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Abstract

Interphase chromosome dynamics is an important area of research related to the
control of genomic function and gene regulation at the level of the 3D conformation
and mobility of chromosomes. This also has relevance to cellular states which can
show differences in chromosome organisation at interphase, when proliferating and
non-proliferating cells are compared. These comparative studies are important to
understanding the regulation of cell proliferation and processes such as ageing. The
work in this thesis has taken the aspect of a broad approach to address the
exploration of chromosome dynamics. This exploration has involved both extensive
laboratory work and in silico analyses to reveal possible candidate proteins involved
in chromosome mobility. A main hypothesis in this project is that there are
fundamental differences between proliferating and non-proliferating cells with
regards to the functions of nuclear myosin motor proteins and this would be reflected
in the functions of these proteins, specifically related to chromosome mobility.
Further to this, a key aspect of this work is related to the hypothesis that in non-
proliferating cells chromosome mobility in response to stimuli is impaired, and this is
caused by the relevant nuclear myosins not functioning as they would in proliferating
cells. Using the technique of 2D Fluorescence In-Situ Hybridisation (2D FISH), the
dynamic mobility of interphase chromosomes was studied in the nuclei of human
dermal fibroblast cells, in order to gain further understanding regarding their
responses to stress stimuli in the form of serum inhibited conditions and heat shock.
Immmunofluorescence studies were performed to determine the patterns and
frequency of myosin proteins (MYO5B, MYO16 and MYO18B) in proliferating and
non-proliferating cells. Another aspect of the search for possible candidate proteins
was an in silico bioinformatics exploration, to find not only other myosins but also
actin related proteins and other classes of proteins that may be part of the overall
mechanism of interphase chromosome mobility. In this work a heat shock assay in
human dermal fibroblast cells has been developed with chromosome 11. In addition
to this a novel chromosome 11 relocation has been found in response to heat shock
and importantly, it has been found that in non-proliferating cells this relocation of
chromosome 11 in response to heat shock does not occur. The results also show
that the nuclear staining characteristics and frequency of the various myosin proteins
studied show significant differences when compared in proliferating and non-

proliferating cells. Using the bioinformatics approach other interesting candidate



proteins were identified with possible potential to be involved with the process of
chromosome mobility. A possible role for myosin 5b has been implicated in the
mobility of splicing speckles, as shown by co-localisation with splicing speckles for
the first time. A suggestion is made by inference, that older cells may possibly also

have diminished chromosome relocation potential compared with younger cells.
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1.1 The Nucleus

The cell nucleus is among the most complex and important structures in living
systems and is an organelle found exclusively in eukaryotic cells. Research on the
cell nucleus is increasingly essential and despite many years of extensive research
on the structure and functions of the cell nucleus, deeper layers of complexity
regarding its fine structure and functions continue to be revealed (Figure 1.1). The
nucleus contains genetic information within the chromosomes it encapsulates and
therefore it plays a central role in the control of gene expression and so is involved in
all life processes such as development, growth and physiological function. This key
role played by the nucleus compels ever more thorough investigations regarding the
detailed mechanisms involved in its functions. In the early studies in cell and
molecular biology, the complexity of the nucleus was somewhat underestimated and
was thought to be composed of an unstructured mixture of components such as
various proteins, freely interacting with an immobile DNA. However, this view in the
light of progressive insights into the structures and mechanisms found in the nucleus
has changed dramatically to reveal a highly ordered and organised dynamic nucleus
which has structural and functional integrity and stability, as well as dynamics and
changeability (Newport and Forbes 1987; Lamond and Earnshaw 1998; Lelievre et
al. 2000; Dundr and Mistelli 2001; Belmont 2003; Rippe 2007; Bridger 2011; Mercer
and Mattick 2013; Zidovska 2020).
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Figure 1.1. A schematic illustration of the detailed structure of an interphase
nucleus. The main nuclear substructures are shown together with representative
chromosome territories. At the edge of the nucleus, the nuclear envelope is the
barrier separating the nuclear interior from the cytoplasm, and is where transport
takes place through the nuclear pore complex. The position of the nuclear lamina is
shown in contact with the inner surface of the nuclear envelope. Transcription
factories and splicing speckles are shown in proximity to each other and positioned
in the regions separating the chromosome territories. PML (promyelocytic leukemia)
bodies and Cajal bodies are also shown positioned in regions of the nucleoplasm,
and in the case of Cajal bodies, associated with the prominent nucleolus.

(Taken from Pontes and Pikaard 2008).

1.1.1 Nuclear Envelope and Nuclear Pore Complex

The nuclear envelope is a lipid bilayer or double membrane system with an intricate
structure composed of many different proteins and is the barrier separating the
cytoplasm and the nuclear interior. In between the two membranes on the nuclear

envelope is the perinuclear space (PNS) which is a lumen connecting directly with
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the endoplasmic reticulum (ER) (Lu et al. 2008). With the nucleus being among the
most important structures in the eukaryotes, the nuclear envelope may be described

as one of the most defining features of the nucleus.

The nuclear envelope bilayer is composed of the inner nuclear membrane (INM) and
the outer nuclear membrane (ONM) (Figure 1.3). Nucleocytoplasmic transport is a
crucial process in eukaryotic cells and occurs at nuclear pore complexes (NPCs)
which are embedded in the nuclear envelope, and selectively control the movement
of molecules across the nuclear envelope (Figures 1.2 and 1.3). NPCs appear as
prominent structures over the surface of the nuclear envelope and are very large
protein complexes, with molecular mass of approximately 110 MDa (Kosinski et al.
2016), forming aqueous channels for the regulated movement of molecules. This
includes transport of large proteins, ribosomal subunits and messenger
ribonucleoproteins (MRNPs) across the NPCs. Small molecules less than about 40
kDa or about 5 nm in diameter, ions and metabolites can move across the NPCs
freely (Wente and Rout 2010). There is therefore a balance of both active and
passive transport across the nuclear envelope via the NPCs, with the transport of
larger molecules being actively regulated and controlled in this respect. This may
also be of importance in avoiding excessive amounts of larger molecules entering
the nucleoplasm when not needed, thus avoiding molecular overcrowding of the
compact nuclear environment. The proteins of the NPC are called nucleoporins
(Nups) and there are approximately 30 different nucleoporins, and in humans over
1000 nucleoporins form the NPC (Dultz et al. 2022).

The overall architecture of the NPC consists of three main ring shaped structures
(Figure 1.3) which are, the centrally positioned inner ring (IR), to which are
connected two outer rings, known as the nucleoplasmic ring (NR) associated with a
nuclear basket structure extending to the nucleoplasm, and the cytoplasmic ring
(CR) associated with cytoplasmic filaments which extend to the cytoplasm (Allen et
al. 2000; Beck and Hurt 2017; Schuller et al. 2021). For the import and export of
proteins, the selectivity of the nuclear pore complexes involves protein sequence
recognition to allow the correct proteins to move across the nuclear pores. This
involves specific short amino acid sequences on the proteins being transported
through the NPCs by shuttling receptors, known as nuclear transport receptors

4



(NTRs) which include importins, exportins and transportins, mostly belonging to a
large family of NTRs known as karyopherins (Wente and Rout 2010; Paci et al.
2021; Wing et al. 2022). Sequences for proteins entering the nucleus are known as
nuclear localisation signals (NLSs) and sequences for proteins leaving the nucleus
are known as nuclear export signals (NESs) (Wente and Rout 2010, Dzijak et al.
2012). The process of nucleocytoplasmic protein transport involves the formation of
an import or export complex, by the binding of NTRs with the NLS or NES of cargo
proteins either directly or via adapter proteins (Paci et al. 2021). NPCs can also be
considered as locations where the double membrane system can be structurally
stabilised by forming connections at these complexes, where the ONM and INM fuse
(Suntharalingam et al. 2003; Zuleger et al. 2011; Kabachinski and Schwartz 2015).

1.1.2 Nuclear Lamina

Covering the inner surface of the nuclear envelope is the nuclear lamina which is a
protein meshwork composed of intermediate filaments of the lamin family of proteins
(Figure 1.2). The nuclear lamina helps to maintain the structural integrity of the
nuclear envelope by providing structural support as well as providing attachment
sites for chromatin (Gerace and Huber 2011; Shevelyov and Ulianov 2019). As with
most substructures in the nucleus, extensive research has revealed that the nuclear
lamina is more complex than initially believed and has more functions. These further
functions include regulation of cell signalling and negative regulation of gene activity
by gene silencing, as well as providing a mechanical link between the cytoskeleton in
the cytoplasm and the nuclear envelope (Lu et al. 2008; Gerace and Huber 2011;

Shevelyov and Nurminsky 2012).

At the INM, the nuclear lamina is in contact with many different proteins including
emerin, lamin B receptor and lamin associated polypeptides (LAP) and MAN1 (Lin et
al. 2000) (reviewed by Foster and Bridger 2005; De Magistris and Antonin 2018).
LAPZ2a interacts with A-type lamins specifically, which are composed of the lamin A

and lamin C isoforms and play an important role in chromatin organisation (Dechat et



al. 2008; Gesson et al. 2014). LAP2a is involved with the translocation of A-type
lamins from the lamina at the nuclear periphery to the nucleoplasm (Figure 1.2),
where they may interact with interphase chromosomes in their role of maintaining
chromosome territories (Ranade et al. 2019). Lamina-Associated Domains (LADS)
are heterochromatic regions in contact with the nuclear lamina and involved with
gene repression, since most genes at LADs are not expressed or show low

transcriptional activity (van Steensel and Belmont 2017).

