and the DEGs for both elav and nSyb-KD (Figure 5.11). In elav neurons, 80% of
downregulated genes and 72% of upregulated genes were directly bound by Cap-G. These
overlaps are highly significant (Fisher’s exact test, p < 10-20). In mature neurons, 63% of
upregulated genes and 65% of downregulated genes were bound by Cap-G (Fisher’s exact
test, p < 10-29). Interestingly, the overlapping DEGs only amount to a small fraction of the
genes bound by Cap-G (Figure 5.11). In nSyb-KD the up and down regulated genes
represent ~2% of Cap-G bound genes. Moreover, in elav-KD, up and down regulated
genes amount to ~17% of Cap-G bound genes. These data suggest that part of the regions
directly bound by Cap-G are disrupted upon loss of Cap-G in neurons, proposing a role for

Cap-G binding in direct regulation of gene expression.

188



Chapter 5-Results
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Figure 5.10. Upregulated genes are ectopically expressed in Cap-G KDs CNS.

The majority of upregulated differentially expressed genes, 73% in elav-KD and 58% in nSyb-KD
are not normally expressed in the CNS. Upregulated genes are ectopically expressed and belong
to tissues such as Fat Body and Midgut. Distribution of misexpression is similar between both
Cap-G-KDs.
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Figure 5.11. Differentialy expressed genes are bound by Cap-G in neurons.

Venn diagram showing number of DEGs, either up or down-regulated that correspond to Cap-G
binding loci in elav-KD and nSyb-KD. In elav-KD, 80% of downregulated and 72% of upregulated
DEGs are bound by Cap-G in elav neurons. In nSyb-KD, 65% of downregulated and 63% of
upregulated DEGs are bound by Cap-G in nSyb neurons. Fisher’s exact test (p < 1x 10-20).
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5.3 Discussion
5.3.1 Cap-G regulates gene expression

In this thesis [ have carried out extensive characterisation of the effects of a neuron-
specific Cap-G knockdown on Drosophila (Chapter 3). Having observed phenotypes such
as reduced survival, impaired mobility and an increase in DNA damage, [ hypothesised
that Cap-G KD may lead to disruption of gene expression in neurons. Moreover, I
observed unique binding of Cap-G to genomic regions as well as heterochromatin in
neurons (Chapter 4). All these observations led to the next logical step of investigating
gene expression changes in Cap-G KD animals by means of RNA-seq experiments. To date,
there is no described role for gene regulation for any condensin subunit in post-mitotic
neurons. In this chapter I presented data that suggests a role for Cap-G in regulation of

gene expression in Drosophila neurons.

A recent study in yeast argues that changes to RNA levels seen in condensin mutants and
knockdown experiments are an artefact, resulting from aberrant chromosome
segregation during mitosis (108). In my experimental design I took careful consideration
of this and generated exclusively post-mitotic, neuron-specific Cap-G KD animals
(Chapter 3). Therefore, my RNA-seq results were most likely free from any known
artefacts, as neuronal cells do not undergo mitosis. Furthermore, [ provided evidence that
NSCs health and mitotic ability was not affected by Cap-G KD (Chapter 3). This work
provides exclusively post-mitotic evidence for a role for condensin I in transcriptional

regulation in neurons.

My RNA-seq data obtained from Cap-G KD animals provides strong evidence for a role for
Cap-G in gene regulation. I observed strong disruption to gene expression in both elav-

KD and nSyb-KD animals. It is important to note that the RNA-seq data is derived from
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whole larval brains, which also include NSCs and mitotic progenitors. Given the KD is only
driven in post-mitotic neurons, there should not be any changes detected from non-
neuronal cells. However, it is plausible that Cap-G KD in neurons may lead to non-
autonomous cell effects, affecting the transcriptome of neighbouring cells which could
have been detected in my dataset. Potential future experiments with single-cell RNA-seq
could help provide more specificity to the results. Despite this, the quality controls of the
replicates infer robustness to the data and downstream analyses suggest neuronal-

specificity of the results.