=~ Lamina-associated domains (LADs)

. A-type lamins
Ribosomes
= B-type lamins

@ LAP2

’ Other Factors

iifs
~__ Nuclear Pore Complex

Endoplasmic Reticulum

Chromatin

Nucleoplasm

Figure 1.2. lllustration of the nucleus focusing on the nuclear lamina, showing the
main components and highlighting the action of LAP2a. LAP2a is important in
allowing the transportation of A-type lamins from the lamina to the nucleoplasm, thus
facilitating a key role of these lamins in regulating chromatin organisation (Ranade et
al. 2019). As shown in this figure, B-type lamins are closely associated with the INM.
LADs are shown in close association with the lamina. Also, in this figure it is clearly
shown how the lumen of the nuclear envelope is continuous with the endoplasmic

reticulum. (Taken from Gesson et al. 2014).

The detailed organisation of the nuclear envelope reveals a highly ordered and

interlinked array of proteins which create a structural and functional link from the



nucleoplasmic side of the nuclear envelope via the INM to the cytoplasmic side of
the envelope via the ONM (Figure 1.3). Two of the important families of proteins
operating in this respect across the nuclear envelope are SUN-domain and KASH-
domain proteins. Together these protein families form parts of the LINC complex
(Linker of Nucleoskeleton and Cytoskeleton) (Taranum et al. 2012; Lu et al. 2012).
The SUN-domain proteins are situated at the INM and the KASH-domain proteins
are situated at the ONM and these proteins interact by linking in the region of the
perinuclear space (PNS) (Lu et al. 2008). The PNS therefore has an important role in
providing a physical space for crucial molecular interactions necessary for structural
and functional properties of the nuclear envelope. The KASH domain proteins
include the Nesprins which function as linker proteins connecting to the cytoskeleton
(Figure 1.3). Nesprin-1 and Nesprin-2 contain an actin binding domain (ABD) at the
N-terminal and are therefore able to directly bind F-actin. Nesprin-1 has also been
shown to interact with Nesprin-3 (Taranum et al. 2012). Nesprin-3 does not contain
an ABD but does contain a binding site for Plectin at the N-terminal (Taranum et al.
2012). Plectin is a cytolinker and can interact with microtubules, intermediate
filaments and both F-actin and G-actin (Andra et al. 1998; Lu et al. 2008; Taranum et
al. 2012). Nesprin-4 binds to kif5b which is a subunit of the kinesin-1 motor protein
(Roux et al. 2009; Rajgor and Shanahan 2013). It has also been shown that
Nesprins may form a filamentous meshwork at the surface of the ONM thus
providing mechanical support as well as controlling nuclear size (Lu et al. 2012).
Interestingly, it has been shown that the SUN-1 proteins have a rather unique feature
at the INM in that they are highly immobile proteins which can form oligomers in the
form of dimers and tetramers and can also form heterodimers with SUN-2 proteins
(Lu et al. 2008). The significance of the immobile and oligomer forming properties of
the SUN-1 proteins at the INM includes providing mechanically stable platforms for
the formation of various larger stable complexes traversing the nuclear envelope (Lu
et al. 2008).

Interestingly, the relationship of the interaction between SUN-domain and KASH
domain proteins is highly conserved across broad taxa (Lu et al. 2008; Schneider et
al. 2008), which suggests that this system has been crucial for the functioning of the
eukaryotic cell over evolutionary time and therefore the conservation of this structure
and function is of great importance to all eukaryotes.
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Figure 1.3. Detailed structure of the nuclear envelope. Showing components of the
LINC complex including SUN-domain proteins in dimer and tetramer configurations
bound with nesprins at the PNS thus bridging across to the cytoplasm. The NPC
(nuclear pore complex) is also illustrated, visible in cross-section with three main ring
structures depicted; the inner ring (forming the central pore) is connected with two
outer rings, which are the nucleoplasmic ring (with nuclear basket extending to the
nucleoplasm) at the INM (inner nuclear membrane); and the cytoplasmic ring (with
cytoplasmic filaments extending to the cytoplasm) at the ONM (outer nuclear
membrane). IFs (intermediate filaments), PNS (perinuclear space).

(Taken from Lu et al. 2008).

1.1.3 Transcription Factories

The transcription of genes is highly organised spatially by the presence of
transcription factories which are distinct locations where mRNA transcripts are
generated (Jackson 2005). These factories are composed of clusters of RNA
polymerase molecules together with many other molecules required for transcription
(Figure 1.4). A protein rich core is situated at the centre of transcription factories

where the proteins required for transcription are present including transcription
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factors, chromatin remodelers, ribonucleoproteins (RNPs) and histone modification
enzymes, together with RNA polymerases at the surface of this core (Melnik et al.
2011; Rieder et al. 2012). Transcription factories have been estimated to contain
between 4 and 30 RNA polymerase molecules and the number of these factories
can range from about 100 to 8000 in a nucleus, and most commonly these clusters
are known to contain RNA polymerase Il but clusters of RNA polymerase | or Il are

also known to make up transcription factories (Rieder et al. 2012).

The configuration of the transcription machinery had been the subject of some
debate and speculation from around the turn of the 21% century. Although
transcription factories had been described some years earlier and known to contain
concentrations of RNA polymerase molecules as transcription foci (Jackson et al.
1993; Wansink et al. 1993), the detailed architecture of transcription sites was not
well established. The prevailing understanding of transcription involving RNA
polymerase molecules moving along the DNA template as the new transcript grows
were dominant and did not incorporate the findings on the presence of transcription
factories as immobile centres of transcription (Cook 1999). Transcription factories
have been intensively studied and it has been found that the clusters of immobile
RNA polymerase molecules are part of a larger immobile protein complex, which is
immobilised by contact with the nucleoskeleton or nuclear matrix (Iborra et al. 1996;
Jackson 1997; Eskiw et al. 2008; Razin et al. 2011). Therefore, the configuration of
transcription factories requires that mobility is that of the DNA template rather than a
mobile RNA polymerase (Cook 1999; Papantonis et al. 2009; Eskiw and Fraser
2011; Papantonis and Cook 2011; Ghamari et al. 2013). This also highlights the
significance of the requirement for active chromosome dynamics and mobility in the
proper functioning of processes specifically occurring in the nucleus. Transcription
factories and the associated transcription of genes have been visualised at high
resolution by light and electron microscopy for example in murine erythroblasts
(Eskiw and Fraser 2011). In this study which was ground breaking in that it was the
first high resolution visual and quantitative demonstration of transcription in
transcription factories, also suggested that transcription factories modify by growing
in size according to the transcriptional load requirements of the subset of genes

involved.



The fact that transcription occurs in preassembled transcription factories, where
multiple genes assemble from different chromosomes, and different loci of the same
chromosome, clearly demands an active and directed mechanism to move chromatin
to these destinations of transcription centres. These chromatin movements are at the
scale of whole chromosomes or chromosome domains as well as at the scale of
gene loci. These dynamic movements of chromatin must and do involve the action of
protein molecular motors, and the question is no longer ‘if molecular motors are
involved, rather it is ‘which’ proteins are involved in the mechanism and ‘how’ do
such mechanisms operate in the nucleus. These questions have been sought for
many years now by several laboratories around the world and the pieces of this
puzzle are accumulating to help build a clearer picture and to answer these
guestions, however there is still a long way to go before a full understanding of this

very complex system can be obtained.

Structure of a transcription factory

RNA transcript

RNP
@, Transcription factors

m

& Protein rich core
[
C] @» RNA polymerase Il

Figure 1.4. A schematic illustration of a transcription factory. Assembled at a protein
rich core, ribonucleoproteins (RNP) are shown associated with RNA polymerase ||
enzymes and various transcription factors, as new RNA transcripts are produced
from three different genes simultaneously at the transcription factory.

(Taken from Rieder et al. 2012).
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1.1.4 Splicing Speckles

Within the nucleus there rather prominent irregularly shaped sites referred to as
splicing speckles, SC35 domains or splicing factor compartments (SFC) (Hall et al.
2006). Estimates of the number of these sites in a nucleus vary from 10-30 (Hall et
al. 2006) and 20-50 (Spector and Lamond 2011). This variation in the frequency
range is probably due to the differences in the number of these speckles depending
on cell type and differentiation state. Splicing speckles are involved with the
processing of pre-mRNA molecules after they have been generated at transcription
factories, therefore splicing speckles can be described as having a role in mRNA
processing which follows ‘downstream’ after the role of transcription factories, then
culminates in mature mRNA export (Hall et al. 2006). Indeed, splicing speckles are
situated in close proximity to transcription factories and highly expressed genes are
found to be associated with splicing speckles. Splicing speckles contain many pre-
MRNA splicing factors as well as many other proteins including transcription factors,
although it is important to note that splicing speckles are not directly involved in the
process of transcription. This has led to the suggestion that splicing speckles are
also involved with the recycling of splicing and transcription factors as part of the

overall mechanisms of gene expression (Spector and Lamond 2011).

Splicing speckles have been shown to have dynamic behaviour in the nucleus, in
that they show changes in shape, size and numbers, and speckle
components/factors show directed motion as they detach from the speckle and
shuttle to transcribed gene loci as needed and again reunite with the main speckle
mass (Melcak et al. 2000; Spector and Lamond 2011; Zhang et al. 2016). In a very
interesting finding by Zhang et al. (2016) where the authors researched the
mechanism of the motion of speckle components in human mammary epithelial cells,
it was found that the directed motion involves the action of ATP dependant
processes. Although the specific molecules involved in bringing about this ATP
dependant movement were not identified. The authors in this study did speculate
that myosin motor proteins may be involved in this active process. They were able to
show that the movement of small speckles towards larger speckles was significantly
reduced when ATP was depleted and actin disrupted. This highlights the fact that

protein molecular motors in the nucleus are utilized for many varied roles and may
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be thought of as the actuators or engines of the nuclear environment allowing the
highly dynamic nucleus to function correctly. It was also shown that the movement of
small speckles may be occurring in the interchromatin channel regions which divide
chromosome territories and where it had previously been shown that splicing

speckles are found (Zhang et al. 2016).

1.1.5 PML Bodies

Another set of structures in the nucleus known as promyelocytic leukemia (PML)
bodies due to consisting mainly of the tumor suppressor protein (PML), number
between 5 and 20 and are highly active and dynamic structures associated with
many different proteins (Palibrk et al. 2014). They have been shown to associate
with the genome by direct contact with chromosomes and are also involved in
responses to cellular stress, however they have also been assigned various other
functions such as involvement in apoptosis and cell cycle regulation (Shiels et al.
2001; Ching et al. 2005; Palibrk et al. 2014). PML bodies selectively associate with
some regions of chromosomes with high transcriptional activity, therefore it appears
that they have quite specific locus dependant regulatory functions with regards to the
genome (Ching et al. 2005). PML bodies have also been shown to associate with
active transcription sites where they may function as scaffolds to allow assembly of
various transcription factors (Kiesslich et al. 2002). The role of PML bodies as
scaffolds has also been found in work by Chang et al. (2013), where the authors
show that PML bodies function as scaffolds creating platforms for maintaining the
integrity of telomeric chromatin, and thus play an important role in chromosome
stability. They highlight that this genome stabilising role allows for accurate
inheritance of epigenetic information at telomeres. Clearly PML bodies have several
roles in the functioning of the nucleus and have been described as ‘multi-faceted’ in
relation to their roles, which is reflected in the large variety of regulatory proteins they
are composed of (Chang et al. 2013). The requirement of PML bodies to be recruited
to gene loci and sites of active transcription suggests the activity of motor proteins

since this movement must be very specific and directed with spatiotemporal
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regulation, rather than random as diffusion processes would be insufficient as a

mechanism to achieve this.

1.1.6 Cajal Bodies

Cajal bodies (CBs) are dynamic structures in nuclei and have a role in the synthesis
of small nuclear ribonucleoproteins (snRNPs) through the action of small Cajal body
specific RNAs (scaRNASs), as well as a role in the production of telomerase and the
trafficking of this ribonucleoprotein complex to telomeres (Morris 2008; Li et al. 2014;
Yuan et al. 2014). The snRNPs are components of the spliceosome although CBs do
not contain other splicing factors or DNA and this has led to the suggestion that they
are unlikely to be sites of transcription or pre-mRNA processing (Ogg and Lamond
2002). The mature snRNPs produced by CBs are either transported to splicing
speckles or to sites of transcription (Li et al. 2014). More recently, CBs have also
been linked with the process of microRNA (miRNA) production through association
with miRNA gene clusters and regulatory interaction with the components of miRNA
biogenesis (Logan et al. 2020). Therefore it appears that CBs are multi-faceted with
regards to their roles in the nucleus, as is also the case with PML bodies, indicating
that these nuclear bodies are very versatile and complex. Major components of CBs
include colilin and the survival of motor neuron (SMN) protein as well as a protein
called FAM118B which associates with coilin and SMN (Li et al. 2014). CBs are not
present in all cell types and this is somewhat enigmatic since they have several
crucial functions in cells. For example, CBs are absent in smooth and cardiac muscle
cells as well as in skin cells (Young et al. 2000; Morris 2008). One explanation for
this is that the CBs may aid to improve the efficiency of the various processes they
are involved in, such that their absence in some cell types would not disrupt normal
cellular functions (Stanek and Nuegebauer 2006). Perhaps in cells where CBs are
not present, other nuclear bodies compensate for roles associated with CBs.
Although much is known about CBs, they are among the nuclear substructures that

have generated much speculation regarding their nature.
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1.1.7 Nucleolus

In the nucleus there are usually 2-3 nucleoli though a range of 1-6 has also been
cited (Shea and Leblond 1966). The nucleolus was first formally described by
Rudolph Wagner in 1835 but it was not until 1898 that the first major study on the
nucleolus was completed by Thomas Montgomery (Montgomery 1898; Pederson
2011). This work by Montgomery, first published in the Journal of Morphology was a
groundbreaking and comprehensive comparative cytological study with particular
emphasis on the nucleolus and was well over 300 pages long with the first 276
pages of text containing a description and discussion on cytology with emphasis on
the nucleolus. This work further included over 300 individual illustrations of nuclei
and nucleoli contained in 10 foldout multi-image figure pages together with figure
explanation pages (Biodiversity Heritage Library website). The figures were drawn in
colour on observing a wide range of tissues and demonstrating the diversity of

nucleolar form (Figure 1.5).

Nucleoli are mainly known to be involved in the production of ribosomes where
ribosomal RNA (rRNA) is produced and processed and combined with ribosomal
proteins ready to be exported to the cytoplasm where protein synthesis takes place
(Hernandez-Verdun et al. 2010). The synthesis of ribosomes begins with the
production of 3 types of rRNA which are 18S, 5.8S and 28S rRNA, transcribed from
the corresponding genes located in chromosomal domains referred to as Nucleolar
Organiser Regions (NORs) making up the ribosomal DNA (rDNA), and It is these
NORs around which the nucleoli form (Maiser et al. 2020). In a groundbreaking
study, Maiser et al. (2020) used super-resolution microscopy to reveal in
unprecedented detail the structural conformation of rDNA chromatin units in nucleoli
of human fibroblast cells and mouse embryonic fibroblasts. In this study it was
shown that active rDNA chromatin forms ring shaped structures in nucleoli and these
rings of chromatin are clearly spatially separated from each other, with each ring

constituting possibly one or two transcribed rRNA genes.

In addition to the main role of ribosome biosynthesis, further research has led to the
discovery of other roles for nucleoli including control of the cell cycle (Tsai and
Pederson 2014), and interestingly a putative role in translation in the nucleus where
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protein synthesis specific to the nucleus may take place by functioning ribosomes
(David et al. 2012; Reid and Nicchitta 2012; Mcleod et al. 2014; Theodoridis et al.
2021). This would allow nuclear specific proteins to be more readily and efficiently
available than if they could only arrive from the cytoplasm following translation there.
This example helps to highlight the fact that the cell nucleus and the substructures
within it, together with the processes occurring there are far more complex and

intricate than we have yet discovered.
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Figure 1.5. One of the illustration figure pages from the work by Thomas
Montgomery in 1898 titled ‘Comparative cytological studies, with especial regard to
the morphology of the nucleolus’. The page shown in this figure is Plate XXXVIII and
includes drawings for egg development in Polydora, a genus of marine polychaetes
(Plate Figures. 249-281). Also included, are drawings for egg development in
Tetrastemma elagans, a species of marine nemertean, (Plate Figures. 282-299).

Labels in the drawings include Chr (chromatin); C. Mb (cell membrane); Cy. PI
(cytoplasm); N (nucleus); N. Mb (nuclear membrane); n (nucleolus); n. Mb (nucleolar
membrane); n. Sub (nucleolar ground substance); n. Vac (nucleolar vacuole); nx
(nucleolar body of unknown origin) (Montgomery 1898; Biodiversity Heritage Library

website).
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1.2 Chromosome Organisation and Dynamics

In interphase nuclei, chromosomes are situated in non-random locations known as
chromosome territories (Cremer and Cremer 2001; Fritz et al. 2016) which are
bordered by a perichromatin region at the very periphery of each chromosome
territory. The structure of the perichromatin region of chromosome territories consists
of chromatin in a decondensed state (Fakan and van Driel 2007). Separating the
territories is the interchromatin compartment (IC) which is a network of channels that
is mostly DNA free and contains various nuclear bodies and structures required for
nuclear functions (Bridger et al. 1998; Reviewed by Foster and Bridger 2005; Albiez
et al. 2006; Cremer and Cremer 2010) (Figures 1.6 and 1.7). The IC has also been
shown to contain RNA transcripts which were described as residing in a reticular
interchromosomal domain (ICD) compartment (Bridger et al. 2005). The description
of the ICD compartment is the origin of the IC description and first appeared in work
by Zirbel et al. (1993) where a model for the functional compartmentalisation of the
nucleus was proposed, which included an interchromosomal network where
transcription and splicing occurs (Figure 1.7). In very interesting work, Bridger et al.
(1998) used Xenopus derived vimentin with an NLS to stably transfect human cells in
order to further study the ICD compartment and found that the vimentin is detectable
as speckles in the nucleus, and subsequently forms filamentous arrays which were
associated with the ICD compartment and separate from the chromosome territories,
thus further confirming the ICD compartment as a functional domain in the nucleus,
and adding robustness to the existence of what we now refer to as the

Interchromatin compartment (IC) which continues to be explored.

Some models of the organisation of chromosome territories exclude the IC and this
is part of some controversy regarding the detailed architecture of chromosome
territories in nuclei (reviewed by Cremer et al. 2006; Cremer and Cremer 2010). It
comes as no surprise that the detailed architecture of chromatin organisation in
relation to the layout of the rest of the nuclear structure has been difficult to establish
conclusively. Such an endeavour is approaching the very limits of biological structure
in terms of scale when we explore the detailed structural arrangement between the
borders of chromosome territories. Interestingly, authors Rouquette et al. (2009)
studied the detailed architecture of the nucleus using advanced electron microscopy
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methods and were able to show that the 3-dimensional arrangement and distribution
of chromatin in the nuclear space allows for a considerable volume for the

interchromatin space which could be attributed to the IC.