5.3.2 Cap-G mediates neuron-specific gene regulation
Analyses of differentially expressed genes suggest that Cap-G is involved in neuron-
specific regulation of gene expression. In Cap-G KD animals, neuron-specific genes were
downregulated in elav-KD, whilst in nSyb-KD mostly non-CNS genes were downregulated.
Moreover, in both Cap-G KDs a large majority of non-CNS genes were upregulated in
neurons. The ectopic expression of non-CNS terms can be associated with loss of neuronal
identity, which could result in defective functioning of the nervous system. These
observations are consistent with, and could explain, the survival and mobility phenotypes
observed upon Cap-G KD in neurons (Chapter 3). There is some evidence from post-
mitotic cells for cell-specific, condensin-mediated regulation of gene expression (98,99).
For example, loss of Cap-H2 in mouse T-cells led to failed differentiation of immature cells
due to disrupted gene silencing (99). Moreover in Drosophila adult fat-body cells,
condensin Il activates transcription of innate-immunity genes (98). Once depleted of Cap-
D3, the adult flies cannot effectively clear bacteria due to impaired immune response

(98). From my data and previously published evidence, it is plausible to assume that
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condensin I and I subunits may have varied cell-specific, gene regulatory roles, especially

in a post-mitotic context.

In the nSyb-KD dataset, some upregulated genes also matched neuron-specific terms,
suggesting that Cap-G may be also involved in maintaining correct levels of gene
expression in neurons. Supporting evidence for this hypothesis is seen in SG4 somatic
Drosophila cells, where Cap-D3 appears to regulate and maintain global levels of
retrotransposon expression (181). In addition, my RNA-seq data shows comparable
levels of up- and downregulation of genes in both Cap-G KDs. This suggests that Cap-G
does not have an exclusively repressive nor activator role in neurons, but a more generic
regulatory role. Condensin [ and Il have been implicated in both activation and repression
of transcription across a variety of species and cell types (Table 5.1). In particular,
condensin I is mostly associated with a repressive role, though some evidence suggests
that Cap-G activates cell-specific genes in human cancer cells (94). In contrast, studies in
yeast and mouse hepatocytes showed no significant changes in gene expression upon
condensin depletion (109,110). In conclusion, the role for condensin complexes in gene
regulation may not yet be so clear, as it appears to vary depending on the species, cell

type and developmental stage studied.

Cap-G KD was driven in two cell populations, mature neurons (nSyb-KD) and newly born,
immature neurons (elav-KD). In Cap-G KD animals there were more severe survival
phenotypes in elav-KD compared to nSyb-KD (Chapter 3), which correspond to the more
drastic changes in gene expression observed in elav-KD animals. In addition, there was a
relatively small overlap of differentially expressed genes between the elav-KD and nSyb-
KD conditions. This discrepancy could be attributed to the different neuronal populations

targeted, although there is some overlap in the targets, the cells are at distinctly different
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developmental stages. The newly born neurons have a more transient, plastic chromatin
conformation in the early stages of differentiation, compared to a more closed, mature
state in synapse-forming neurons (14). The difference in the cell stages is also obvious in
the Cap-G binding profiles for immature neurons and mature neurons (Chapter 4). There
was a distinct difference in Cap-G binding between the elav and nSyb neurons,
comparable to the difference detected between NSCs and each of the neuronal stages
(Chapter 4). This suggests that Cap-G function changes and adapts alongside neuronal
maturation. Hence, the loss of Cap-G will have a different impact on the transcriptome
depending on the neuronal stages. Moreover, the RNA-seq data obtained is from larval
CNS, which is still developing, and therefore could have relatively few fully mature, nSyb
neurons, compared to the number of immature, elav neurons. The discrepancy in the cell
numbers targeted by the two drivers could affect the data obtained, where more modest
changes may be masked by unaffected neighbouring cells, and therefore appear as a less

severe global change in the transcriptome.

In order to understand the mechanism by which Cap-G regulates gene expression I
compared the Cap-G binding data in neurons (Chapter 4) to the differentially expressed
genes obtained. I observed that a proportion of the mis-expressed genes was directly
bound by Cap-G in neurons. The binding overlap was comparable for up- and
downregulated genes, further suggesting a generic regulatory role for Cap-G in neurons.
The data proposes that Cap-G regulates gene expression via direct binding, however, a
subset of disrupted genes was not directly bound by Cap-G, yet still mis-expressed.
Therefore, it is more likely that Cap-G also has indirect effects on gene expression,
potentially by means of chromatin remodelling. An example is observed for condensin I

in yeast, where the SMC4 subunit can regulate gene expression by directly binding to
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genomic regions, as well as regions remote from its binding sites by compacting the

chromatin (97).