Figure 1.6. An illustration of the organisation of chromosomes in interphase nuclei.
Two models of this organisation are shown in this figure. (A) This model includes the
Interchromatin Compartment (IC) which separates the chromosome territories, which
are bordered by the perichromatin region. (B) This model excludes the IC and
instead consists of Interchromatin networks of intermingling chromatin including
between adjacent chromosome territories (blue dots show areas of contact between

chromosomes. (Taken from Cremer and Cremer (2010).
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Figure 1.7. lllustration demonstrating the arrangement and organisation of
chromosome territories. Also showing in more detail, the separation of two
chromosome territories at regions of interchromatin channels, where active genes
within the perichromatin regions are shown. These active genes are shown to be
positioned in the vicinity of a nuclear speckle, where pre-mRNA splicing would occur
after transcription at transcription factories, which are not shown in this illustration.
(Taken from Botchkarev et al. 2012).

Chromosome territories are not permanently static, in fact chromosomes and specific
gene loci within them can change location and are therefore dynamic structures
(Reviewed by Bridger 2011). These chromosome and gene dynamics can be
activated depending on a cell’s physiological state (Bridger et al. 2000; Mehta et al.
2010), for example in proliferating and non-proliferating cells, or when cells are
differentiating (Szczerbal et al. 2009). Also, in situations where a cell nucleus is
affected by a genetic disease such that its architecture and function are altered,

chromosome territories change compared to normal cells (Bridger et al. 2014). Mis-
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localised chromosome territories are seen in the cell nuclei of individuals with the
rare premature ageing disease, Hutchinson-Gilford Progeria Syndrome (HGPS),
which is caused by a mutation in the LMNA gene, resulting in a mutant form of lamin
A protein called Progerin (Mehta et al. 2011). It has also been shown that cells
affected by infection show movements of specific gene loci as a result of the
infection (Knight et al. 2011; Arican-Goktas 2014).

Considering chromosome and gene dynamics from a broader whole organism
perspective, it is important to appreciate that despite all cells within an organism
containing the same set of genes in their genome, gene expression is highly spatio-
temporally dependant. Different cells within an organism express different sets of
genes depending on their function and physiological state in specific tissues (Melé et
al. 2015; Sonawane et al. 2017; Borsari et al. 2021). It is therefore crucial for the
chromosomes in cell nuclei to be highly organised and regulated by control
mechanisms. These regulatory systems function at many levels including dynamic
changes in the 3-dimensional configurations of chromosomes under different
physiological states. For this orchestration of gene expression to function, it is
required for the genetic information in the chromosomes to be made available to
transcription factories in a dynamic and highly reliable manner, particularly when a
set of genes that may even be on different chromosomes need to be co-expressed in
cells. Chromosome organisation has been found to consist of various chromatin
compartments and domains at different scales pertaining to each chromosome. This
adds further layers of order and compartmentalisation, and allows for gene
regulation at the chromosome topological level to proceed. At the larger physical
scale, this organisation within individual chromosomes, involves preferential long-
range chromatin interactions, consisting of two compartment types. One is
composed of open and active chromatin, referred to as “A” compartments. The
second, referred to as “B” compartments, is composed of inactive chromatin in a
closed state (Fortin and Hansen 2015; Szabo et al. 2019). At the smaller physical
scale, in the region of tens to hundreds of kilobases, chromosome organisation is
composed of domains which again involve preferential chromatin interactions. These
domains are referred to as topologically associating domains (TADs) (Dixon et al.
2016; Szabo et al. 2019; Rajderkar et al. 2023). TADs are important features of

chromosome organisation and have a major influence on the orchestration of gene
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expression. The disruption of TADs leads to gene misexpression which can cause
developmental disorders and disease states such as cancer (Hnisz et al. 2016;

Lupiéfiez et al. 2016).

The movement of certain gene loci, as chromatin loop extensions for example, may
involve the association of those loci with transcription factories (Bridger et al. 2014).
An example of interchromosomal interactions in relation to gene expression is work
by Spilianakis et al. (2005) where it was found that the promoter region and the
regulatory region of two cytokine gene loci situated on different chromosomes
associate physically in the nucleus. In another work by Osborne et al. (2004) it was
shown that widely separated genes on mouse chromosome 7 colocalise to the same
transcription factories during transcription and demonstrated that movement of these
genes away from transcription factories was linked with cease of transcription. This
latter finding is particularly significant as it demonstrates that transcription is
occurring at the foci of transcription factories only, rather than at individual gene loci
independently of recognised transcription foci. Research showing specific gene loci
extending from chromosomes as chromatin loops includes the work of Volpi et al.
(2000) where using the major histocompatibility complex (MHC) genes and other
gene loci on chromosome 6, they demonstrated large chromatin loops extending
from chromosome 6 with a frequency dependant upon the level of transcription as
regulated by interferon-gamma (IFN-y). In another finding that demonstrates the
extension of chromatin loops from a chromosomal territory in expressed gene
complexes, the epidermal differentiation complex (EDC) on chromosome 1 was
shown to be positioned away from the chromosome territory in keratinocytes where
the EDC genes are highly expressed, but in lymphoblasts where the EDC genes are
silent, a more peripheral or internal location was observed (Williams et al. 2002). In a
study using cell differentiation in keratinocytes to study chromosome dynamics in
relation to gene expression, it was found that during differentiation, significant
changes occur in the radial arrangement and morphology of chromosomes 18 and
19, as well as interchromosomal associations between these chromosomes (Marella
et al. 2009). Differentiating cells are very dynamic in their gene expression profiles
and this work shows that chromosomal dynamics is directly related to gene
expression dynamics, therefore highlighting a crucial role for 3-dimensional

configuration of chromosomes in gene regulation.
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1.3 Molecular Motors; Myosins

The generation of force at the cellular level in eukaryotic cells, involving for example
the beating of flagella or cilia in protozoa (Roncaglia et al. 2017), leading to whole
cell mobility, and chromosome segregation during mitosis, involves adenosine
triphosphate (ATP) hydrolysing molecular motors. In the eukaryotic cell, molecular
motor proteins interact with the dynamic cytoskeleton by association with actin and
microtubules, and contribute to the overall cell structure and dynamics (Hartman et
al. 2011). These dynamics for example include the transport of organelles by
microtubules, by interaction with motor proteins, as well as the functional cooperation
of microtubules and actin filaments in association with their motor proteins. These
bring about various dynamic movements such as directed cell migration and nuclear
migration (Goode et al. 2000; Schenk et al. 2009). There are three large
superfamilies of molecular motor proteins which are classified as the myosins,
dyneins and kinesins (Figure 1.8), associated with two different polymers, these
being actin filaments or microtubules (Huitorel 1988; Woolley 2000; Richards and
Cavalier-Smith 2005; Sperry 2007). Figure 1.8 demonstrates examples of these
three types of protein motors which have been structurally and functionally studied
extensively. Kinesin motors move towards the plus end of microtubules and the
dynein motors move towards the minus end of microtubules, while the myosin
motors move along actin filaments in the direction of the plus end, with the exception
of myosin VI which moves towards the minus end (Mallik and Gross 2004; Hartman
et al. 2011). Interestingly it has been found that in some organisms, two different
classes of molecular motors function together to bring about the biomechanical
motion. For example the flagella of Chlamydomonas function by the action of both
dynein and various kinesins (Bernstein and Rosenbaum 1994). Our knowledge of
these intracellular molecular motors had since before the 1970s been confined to the
cytoplasm without any involvement of the nucleus, partly because the cytoplasm of
the cell has been more accessible to research methods compared to the nucleus,
which had been metaphorically described as a ‘black box’ due to the many
unknowns regarding its structural organisation and functional details (van Driel et al.
1991).
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Figure 1.8. Examples of the three main types of molecular motors found in cells;

myosins, kinesins and dyneins, represented here by myosin V, kinesin | and

cytoplasmic dynein, respectively. Figure Abbreviations: DIL (dilute domain); LC8

(dynein light chain 8) which is also found in myosin 5a (Rapali et al. 2011); ELC

(essential light chain) (Hernandez et al. 2007); TPR (tetratricopeptide repeat domain)

(Kawano et al. 2012); IC (intermediate chain), LIC (light intermediate chain) (Mische
et al. 2008). Roadblock and Tctex-1 are light chains. (Modified from Vale 2003;

Phillips et al. 2012).

Increasing Interest in the possibility of active ATP dependant intranuclear mobility of

various components gradually grew as the probability of this was realised to be high.

This in part followed from the logical conclusions that although some mobility

23



processes known in the cytoplasm are due to Brownian motion, it is unlikely that this
process can be in large part responsible for the orchestration of the myriads of
dynamic molecular interactions occurring in the nucleus. The logic behind this stems
partly from the knowledge of the compact nature of the nucleus resulting in
macromolecular crowding. This makes reliance on simply Brownian motion which is
random movement resulting from the thermal energy of molecules being translated
to kinetic energy, as the main mode of molecular mobility, unfeasible and improbable
(Carmo-Fonseca et al. 2002; Dion et al. 2010).

The myosins have been a crucial cellular component of eukaryotes since the origin
and evolution of the first eukaryotic cells. The genome of the last eukaryotic common
ancestor (LECA) has been estimated to have contained about six myosin genes
(Sebé-Pedrés et al. 2014). Larger numbers of myosins are found in even primitive
multicellular organisms such as the slime mould Dictyostelium discoideum, which is
an important model organism for actin related motile processes, and has been
estimated to contain thirteen myosin genes (Kollmar 2006). The myosin superfamily
is composed of the conventional myosins (class 2 myosins) and the unconventional
myosins. The conventional myosins were the first to be discovered and were found
to be involved in muscle function, such as in the skeletal muscles and the cardiac
muscles, but they were also found to have diverse non-sarcomeric functions in cells
(Chantler et al. 2010). The conventional myosins have the characteristic feature of
forming bipolar filaments by oligomerization (Woolner and Bement 2009). Myosins
discovered subsequent to the initial discovery of the class 2 myosins were termed
unconventional myosins, mainly for historical reasons (Woolner and Bement 2009).
The myosins have been classified into over 30 classes and 12 of these classes are
found in humans and comprising 40 genes, the majority of which encode
unconventional myosin proteins (Richards and Cavalier-Smith 2005; Odronitz and
Kollmar 2007; Fili and Toseland 2019). The general molecular structure of the
myosin proteins consists of the motor head domain, a neck region domain and a tail
domain. The highly conserved catalytic N-terminal actin binding head domain,
contains the motor activity components of the protein (Figure 1.8). The neck region
domain consists of a helical structure, and contains light chains of the calmodulin
family (Figure 1.8). Thus the neck domain has a regulatory role and it also affects the
physical and mechanical characteristics of the protein, in response to the activity of
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the motor head domain (Batters and Veigel 2016; Fili and Toseland 2019). The C-
terminal tail domain has cargo binding functions and also influences the

oligomerization state of the myosin (Figure 1.8) (Krendel and Mooseker 2005).

Actin and myosin had been found in nuclei since the early studies of the nucleus, but
it was not possible to confirm the presence of these molecules as intrinsic to the
nucleus and they were considered as being artefacts of contamination from the
cytoplasm, but with development of more advanced and powerful techniques
including electron microscopy and fluorescence microscopy, the presence of these
proteins in the nucleus has been firmly confirmed (Nowak et al. 1997; Dingova et al.
2009; Reviewed by Bridger 2011; de Lanerolle and Sererebrannyy 2011; de
Lanerolle 2012; Falahzadeh et al. 2015; Percipalle and Vartiainen 2019; Maly and
Hofmann 2020). The unconventional myosins that have been found in the nucleus
include myosin |, nuclear myosin | (NMIB), myosin Va, myosin Vb, myosin VI, myosin
X, myosin XVI and myosin XVIIIB, with two conventional myosins known as non-
muscle myosin IIA and non-muscle myosin 1B (Cook et al. 2020; Shahid-Fuente and
Toseland 2023). Despite the confirmation of the presence of myosins in the nucleus,
the assignment of function for these has understandably not been easy and subject
to much speculation, for example as motors to power the elongation stage of pre-

MRNA synthesis during transcription (de Lanerolle et al. 2005).

A considerable amount of evidence has been accumulating to indicate that the
movement of whole chromosomes (Kuroda et al. 2004; Foster et al. 2005) and
specific gene loci (Dundr et al. 2007) in nuclei at interphase, may involve motor
proteins such as for example nuclear myosin 1B (NM1B) (Chuang et al. 2006; Hu et
al. 2008; Mehta et al. 2010). This is within the framework of the many observations
of the dynamic movements of whole chromosomes and gene loci in interphase
nuclei as described in section 1.2 of this chapter. It is entirely reasonable to expect
that directed and dynamic mobility of chromosomes and parts of chromosomes in
the nucleus is brought about by ATP hydrolysing molecular motors, since as
previously stated, intracellular mobility in general is known to involve the action of
motor proteins. It has been shown that nuclear myosin 18 (NM1p) is indeed involved
in chromosome mobility (Mehta et al. 2010) and is therefore a very interesting
protein for investigations related to protein motor activity in nuclei. In the work by
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Mehta et al. (2010) it was found that quiescent primary fibroblast cells which had
been induced to quiescence by low serum (0.5% FCS) in their growth media, show
repositioned chromosomes compared with proliferating primary fibroblast cells.
Specifically, chromosomes 13 and 18 relocate to an interior position from a
peripheral position in the nucleus, and chromosome 10 relocates to a peripheral
position from an intermediate position in the nucleus. Some chromosomes did not
change their location at all in response to low serum (0.5% FCS) media conditions,
for example chromosomes X, 17 and 19 did not reposition. Interestingly it was found
that the chromosome relocations took less than 15 minutes following exposure to low
serum (0.5% FCS) media and this was an energy requiring process. Crucially this
chromosome repositioning was inhibited by chemicals that affect the polymerisation
of myosin and actin, and by inhibition of NM13 by RNA interference techniques
(Mehta et al. 2010). The fibroblasts in this study were most probably responding to
the change in growth conditions of their immediate environment following exposure

to low serum (0.5% FCS) in their media.

The response of cells to a stimulus involves an alteration in the gene expression
profile of those cells. Such alterations in gene expression are dependant upon the
nature of the stimulus, which in turn induces the required specific genomic response.
For example, in response to low serum (0.5% FCS) media conditions, only certain
genes on particular chromosomes would be involved in the regulatory action which
needs to be spatiotemporally precise and non-random. Other stimuli may induce a

different set of chromosomes to relocate as part of the regulatory response.

26



1.4 Cellular Quiescence and Senescence

Cells are physiologically dynamic structures which can adopt various states
depending on several environmental, as well as intrinsic factors such as cell type
and age. Four main physiological states that are recognised in cells (Johnson and
Cook 2023), both in vivo and in vitro are proliferation, quiescence, senescence and
terminally differentiated. Proliferation is where cells are actively dividing and possibly
differentiating, and quiescence is where cells exit the cell cycle and cease to divide,
a phase referred to as GO or resting phase in relation to the cell cycle (Figure 1.9).
Quiescence can occur for example when cells are in a low nutrient environment or
when contact inhibited (Abercrombie 1970; Gos et al. 2005), and it is also the state
of stem cells (van Velthoven and Rando 2019). Quiescent cells may re-enter the cell
cycle, leaving the GO resting phase and become proliferating cells again, for
example when nutrients become available again at sufficient levels. The third
physiological state known as senescence is generally accepted to be when cells
have permanently exited the cell cycle, and is also associated with cellular ageing
(Baker et al. 2011). The fourth cellular state which is another permanent non-
proliferative state, is the terminally differentiated cellular state, also involving cell
cycle exit, which usually occurs at GO (Figure 1.9 B). Terminally differentiated cells
include for example neurons and keratinocytes (Fujiwara et al. 2016; Marescal and
Cheeseman 2020; Smits et al. 2021). The senescence cell cycle arrest occurs
mainly at G1 (gap 1) stage of the cell cycle but may also occur at the GO stage,
following a period of quiescence (Figure 1.9 B), and at G2 (gap 2) stage of the cell
cycle (Mao et al. 2012; Gire and Dulic 2015). Quiescent cells also commonly exit the
cell cycle at G1 to rest at GO (Figure 1.9) but may also exit at G2 to rest at GO
(Johnson and Cook 2023). The quiescent cellular state and the senescent cellular
state can broadly be categorised as non-proliferating cellular states, where cell cycle
arrest has occurred, although there are significant differences between these two

states.

Normal cells naturally have a finite lifespan and this is related to the number of cell
replications that have occurred in the lifetime of the cell and is affected by
progressive telomere shortening in the chromosomes. This type of senescence is
referred to as replicative senescence and has a different cause to premature

27



senescence, also referred to as stress induced senescence (Bito et al. 2010; Beck et
al. 2020; Kaur et al. 2021) which may be brought about by various external factors
such as cellular stress damage (Kuilman et al. 2010; Maeda et al. 2015; Tai et al.
2017). The fact that cells naturally have a finite lifespan and eventually will stop
dividing due to a senescence phase was hypothesized in the early 1960s by Leonard
Hayflick and Moorhead (1961) and further elaborated by Leonard Hayflick in 1965.
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Figure 1.9. Schematic diagrams of the cell cycle and cellular states. (A) Showing the
various stages of the cycle including those at interphase and the phases of mitosis.
(B) Showing the various cellular states in relation to the cell cycle. GO represents
reversible cell cycle arrest, shown in this figure via G1, although this may also occur
via G2. Senescent cells are shown to exit from GO but this also usually occurs
directly from G1 or G2 (Johnson and Cook 2023).

G1 (gap 1), G2 (gap 2), M (mitosis), S phase (synthesis phase).

A (Pearson Education Inc.) Taken from:
(https://www?2.samford.edu/~djohnso2/jlb/333/(01)division.html).

B (Taken from Johnson and Cook 2023).
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There are several biomarkers associated with the senescent state and these are
useful and powerful molecular tools, to help determine senescence in cells. The
activation of two main tumour suppressor pathways is associated with senescence

1WAF1/C|P1 pathway and the p16|NK4A/pRB pathway (Kuman

and these are the p53/p2
and Jat 2021). Another biomarker used to determine senescence is senescence-
associated-beta-galactosidase (SA-B-gal). It is important to note however that
despite their usefulness, there are complications with regards to how these
senescence biomarkers may be interpreted (Sharpless and Sherr 2015; Paramos-
de-Carvalho et al. 2021). For example, one of the biomarkers considered among the
most reliable indicators of senescence is the tumour suppressor protein p16™*
however, it has been shown that not all senescent fibroblast strains display altered
RNA expression levels of this marker protein, and this is in keeping with the
increasing realisation that some known senescence biomarkers are not universally
applicable (Hernandez-Segura et al. 2017). Also, it has been found that some
senescent cells can be SA-B-gal negative, and to further complicate matters, some
cells that are SA-B-gal positive, do not show senescence related p21“"* expression.
Therefore, SA-B-gal is not always a reliable indicator of senescence (Lee et al. 2006;
Huang and Rivera-Pérez 2014). One of the major and well recognised
characteristics of senescent cells is a complex and multifaceted secretory
programme, referred to as the senescence associated secretory phenotype (SASP).
This hypersecretory phenotype involves the secretion of a variety of signalling
factors, which include cytokines, chemokines, growth factors, bioactive lipids, matrix
metalloproteinases (MMPs) and other proteases, which can collectively also affect
nearby cells and lead to a propagation of cellular senescence in a given tissue
(Acosta et al. 2013; Ghosh and Capell 2016; Lopes-Paciencia et al. 2019; Kumari

and Jat 2021).