Cap-G binding appeared enriched at repressive chromatin in neurons, although some
binding was detected at open chromatin sites (Chapter 4). Therefore Cap-G may act
alongside the condensin I complex to regulate gene expression by means of remodelling
3D chromatin conformation in neurons. In Drosophila, heterozygous Cap-G mutants failed
to repress positional effect variegation (PEV) effects, resulting in an increase in red-eye
pigment (81). PEV is a phenomenon where heterochromatin structure mediates effects
on gene expression. Therefore, disruption of PEV upon Cap-G depletion suggests that
Cap-G regulates heterochromatin structure to silence gene expression (81). In Drosophila
SG4 cells, depletion of Cap-D3 results in loss of repressive chromatin boundaries and
spreading of histone repressive marks, affecting transcription of nearby genes (181).
Cap-G may have a similar function in post-mitotic neurons, where it maintains
boundaries between chromatin environments and hence regulate gene expression. This
broad structural regulation may explain why I observed both a repression and de-
repression of genes upon Cap-G KD, further emphasising a gene regulatory role for Cap-

G in neurons.
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Chapter 6 Discussion

6.1 Overview and summary of key findings

Our understanding of condensin complexes is beginning to extend beyond its well-
defined, canonical role of compacting DNA into chromosomes. These multi-protein
complexes have now been implicated in gene regulation, 3D genome architecture and co-
factor interactions, revealing that its roles are highly variable and possibly cell-specific
(60,82). However, an aspect of the condensin complex that remains unappreciated is its
role in a post-mitotic context. By definition, post-mitotic cells do not divide, therefore,
there is no need for chromosome compaction, so what role do the condensin subunits
have in terminally differentiated cells? As most studies focus on understanding condensin

in mitotic and interphase cells there is a considerable gap in our knowledge in this area.

In this thesis [ presented evidence for a post-mitotic role of the condensin I subunit Cap-
G in Drosophila neurons (Figure 6.1). I demonstrated that Cap-G is expressed in neurons,
and is localised in neuronal nuclei across embryonic and larval stages of development.
Neuron-specific knockdown of Cap-G results in severe gene expression changes, which in
turn impact animal survival, mobility and increased DNA damage in neurons. Chromatin
profiling of Cap-G in neurons reveals an enrichment of binding at silenced genes and
compacted chromatin. Previous evidence suggests that Cap-G interacts with the neuron-
specific TF Lola-N (unpublished, Southall T.D.), which is supported by their shared
binding sites in neurons. Overall this study offers a novel appreciation for a role of Cap-
G in neurons, having wider implications on our understanding of condensin in
differentiated, post-mitotic cells. Furthermore, it offers insights into gene regulatory

mechanisms that act during neuronal maturation. In this chapter, I will explore how this
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research has contributed to the field, and what questions and future directions can be

explored and taken forward from these data.

6.2 Cap-G in newly born and mature neurons

I observed stronger behavioural phenotypes upon Cap-G KD in early differentiating
neurons, compared to more mature neurons (Chapter 3). This matched the results in
chapter 5, where KD of Cap-G in younger neurons exhibits a more severe disruption of
gene expression compared to a KD in more mature ones. Taken together, these findings
suggest that Cap-G may have a temporal role in the development of neurons, dynamically
changing as the cells differentiate and mature. These data further suggest that the role of
Cap-G is more important, and has wider implications, earlier in the life of neurons. This
is the case for TF Lola-N, which is expressed in newly-born neurons and is essential in
preventing dedifferentiation of neurons (19). However once the neuron has matured,
Lola-N is still being expressed but no longer required to maintain differentiation, as
depletion of Lola-N in mature neurons does not lead to dedifferentiation phenotypes

(19).
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Summary of findings
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Figure 6.1 Summary of key findings.

Neurogenesis diagram from NSC to immature and mature neurons. Cap-G binding profiles were
revealed for NSCs, immature and mature neurons using Targeted DamID (Chapter 4). Neuron-
specific knockdown of Cap-G resulted in transcriptional changes at differential severity between
immature and mature neurons (Chapter 5). Behavioural and survival phenotypes were also
observed in Cap-G KD animals (Chapter 3). (Adapted from (1))
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To investigate whether Cap-G has a specific temporal role, experiments could be designed
to study the narrow developmental windows of “newly-born” and “mature neurons”
separately. There are technical restrictions that increase the difficulty of temporally
defining newly-born neurons. One of them is the fact that neurons are being born
asynchronously during nervous system development. Therefore, tools are required in
order to target specific stages of neuronal maturation. In Drosophila, GAL4 lines are the
most widely used tools to infer cell-specificity during experiments using the GAL4/UAS
system (55). Therefore, generating GAL4 lines that could target newly born neurons, as

well as other stages of maturation would be highly desirable.

The current lines available include elav-GAL4, which is expressed in all neurons, from
their birth until fully mature, and nSyb-GAL4 which is exclusively expressed in synapse-
forming, more mature neurons. These GAL4 drivers are missing the crucial early
developmental window in neurons. Even though elav-GAL4 does include the “newly-
born” neuronal stage, some reported expression of elav-GAL4 in NSCs in embryos has
questioned the specificity of this tool and made it less appealing to the community (179).
In my work I took extensive care to control for this reported expression, as I ensured
there was no impact on mitotic cells upon knockdown of Cap-G. I did not detect a change
in mitotic cell numbers, Cap-GEGFP Jevels of expression nor on their ability to divide
(Chapter 3, Section 3.2.9). However, it is still plausible that undetected, low-level
knockdown of Cap-G may have occurred in progenitor cells due to the elav-GAL4 line.
Therefore, the generation of a driver line exclusively expressed in newly born neurons
would be extremely useful for future experiments. Lola-N is a TF expressed as soon as the
neuron is born, throughout its life (19). It could be used to potentially generate a lola-N-
GAL4 line which would offer better cell-specificity than the current elav-GAL4 by avoiding

any expression in NSCs. As lola-N is still expressed throughout neuronal maturation,
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further specificity to the “newly-born” neuronal window could be inferred by exploiting
the GAL8O0 protein, which actively represses GAL4 expression (202). When combined
with tissue-specific proteins, GAL80 can prevent the expression of GAL4 in those tissues.
A potential Lola-GAL4 line combined with an nSyb-GAL80 would exclude expression of
GAL4 in mature neurons, inducing specific expression of GAL4 only in the newly-born
neurons. It is evident that further research is needed to develop temporally-specific tools
to improve our understanding of neuronal differentiation and maturation

6.3 Cap-G and Lola-N interaction and its impact on neuronal
maturation

The observed interaction of Cap-G with Lola-N in a Y2H screen, their co-localisation in
neurons, and binding at similar DNA regions, all suggest an interaction between these
two proteins. There is emerging evidence for condensin subunits interacting with TFs,
and that their recruitment to specific loci is dependent on these TFs (94,96,97). The data
presented in this thesis does not allow us to fully understand the relationship between
Cap-G and Lola-N yet. For example, further investigation is needed to assess whether the
role for Cap-G in neurons is dependent on a potential Lola-N interaction. Moreover, Lola-
N could direct and orchestrate Cap-G binding to specific DNA regions, resulting in gene
regulation. Investigating this relationship could offer further insights on the mechanism
and proteins involved in inducing and maintaining the differentiation of Drosophila

neurons.

Potential insights could be gained by observing Cap-G in a lola-N mutant background.
Immunostaining experiments could reveal whether the localisation of Cap-G to the
nucleus alters in lola-N mutant neurons, potentially suggesting that Cap-G is recruited to

neuronal nuclei by Lola-N. Moreover, to understand if Cap-G recruitment to specific DNA
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regions is Lola-N dependent, an experiment could be designed to profile Cap-G binding in
lola-N mutant neurons, revealing whether the binding changes, or remains unaffected.
The reverse may be true, where Lola-N requires Cap-G to perform its function, however
it is unlikely as in my Cap-G KD animals I did not observe dedifferentiation phenotypes
similar to those seen in lola-N mutants (19). It is understandable that Cap-G KD animals
do not exhibit dedifferentiation, given the plasticity and redundancy of the protein

networks maintaining neuronal fate (188).