It has been shown that quiescent cells maintain high metabolic activity despite not
needing to undergo cell division (Lemons et al. 2010). This is also true with regards
to senescent cells considering the SASP, and terminally differentiated cells such as
neurons and keratinocytes, which have important functions in the organism. Clearly,
all the non-proliferative cellular states need to maintain a certain degree of metabolic
activity despite the lack of cell division. It is important to consider that different cell
types will show different physiological characteristics depending on their cellular
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state and the environment in which they are experimented with. This may be part of
the reason for the debate and contradictions in defining senescence and quiescence
(Blagosklonny 2011). Quiescence has been found to be comprised of heterogeneous
cellular states, which result from the nature of the quiescence inducing stimulus, as
well as the cell type involved (Coller et al. 2006; Johnson and Cook 2023). It has
also been shown that quiescence can differ with respect to being in ‘shallow’ or
‘deep’ quiescent states, with the suggestion that deep quiescence may be a type of
transition state prior to senescence (Figure 1.9 B) (Fujimaki et al. 2019). The depth
of the quiescence state is for example affected by the length of time that the cells

have been in a quiescent state (Kwon et al. 2017).

All cellular non-proliferative states have important roles in controlling and regulating
cell proliferation in an organism, and therefore help to prevent uncontrolled cell
division, which for example is associated with cancer (Collado and Serrano 2010).
The dynamic nature of quiescent cells such as stem cells for example allows for
mechanisms of tissue repair and regeneration, in response to tissue damage
(Falanga 2012). Senescence also plays a crucial role in embryonic development,
and in coordination with other processes such as apoptosis, helps to shape
embryonic tissues and organ systems (Mufioz-Espin et al. 2013; Rhinn et al. 2019;
Wanner et al. 2021). Although the nature of quiescence and senescence are
debated, it is undeniable that for example the process of ageing is directly related to
cellular senescence and that senescence is one of the outcomes of the ageing
process, where cells slow down the renewal cycle and lose capacity for various

functions (Baker et al. 2011; van Deursen 2014).
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1.5 Aims of Project

Our group has previously shown that nuclear myosin 1b (NM1B) is involved in
interphase chromosome mobility (Mehta et al. 2010), and as a result, this has
generated a strong interest to further investigate other potential proteins, that may be
related to protein motor activity in cell nuclei. In view of the need to further
characterise the complexity of the nucleus, and demonstrate its modes of action in
relation to genome regulation, this finding that NM1[3 is involved in nuclear motor
activity, is largely the inspiration for this PhD project. A main aim in this project was
to compare the presence and frequency of various nuclear located myosin proteins
that may be involved in interphase chromosome dynamics, in proliferating and non-
proliferating cells. Another main aim was to study the response of chromosomes, in
proliferating and non-proliferating cells, to stress stimuli with regards to whole
chromosome repositioning. Specifically, to investigate the ability of chromosomes in
the interphase nuclei of fibroblast cells to relocate in response to low nutrient
conditions and heat shock stimuli. These studies help to explore the hypothesis that
in non-proliferating cells, chromosome repositioning does not occur, due to reduced
functionality of the molecular motors involved. Also, another aim in this project, using
bioinformatics, involved exploring and identifying other candidate proteins such as
myosins, and various other proteins known to be located in the nucleus, and in some
cases, possibly indirectly involved in the mechanisms that may play a role in active
chromosome dynamics in the nucleus. It was also of interest to explore the
possibility that the age of cells has an effect on their ability to relocate chromosomes

in response to stimuli.
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Chapter 2: Candidate nuclear motor proteins
compared in proliferating and non-proliferating cells

2.1 Introduction.

2.2 Materials and methods.

2.3 Results.

2.3.1 Detection of candidate myosin motor proteins (antibody test phase) in
nuclei of cells grown in high serum (15% FCS) media, by indirect
immunofluorescence, using single primary antibodies.

2.3.2 Detection of candidate motor proteins in nuclei of proliferating and non-
proliferating cells grown in high serum (15% FCS) media, by indirect
immunofluorescence, by dual staining with primary antibodies including anti-
Ki-67.

2.3.3 Detection of nuclear myosins in nuclei of quiescent cells grown in low
serum (0.5% FCS) media.

2.3.4 Experiments to determine co-localisation of SC35 with nuclear myosins
in cells grown in high serum (15% FCS) media.

2.4 Discussion.
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2.1 INTRODUCTION

In order to investigate the involvement of possible candidate proteins in the
movement of interphase chromosomes, it was decided to select and study a number
of myosins known to be predominantly localised in the nucleus. This is clearly a
logical approach as the involvement of such proteins that may have a role as
molecular motors in the nucleus, is likely to include highly specific proteins and
possibly with mechanisms quite separate from those found in the cytoplasm.
Therefore myosins found equally in the cytoplasm and the nucleus would not be as
interesting, although the involvement of even those proteins in any mechanisms of
chromosome mobility could not be completely ruled out. There is extensive transport
of many molecules across the nuclear envelope and it may be possible for proteins
to carry out functions in the cytoplasm and be recruited to the nucleus when required
for nuclear functions. The more feasible situation however in terms of the cell's
energy expenditure for example and the requirement for dynamic chromosome
movements to be closely and rapidly regulated would certainly suggest a nuclear
location for the candidate proteins, possibly in an inactive conformation in a storage
state such as granules which dynamically can switch between active and inactive
forms as needed to carry out their functions. This level of spatiotemporal
organisation of intranuclear components is crucial in the highly compact nucleus
where space is limited and many combinations of processes are occurring, making
the most efficient and coordinated organisation of the nucleus a necessity. Of course
it would be expected that these nuclear proteins would have originated in the
cytoplasm, however it may even be possible that some of these proteins may have
originated in the nucleus, following the suggestion and considerable evidence that
translation could be occurring within the nucleus, specifically in the nucleolus. This
was briefly mentioned in the general introduction of this thesis (David et al. 2012;
Reid and Nicchitta 2012; Mcleod et al. 2014; Theodoridis et al. 2021).

The candidate nuclear located myosins chosen to be studied in this chapter, that
may be involved in chromosome mobility, include myosin 5b (MYO5B), myosin 16
(MYO16) and myosin 18b (MYO18B). These three myosins were selected primarily
because they have been shown to be predominantly located in the nucleus
(Salamon et al. 2003; Lindsay and McCaffrey 2009; Cameron et al. 2013). Although
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there are a few other known nuclear located myosins in humans (see section 1.3),
such as myosin 5a (Pranchevicius et al. 2008) and myosin 6 (Vreugde et al. 2006)
for example, it was not feasible to study all the nuclear located myosins, and
therefore only a subset was selected, with the view of studying all the other nuclear
myosins in future work. MYO18B is a myosin heavy chain protein (Salamon et al.
2003) and when expressed in the nucleus, may be involved in the regulation of
muscle related genes and is therefore very specific in its mode of action. MYO16
may be involved in cell cycle progression and proliferation, although the precise roles
of MYO16 in the nucleus are not fully understood (Cameron et al. 2013). Generally,
the expression of MYO16 is known to be mainly in the nervous system, where it may
be involved in the development and physiology of the nervous system (Telek et al.
2020). MYOS5B has been associated with various roles in the cell, and these include
vesicle and membrane trafficking, involvement in transcription via RNA polymerase |
interaction, and control of cell polarity (Lindsay and McCaffrey 2009; Thoeni et al.
2014).

In the initial experiments with these myosins it was desired to first confirm and
demonstrate that using the selected specific antibodies, these myosins are in fact
predominantly nuclear specific and that their staining patterns could be observed and
characterised for subsequent experiments. The data for these initial experiments
with the single antibodies were not quantified since this phase of the experiments
was a testing phase, and of a qualitative nature with regards to confirmation of
nuclear myosin staining observation, or the lack of such staining. Therefore,
guantification was not deemed necessary. Also, as the staining patterns for these
myosins are shown from subsequent experiments where dual staining experiments
were performed using Ki-67 as marker of proliferation, it was not deemed necessary
to show image figures of the test phase results, as this would be somewhat
repetitious. The use of Ki-67 antibody was a very important aspect of the
experiments performed for this chapter, since one of the key cellular principles
relevant to this project, is that since proliferating and non-proliferating cells differ in
their gene activity and therefore physiological states, this would require these distinct
cellular states to have different gene expression requirements. These differences
would in turn be reflected in the structures and mechanisms that regulate their

chromosome organisation and dynamics at interphase. Therefore a main focus of
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the experiments carried out was comparative in nature and aimed to determine the
differences between the nuclei of proliferating and non-proliferating cells with regards
to the levels of antibody staining, and therefore visible protein levels for the myosins
studied.

In another aspect, a set of experiments for this chapter involved the comparison
between the nuclei of proliferating and quiescent cells, which were induced to the
quiescence state by growth in low serum (0.5% FCS) media conditions. It is
important to note here that this was in contrast to the growth conditions used for the
formerly mentioned experiments, which involved comparing proliferating cells with
non-proliferating cells, since only high serum (15% FCS) media was used for growth
of these cell cultures, and the only experimental variable being the effect of the

cellular state on the nature of the myosin staining.

Experiments were also carried out to investigate the possible co-localisation of the
myosins with SC35 to determine if the myosins may be associated with splicing
speckles. This information would be of interest and would help shed light on the
various functions of the nuclear myosins studied. It is important to highlight here that
although some functions have been attributed to or suggested for the nuclear
myosins, many of them have yet to be assigned clear and robustly studied functions

in the nucleus.