6.4 Cap-G as a regulator of gene expression in neurons

The role of condensin in gene regulation has been suggested in multiple species across
multiple studies (64,85,89,94,97-99). However, these studies have been recently
questioned by a report suggesting that gene expression changes and phenotypes are an
indirect effect caused by aberrant chromosome segregation, rather than a direct role of
condensin (108). As these studies all observed cells in a mitotic/interphase state, or used
mutant animals/cell lines which disrupt condensin during chromosome compaction and
segregation, it is difficult to extract the real condensin role in gene regulation. In this
study, I only induced degradation of condensin I (Cap-G) in post-mitotic neurons, and
took careful characterisation methods to ensure no mitotic cells were affected which
would impact my results (Chapter 3). This thesis provides evidence for a post-mitotic role
of Cap-G in gene expression regulation. The changes in gene expression coupled with the
dysfunctional animal behaviours suggest that upon loss of Cap-G the neuronal identity of
cells is compromised, resulting in failure to properly mature and operate as units of a

fully functioning nervous system (Chapter 5, Chapter 3).

Evidence of gene expression changes observed in Cap-G KD animals suggest a role for

Cap-G in gene regulation (Chapter 5). When looking at genomic binding data, Cap-G is
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enriched at closed chromatin, compared to open chromatin/enhancer regions, suggesting
a silencing role (Chapter 4). This is further reinforced when observing the genes
disrupted in Cap-G KD animals, where downregulated genes were neuron-specific whilst
upregulated genes were non-tissue specific. Normally, non-tissue specific genes are
silenced in neurons by a variety of factors necessary to maintain cell identity (188).
Chromatin states also change as the neuron differentiates and matures, with chromatin
increasingly becoming less accessible, less plastic and acquiring more permanent
repressive markers (7,14). The mechanism by which Cap-G potentially regulates gene
expression remains elusive. Does direct binding of Cap-G at genomic regions induce gene
silencing? Or does Cap-G alter chromatin states during neuronal maturation, resulting in
gene silencing? Is Cap-G necessary to remodel neuronal chromatin? Further experiments
can be designed to address the questions presented above. To understand whether Cap-
G affects the chromatin architecture in neurons, 3D chromatin capture experiments (Hi-
C) could be performed on isolated wild type and Cap-G KD neurons. These would offer
insights on whether Cap-G is necessary to maintain certain chromatin topology in

neurons.

Cap-G binding is less abundant at accessible chromatin and enhancer regions, suggesting
that Cap-G is not promoting active transcription in this context (Chapter 4). However,
Cap-G binding is present at a small proportion of open chromatin sites, suggesting that
Cap-G may regulate some enhancer region interactions. Moreover, Cap-G KD animals
show a decrease in neuron-specific gene expression, potentially because certain
enhancer/promoter interactions could have been disrupted in the absence of Cap-G,
affecting transcription (Chapter 5). Hi-C experimental data from Cap-G KD brains would
provide the necessary information to understand whether Cap-G is indeed required for

establishing, or maintaining, proper enhancer/promoter interactions in both immature
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and mature neurons. However, there is conflicting evidence in the literature where
changes in chromatin topology and compaction do not affect gene expression (109). For
example, the disruption of highly conserved topologically associated domains (TADs)
does not seem to impact on gene expression (129-132). Maintenance of gene expression
could be orchestrated not only via stable chromatin topology, but also the interaction of
a multitude of factors and proteins, to maintain redundancy and robustness in the system.
Further research will provide exciting insights on the interaction between chromatin and

proteins in regulating cell identity and differentiation.

There is a detailed understanding of what markers characterise each chromatin state
(120). As chromatin is highly transient in differentiating cells, further research is needed
to identify what factors and proteins orchestrate these changes. To investigate whether
Cap-G has a role in manipulating chromatin states, ATAC-seq experiments, profiling the
accessible chromatin state of isolated cells could be performed (203). Profiling the
accessible chromatin in Cap-G-depleted neurons would detect potential changes
resulting from Cap-G degradation, providing important insights for understanding the
role of Cap-G in chromatin remodelling. Another key question is whether Cap-G actively
compacts chromatin in a closed state, or does it “maintain” an already compacted state?
Data presented in this thesis is not sufficient to answer this question, however, it does
point towards a role for Cap-G in actively compacting chromatin. For example, the more
severe phenotypes, both at the behavioural and molecular level, are only observed when
Cap-G is knocked down during early in the life of the neuron, where the chromatin is in a

more transient and plastic state, with regions yet to reach their fully compacted state

(14).
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6.5 A role for the condensin I complex or just for Cap-G?

A key question arising from this study is to what extent is the entire multi-protein,
condensin I complex involved in neurons? The findings from my work mostly focused on
characterising the role of the subunit Cap-G, with some evidence presented for subunit
Barren localising in neurons (Chapter 3, Section 3.2.2). Apart from the HEAT-domain
subunit Cap-G, the complex is comprised of four other proteins: two SMC ATPases, the
kleisin subunit Barren, and the other HEAT-domain subunit Cap-D2 (53). There is some
evidence of expression of these subunits in neurons (10,162). Therefore, it would be
interesting to investigate whether the roles I described for Cap-G in neurons are exclusive
to this subunit, or whether they require the fully assembled complex. Experiments that
investigate this would include neuron-specific profiling of DNA binding for each of the
other subunits and compare it to the Cap-G binding presented here. For more functional
profiling, knockdown of the other subunits in neurons, to observe whether similar
phenotypes occur, could also shed light on this matter. If it is a unique role of Cap-G in
neurons, and no other condensin subunits are involved, then a yeast-two-hybrid screen
to find interacting proteins of Cap-G, would help to begin to understand how Cap-G might

be performing such a non-canonical function.
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Hypotheses for Cap-G function in neurons

I) Cap-G binds to DNA to directly and/or remodels chromatin to regulate gene
expression in neurons

Gene regulation

ROCPB' T

Direct binding to DNA

Chromatin remodelling

Il) Lola-dependent recruitment of Cap-G in neurons

—> Gene silencing

Chromatin remodeling

Figure 6.2. Hypotheses for Cap-G functions in neurons.

I) Current working hypothesis suggests that Cap-G binds to DNA, possibly directly
regulating gene expression. Moreover, Cap-G binding could induce chromatin
remodelling of 3D structure, impacting enhancer/promoter regions and closed
chromatin conformations. Subsequently this drives the regulation of gene expression in
neurons and promote neuron maturation. II) Hypothesis of Cap-G mechanisms via Lola-
N dependent recruitment. Cap-G is recruited to Lola-N binding sites to compact
chromatin and silence specific genes.
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These experiments would not definitively address whether the canonical role of
condensin is necessary in neurons, which is its ability to reel DNA loops thanks to the
ATPase machinery provided by the SMC subunits (72,73). In bacteria, a point mutation to
the SMC subunit results in a dominant negative phenotype, where the ATP hydrolysis
activity is impaired, but the SMC maintains its dimeric structure (204). The point
mutation data provided in the aforementioned study could be used to generate a UAS-
SMC-mutant fly line. The GAL4/UAS system could drive the expression of dysfunctional
condensin in neurons, to observe whether impairing the canonical condensin complex
has similar effects to those seen in Cap-G KD animals, which could suggest involvement
of the whole complex and not just Cap-G. Furthermore, if the whole complex is necessary
in neurons and dependent on ATP-hydrolysis, it would suggest that the DNA looping
mechanism is involved in neuronal DNA compaction, and that it is not exclusive to mitotic

cells (60).

The evidence presented in this thesis, together with current knowledge in the field, offers
the potential to speculate hypotheses for the role of Cap-G in neurons. The most plausible
hypothesis from the data is that Cap-G binds to specific regions of DNA, remodels the
chromatin conformation to regulate closed chromatin as well as open/enhancer regions,
regulating gene expression (Figure 6.2). This regulation of the transcriptome would
maintain neuronal-identity and induce neuronal maturation, which are lost upon Cap-G
depletion (Chapter 3). Moreover, another interesting hypothesis arises from the possible
interaction between Cap-G and Lola-N (Chapter 4). Cap-G could be recruited to specific
DNA sites by Lola-N and then induce chromatin compaction of Lola-N-bound regions,
resulting in more permanent silencing of these genes (Figure 6.2). Further research is
necessary to definitively dissect Cap-G function in neurons, and this study provides

promising evidence for the pursuit of research on condensin in post-mitotic neurons.
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6.6 Implications for Health