Our group has previously shown that nuclear myosin 1B (NM1B) is involved in
chromosome mobility (Mehta et al. 2010) and as a result, this has generated an
interest to further investigate other nuclear myosins that may be involved in protein
motor activity in nuclei, for the process of chromosome mobility. These other proteins
may potentially be components of other active mechanisms of chromosome mobility
separate from that involving NM1[. It is possible that several different molecular

motors are involved in the movement of chromosomes.
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2.2 MATERIALS AND METHODS

2.2.1 Cell culture and indirect immunofluorescence

The cells used in all experiments are human neonate foreskin fibroblast cells known
as the NB1 (New Brunel 1) cell line developed by Fiona Bolland at Brunel University
London (Bridger and Kill 2004). These are primary cells and have been maintained
in plastic 10 cm cell culture dishes with Dulbecco’s Modified Eagles Medium (DMEM)
(supplemented with 15% foetal calf serum (FCS) for high serum media or 0.5% FCS
for low serum media; and 2% Penicillin/Streptomycin), placed in a humidified
incubator at 37°C and 5% CO.. Cell cultures were passaged routinely twice a week
by trypsinisation and new cultures were setup at a cell density of 2 x 10° in 10 ml of
media in 10 cm plastic cell culture dishes. For cells grown on coverslips, round glass
1 cm coverslips were first placed inside the cell culture dishes before adding media
and cells to the dishes. These cells were grown under the same conditions described
above. These cultures grown on coverslips, were allowed to reach approximately 60-
70% confluence regarding the cells attached to the coverslips, before being washed
three times with PBS after media removal and fixed with ice-cold 1:1 (v/v)
methanol:acetone for 10 minutes, with the cell culture dish placed on ice. Then the
fixed cells on the coverslips were washed three times with PBS, followed by transfer
of each coverslip using fine forceps (cells side facing up) to a moist chamber. This
chamber consisting of damp filter paper inside a petri dish with a cover, and a
numbered grid system to allow assignment of each coverslip, with fixed cells
attached, for a given staining regime with regards to the antibody combinations to be

applied, in preparation for antibody staining for indirect immuofluorescence.

The antibody staining for indirect immunofluorescence was as follows; 10 pl of
Primary antibody diluted in 1% FCS/PBS, was added to each coverslip and
incubation was for 1 hour at room temperature or overnight at 4°C. Then the
coverslips were washed 27 times with PBS before the addition of 10 ul of the
secondary antibody (diluted in 1% FCS/PBS) to the coverslips. Then incubation was
carried out in the dark for 1 hour at room temperature, and the coverslips were

washed a further 27 times with PBS followed by one final wash with ddH,O. Staining
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for visualisation of cell nuclei was carried out by 1.5 pug/ml 4’, 6-Diamidino-2-
phenylindole (DAPI), the DNA intercalator dye in the Vectashield mounting medium
(Vector Laboratories). The mounting medium was applied as a drop to glass
microscope slides prior to transfer of coverslips to the microscope slides, with cells
side facing down and therefore in contact with the medium and microscope slide. For
microscopy and image capture, slides were viewed and photographed in
fluorescence mode using a Zeiss Axioskop 2 microscope (100x oil immersion
objective lens selected), with attached Jenoptik ProgRes digital camera, or viewed
and photographed in fluorescence mode using a Leica DM4000 microscope (100x oil
immersion objective lens selected), with attached Leica digital camera. In some
experiments, manual counts of the number of proliferating and non-proliferating cells
with or without nuclear staining for the motor proteins were performed during
observation by fluorescence microscopy. In other experiments, manual counts of the
number of visible foci of motor protein staining in indivudual nuclei of proliferating
and non-proliferating cells were performed during observation by fluorescence
microscopy. The statistical analyses of these results were performed by unpaired t-

test using the GraphPad Software.
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2.2.2 Experiments to detect candidate myosin motor proteins in nuclei of cells
in high serum (15% FCS) media, by indirect immunofluorescence, using single

primary antibodies (antibody test phase)

NB1 cells were cultured in dishes, on coverslips in DMEM media as described in
section 2.2.1, with FCS at 15% (high serum) before being fixed (section 2.2.1). The
myosin antibodies planned to be wused in the indirect immunofluorescence
experiments for comparing proliferating and non-proliferating cells, were qualitatively
tested to ensure that they show the nuclear localisation of the myosins and therefore
could be used in the subsequent dual antibody experiments. If positive antibody
detection in the nucleus was confirmed then the antibody test phase was concluded.
MYO16 antibody was prepared to 2 ug/ml (dilution equivalents are given in Table
2.1) following manufacturer advice (Table 2.1). MYO5B and MYO18B antibodies
were diluted to 1:100 (v/v). The secondary antibody used was donkey anti-rabbit
conjugated with Tetramethylrhodamine (TRITC) and at 1:100 dilution (v/v). Each
fixed coverslip culture was treated with a single primary and corresponding single
secondary antibody. Primary antibody incubation was for 1 hour at room temperature

and secondary antibody incubation was for 1 hour in the dark at room temperature.

Table 2.1. The myosin primary antibodies used. All antibody dilutions were made
using 1% FCS in Phosphate Buffered Saline (PBS). Note that in these experiments
only single primary antibodies were used, but in subsequent experiments Ki-67
antibody was also used. The manufacturer of each antibody is shown in brackets.
Secondary antibody abbreviations: D = Donkey, R = Rabbit.

Myosin primary antibody Dilution Secondary antibody
(Rabbit host for all D anti-R (TRITC)
antibodies) (Stratech)

dilution
MYO5B (Atlas Antibodies) 1:100 1:100
MYO16 (Novus Biologicals) | 1:100 1:100
MYO18B (Biorbyt) 1:100 1:100
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2.2.3 Experiments to detect candidate myosin proteins in nuclei of proliferating
and non-proliferating cells grown in high serum (15% FCS) media, by indirect
immunofluorescence, by dual staining with primary antibodies including anti-
Ki-67

NB1 cells were cultured in dishes, on coverslips in DMEM media as described in
section 2.2.1, with FCS at 15% (high serum) before being fixed (section 2.2.1). The
same antibody dilutions used in the antibody test phase (section 2.2.2) experiments
were used for the myosin primary antibodies in these experiments. Primary antibody
against Ki-67 was also used as a marker of cell proliferation. For Ki-67 the
secondary antibody used was conjugated with Fluorescein Isothiocyanate (FITC)
(Table 2.2). The controls for these experiments were single primary antibody stained
cells, but without Ki-67 primary antibody (Table 2.2). These controls were mainly
setup to confirm successful staining with single primary antibodies, in case the dual
staining did not work. Primary antibody incubation was overnight at 4°C and
secondary antibody incubation was for 1 hour in the dark at room temperature.
Manual counts of the number of proliferating and non-proliferating cells (Ki-67 +ve or
Ki-67 -ve, respectively) with or without nuclear staining for the myosin proteins were
performed. Manual counts of the number of visible foci of myosin protein staining in

indivudual nuclei were also performed.

Table 2.2. Description of the primary and secondary antibody combinations with
dilutions used, in the dual antibody staining experiments. For the main treatments
(dual staining) each myosin primary antibody and Ki-67 primary antibody were mixed
and applied combined, as were the secondary antibodies also mixed and applied
combined. All antibody dilutions were carried out using 1% FCS in PBS.
Manufacturers of antibodies shown in brackets.

Secondary antibody abbreviations: D = Donkey, G = Goat, M = Mouse, R = Rabbit.

Myosin primary antibody Myosin Ki-67 primary | Secondary antibodies

(Rabbit host for all antibody | antibody (dilution 1:100)

antibodies) dilution (Abcam) G anti-M (FITC) (Stratech)
(Mouse host) | D anti-R (TRITC) (Stratech)
dilution

MYOS5B (Atlas Antibodies) 1:100 1:25 G anti-M + D anti-R

MYO16 (Novus Biologicals) | 1:100 1:25 G anti-M + D anti-R

MYO18B (Biorbyt) 1:100 1:25 G anti-M + D anti-R

CONTROLS (single stain primary antibody)

MYOS5B (Atlas Antibodies) 1:100 - D anti-R

MYO16 (Novus Biologicals) | 1:100 - D anti-R

MYO18B (Biorbyt) 1:100 - D anti-R
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2.2.4 Experiments to study the staining patterns of nuclear myosins in
guiescent cells grown in low serum (0.5% FCS) media

NB1 cells were cultured in dishes, on coverslips in DMEM media as described in
section 2.2.1, with FCS at 15% (high serum) for 2 days, and then cultured in DMEM
media with low serum (FCS at 0.5%) for 7 days in order to induce the cells into
guiescence, before being fixed (section 2.2.1). These experiments were performed
with MYO5B, MYO16 and MYO18B, all used at 1:100 (v/v) antibody dilution as had
been used in previous experiments. Ki-67 (mouse host) antibody was used at 1:25
dilution as had been used in previous experiments (section 2.2.3). Ki-67 was used as
a marker of cell proliferation and thus a useful indicator of whether the cells were
quiescent or still proliferating. Secondary antibodies were used at 1:100 (v/v) dilution
as had been used before; Goat anti-Mouse (FITC) + Donkey anti-Rabbit (TRITC).
Both primary antibodies were mixed and applied combined. Secondary antibodies
were also mixed and applied combined. Primary antibody incubation was overnight
at 4°C and secondary antibody incubation was for 1 hour in the dark at room
temperature. Manual counts of the number of visible foci of myosin protein staining in
indivudual nuclei were performed for both proliferating and non-proliferating cells for

comparative purposes.