Research of condensin complex functions has relevance not only in increasing our
understanding of cell development, but also of our knowledge of human health and
disease. Mutations observed in the condensin subunits have been implicated in cancer
and microcephaly (205-207). In microcephaly, the development of a small brain is
attributed to failed neuronal stem cell divisions, due to chromosome segregation defects
upon loss of condensin (207). These diseases are mostly linked to the loss of the canonical
condensin role of chromosome compaction and segregation. However, in this study, I
provide evidence that condensin is also required in post-mitotic cells to ensure proper
gene expression and a healthy nervous system. This suggests that condensin plays a role
throughout development of the nervous system, including differentiation and maturation
of neurons, after cell division occurred. This work emphasises the importance of
exploring proteins and complexes outside of their canonical role, as it can lead to

interesting, novel paths to further our understanding of neurodevelopment.

Neurodevelopmental disorders have been usually linked to observations in neuronal
synaptic dysfunction, and emerging evidence suggests that chromatin remodelling and
regulation plays an essential role in healthy neuron formation (208,209). Mutations in
subunits of some chromatin remodelling complexes lead to defects in neuronal identity
and maturation, affecting axon differentiation and the establishment of learning and
memory, resulting in intellectual disability and neurodevelopmental disorders (208).
Therefore, we are beginning to appreciate that a functioning nervous system relies on
establishing and maintaining an epigenetic state in maturing neurons (209). My research
identified that the chromatin-associated complex condensin is required for effective

neuronal maturation. Therefore, continuous research of proteins involved in maintaining
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and shaping the neuronal chromatin will help dissect the epigenetic changes that occur
in neurons as they mature. This will further our understanding of how defects in
chromatin remodelling can lead to neurodevelopmental disorders and potentially

identify targets to advance medical research in this field.

6.7 Concluding remarks

In recent years, our understanding of the condensin complex has evolved; it is not just a
machine to loop DNA and compact chromosomes, but has more important and varied
roles, such as regulating gene expression and manipulating chromatin conformation.
However, most research has focused on the role of condensin in mitotic and interphase
cells, with limited evidence of a post-mitotic role. The importance of condensin in specific
cell states and tissues has been implied, but not addressed. In this thesis, I present data
for a novel role of Cap-G in neurons, challenging our understanding of the condensin
complex. I demonstrated that Cap-G is essential in maintaining neuronal identity and
maturation, potentially by altering the epigenetic state of differentiating and maturing
neurons. My research opens a window into the emerging field of chromatin-associated
complexes as mediators of epigenetic changes in neurons. This work provides an
important stepping stone towards furthering our understanding of condensin in neurons

and begin to appreciate the varied functions of this complex.
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Appendix

Chapter 8 Appendix

Generation of UAS-LT3-Cap-G-Dam construct for TaDa experiments

Primers used in this study.

DNA template

Primers 5’ to 3’

mCherry_Dam_FW

AGGGAATTGGGAATTCGTTAACAGATCTGCATGGCAACTAGCGGCATGG
TTAGTAAAGGA

mCherry_Dam_RV

CTTTGGTTTGGCCATGTTATTATGCGGTACCA

Cap-G_FW TGGTACCGCATAATAACATGGCCAAACCAAAG

Cap-G_RV GCGATTTTTCTTCATCAGATCCTCTTCAGAGATGAGTTTCTGTTCTTTCC
TCCTGCTGCG

Dam_FW GCGCAGCAGGAGGAAAGAACAGAAACTCATCTCTGAAGAGGATCTGATG
AAGAAAAATCGC

Dam_RV TTCACAAAGATCCTCTAGAGGTACCCTCGATTAACCGGCTTTTTTCGCG

GGTGAAACGACTCC

PCFD6_seq_FW

CGAGCGGAGACTCTAGCG

PCFD6_seq_RV

ATGCAGTACACGTTTAGGCA

PCFD6seqfwd

TTAGAGCTTTAAATCTCTGTAGGTAG

PCFD6seqrev

ATGCAGTACACGTTTAGGCA

Cap-G_CRISPR_FW1

GCGGCCCGGGTTCGATTCCCGGCCGATGCAGAAAGCCGTCCTAGGGGCTG
AGGGTTTCAGAGCTATGCTGGAAACA

Cap-G_CRISPR_RV1

CCCGCACATACGTTATCGCATCTTGCACCAGCCGGGAATCGAACCC

Cap-G_CRISPR_FW?2

AGATGCGATAACGTATGTGCGGGGTTTTAGAGCTAGAAATAGCAAG

Cap-G_CRISPR_RV2

ATTTTAACTTGCTATTTCTAGCTCTAAAAC
CCCAACGTGCGTCAGTGCATCATTGCACCAGCCGGGAATCGAACCC
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Appendix

A Cap-G-Dam Cap-G-mCherry
5kb
B pUAST-attB Cap-G-Dam
10kb
kb
4 3 P\“‘Dtmpk promr?trér
T3 promoter
SV40 poly-A

pUAST-attB-Cap-G-Dam C terminus
14,151 bp

loxP

Figure 8.1. UAS-LT3-Cap-G-Dam construct generated

(A) Agarose gel image of successful fusion PCR of Cap-G-Dam construct by obtaining the
correct band size of 4293 bp. mCherry-Cap-G fusion was not successful. (B) Agarose gel
image of enzyme digest showing successful cloning of the pUAST-attB-LT3-Cap-G-Dam
vector, further confirmed by sequencing data. (C) Diagram of the pUAST-attB-LT3-Cap-
G-Dam plasmid injected in the embryos.
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Design of CRISPR/Cas9 Cap-G mutants:

Cap-G gRNA oligos designed:

>2R 2R:9021176..9021198 (+ strand) class=CRISPR length=23
GAAAGCCGTCCTAGGGGCTGAGG

(middle of 2nd exon)

>2R 2R:9021402..9021424 (- strand) class=CRISPR length=23
AGATGCGATAACGTATGTGCGGG

(beginning of 3rd exon)

>2R 2R:9021646..9021668 (- strand) class=CRISPR length=23
ATGATGCACTGACGCACGTTGGG

(middle of 3rd exon)

Appendix
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# Crested with SnapGene®

"10xUAS" (Cap-G oligo 1]
Cap-G Cligo 2|
"gRNA core"
= e ["tRNA from plant PNAS paper"”|
[Cap-G oligo 3
R, "gRNA core"
, "tRNA Glyzg» / b ' "tRNA from plant PNAS paper”
2 "gRNA Rl X,
() C 5 3
oy re 2.0, o,
PCR1_Fu, /00 o
PCRL gy 2,
PCr [
Tory, \
e, :
i
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a9
‘l‘.
i |
| I
‘ |
|
i !
5000

Cap-G_PCFD6_CRISPR gRNA construct
9924 bp

Figure 8.2 UAS-Cap-G-CRISPR/Cas9 mutant plasmid designed

Map of plasmid used to generate UAS-Cap-G-CRISPR/Cas9 mutants, with three gRNAs designed
and inserted between Cap-G exons. Plasmid generated following published protocol (170).
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Appendix

Supporting code for sequencing data analysis

LINUX Commands to convert GFF to Bedgraph
Get gff file (output from perl script)

Delete all mitochondrial sequences:
$ grep -v “mito” filename(write the name of your file).gff > output.gff

Remove all columns except for chromasome (1), startcoord (4), end coord(5), and
score(6)

$ cut -f1,4,5,6 input(previous output name).gff > output.bedgraph
(orall in one: $ grep -v “mito” filename.gff | cut -f1,4,5,6 > output.bedgraph)

Navigate to folder containing bedgraph file, chromosome sizes file (dm6.chromsizes),
and bedgreaphtobigwig executable.

Folder containing: bedgraph exe, chr sizes, output bedgraph to be converted
Type:
./bedGraphToBigWig inputfile.bedgraph dmé6.chromSizes outputfile.bw
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Appendix

A Spearman's correlation analysis between
Lola binding in neurons
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Figure 8.3 Lola-N binding correlation and QC between elav and nSyb replicates

Statistical analysis of Lola-N binding in newly born neurons (elav) and mature neurons (nSyb).
A) Strong positive correlation between replicates for Lola-N mapped binding reads across all
cell types (2 per cell type, rho ~ 0.9, 0.75). B) Principal Component Analysis (PCA) shows
separate clustering of elav and nSyb neuronal stages, whilst replicates of each stage cluster
together.
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