2.2.5 Experiments to determine co-localisation of SC35 with the nuclear
myosins in cells grown in high serum (15% FCS) media

NB1 cells were cultured in dishes, on coverslips in DMEM media as described in
section 2.2.1, with FCS at 15% (high serum) before being fixed (section 2.2.1).
These experiments were performed with MYO5B, MYO16 and MYO18B, all used at
1:100 (v/v) antibody dilution as had been used in previous experiments, together with
SC35 at an antibody dilution of 1:1000 (v/v). Each of these myosins was co-stained
with SC35 (mouse host) (Abcam). Secondary antibodies were used at 1:100 dilution
as had been used before; Goat anti-Mouse (FITC) + Donkey anti-Rabbit (TRITC).
Both primary antibodies were mixed and applied combined. Secondary antibodies
were also mixed and applied combined. Primary antibody staining was overnight at
4°C and secondary antibody incubation was for 1 hour in the dark at room

temperature.
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2.3 RESULTS

2.3.1 Detection of candidate myosin motor proteins (antibody test phase) in
nuclei of cells grown in high serum (15% FCS) media, by indirect
immunofluorescence, using single primary antibodies

In order to test the myosin antibodies for confirmation of nuclear staining, this phase
of the experiments was a preliminary qualitative study, and therefore quantitative
results are not presented. In these experiments the observation of the presence of
the myosin motor proteins in interphase cell nuclei, using single antibody staining
was performed and qualitatively recorded as observed nuclear staining. Myosin
antibody nuclear staining was successfully observed first for MYO18B only, but in
subsequent experiments staining with MYO5B and MYO16 antibodies also worked
successfully. Therefore, confirming that the available antibodies being used would be
suitable for use in the subsequent experiments using dual primary antibody staining,
including anti-Ki-67 as a marker of cell proliferation. Being the first
immunofluorescence staining experiments in this project, the results were overall a
successful demonstration of the technique and the efficacy of the antibodies used

with the NB1 cell line, for the nuclear myosin proteins of interest.
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2.3.2 Detection of candidate motor proteins in nuclei of proliferating and non-
proliferating cells grown in high serum (15% FCS) media, by indirect
immunofluorescence, by dual staining with primary antibodies including anti-
Ki-67

In order to determine any differences in the presence of the candidate myosin motor
proteins in interphase nuclei, between proliferating and non-proliferating cells, dual
antibody staining for immunofluorescence detection was performed. Primary
antibodies against Ki-67 were used as markers of cell proliferation. Dual staining with
Ki-67 worked successfully for all three myosins selected; MYO16, MYO5B and
MYO18B. Several visual examples of dual staining results for each of the nuclear
myosin proteins of interest are shown in the following figures in this section, together
with detailed description of the results for each myosin studied, in succession. Some
of the images show more than one cell in the microscope field of view to highlight the
differences in staining between nuclei and to demonstrate in a comparative and
robust way, the visual results of the experiments. Presenting the visual results of
staining differences with representative Ki-67 positive and Ki-67 negative nuclei in
the same microscope field of view, is a useful format for demonstrating the
comparison between proliferating and non-proliferating cells, and can be considered
as forming a part of the evidence of the results. Also, some of the figures presented
show more than one example of individual representative nuclei to demonstrate
visually the staining variations in terms of foci, in both proliferating and non-
proliferating cells and help the reader to gain a better visual appreciation of these

variations in the results.

In order to quantify the differences in the presence of the different myosin proteins in
proliferating and non-proliferating cells, manual replicate counts of the number of
proliferating and non-proliferating cells with or without nuclear staining for the myosin
proteins were performed during observation by fluorescence microscopy. Also,
counts of the number of visible foci of myosin protein staining in nuclei were
performed on the immunostained nuclei by manual counting during observation by
fluorescence microscopy. These quantitative results for these experiments are
shown in graphs in this section for each of the myosins. The average data for the
number of foci was rounded to the nearest whole number to account for the fact that
the raw data consists of whole numbers of foci only, and therefore describing the foci

as fractions would suggest partial foci which would not be an accurate description.
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Dual primary antibody staining with MYO16 + Ki-67 primary antibodies

Comparing high serum (15% FCS) media grown cells with regards to MYO16
staining in the nuclei of proliferating and non-proliferating cells, as shown by
presence of Ki-67 staining, or absence of Ki-67 staining respectively, shows
moderate to low frequency foci of staining, and in some nuclei with considerably
larger aggregates (Figures 2.1 and 2.2). Therefore, there are foci of various sizes for
MYO16 staining. By making visual comparative observations, it was clear that nuclei
of non-proliferating cells show more MYO16 staining foci than the nuclei of
proliferating cells as shown by Ki-67 proliferation marker staining. This trend in
MYQO16 staining in relation to cellular state was further corroborated by the nuclei of
some proliferating cells showing no MYO16 staining at all, 22% of nuclei were
MYQO16 -ve Ki-67 +ve and only 7.3% of nuclei were MYO16 +ve Ki-67 +ve (Figure
2.3). The visual observations were confirmed by the quantitative data, collected by
foci counts as shown in Figure 2.4 A, where MYO16 +ve Ki-67 —ve nuclei have the
highest numbers of foci compared with MYO16 +ve Ki-67 +ve nuclei. When the
average data are derived, the number of foci per nucleus, are estimated at 8 and 5.4
(rounded to 5) respectively (Figure 2.4 B). This difference was found to be
statistically significant, with a P value of 0.0158. Although, the difference between 8
foci and 5 foci for these cellular states may seem small, the statistical analysis
clearly shows there is a significant and therefore reliable difference in the number of
foci for MYO16 protein expression in these cells. Another aspect of the data which
may in some ways be more informative regarding the differences observed, is shown
by the range of the numbers of foci as displayed in Figure 2.4 A. The data in Figure
2.4 A shows that only MYO16 +ve Ki-67 —ve nuclei show numbers of foci above 10,
and furthermore show values of 12,13,16,17,19, 24 and a maximum of 33 foci per
nucleus for these non-proliferating cells. Although the percentage occurrences of
these higher numbers of foci are relatively low, they are nonetheless an important
indicator of the differences between these cellular states of proliferation and non-
proliferation.
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Figure 2.1. Nuclei of cells in the same microscope field of view, stained with DAPI (blue
showing whole nucleus), MYO16 (red TRITC 2°) and Ki-67 (green FITC 2°) antibodies. In
these nuclei there are varying levels of staining of both Ki-67 and MYO16 in four of the nuclei,
and only MYO16 staining in one nucleus. Note that these are intact fixed cells and therefore,
beyond the visible boundary of the nuclei is the cytoplasm of each cell, though it is not stained

to be visible. Scale bar = 10um.
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Figure 2.2. Nuclei of cells in the same microscope field of view, stained with DAPI (blue
showing whole nucleus), MYO16 (red TRITC 2°) and Ki-67 (green FITC 2°) antibodies. (A)
Two nuclei showing MYOL16 staining only and one nucleus showing both MYO16 and Ki-67
staining. (B) Two nuclei showing mostly Ki-67 staining and only minor MYO16 staining.
Another nucleus showing only MYO16 staining, and with more foci compared with the Ki-67
+ve nuclei. Note that these are intact fixed cells and therefore, beyond the visible boundary of
the nuclei is the cytoplasm of each cell, though it is not stained to be visible.

Scale bar = 10um.
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MYO16 + Ki-67 dual stain
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Figure 2.3. Graph displaying the quantitative results for immunofluorescence staining with
MYO16 and Ki-67 in the nuclei of cells grown in high serum (15% FCS) media. This graph
shows the average percentage of proliferating or non-proliferating cells with or without
nuclear staining for MYO16. This average data is derived from 3 replicate counts of n = 291
nuclei, n = 437 nuclei, n = 356 nuclei (in each of these replicate counts the 4 variable states
of staining as shown in the graph were counted). Error bars show the Standard Error of the
Mean (SEM). t-test comparing Myo16 +ve Ki-67 +ve with Myol6 +ve Ki-67 -ve datasets
gives: P = 0.0009.
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Figure 2.4. Graphs showing results of foci counts for immunofluorescence staining with
MYO16 and Ki-67 in the nuclei of cells, grown in high serum (15% FCS) media, comparing
proliferating and non-proliferating cells. For MYO16 +ve Ki-67 +ve n = 36 nuclei, for
MYO16 +ve Ki-67 —ve n = 39 nuclei. (A) This graph shows the proportion of nuclei as
percentages with different numbers of foci. (B) This graph shows the average numbers of
foci per nucleus. SEM = Standard Error of the Mean. t-test P = 0.0158.
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Dual primary antibody staining with MYO5B + Ki-67 primary antibodies

Comparing high serum (15% FCS) media grown cells with regards to the staining of
MYOS5B in the nuclei of proliferating and non-proliferating cells, as shown by
presence of Ki-67 staining, or absence of Ki-67 staining respectively, shows rather
large irregularly shaped foci of MYOS5B as well as smaller foci of MYO5B (Figures
2.5 and 2.6). The quantitative data for MYO5B staining shows that the large majority
of the nuclei were MYO5B +ve Ki-67 —ve (82%) and the remaining 18% were
MYO5B +ve Ki-67 +ve, and there were no nuclei devoid of MYO5B staining (Figure
2.7). Again, nuclei of most non-proliferating cells had higher numbers of foci
compared with those of proliferating cells (Figure 2.8 A), with average number of foci
per nucleus of 17.6 (rounded to 18) and 11.8 (rounded to 12) respectively (Figure 2.8
B). This difference was found to be statistically significant, with a P value of <0.0001.
Looking at the range of foci numbers for MYOS5B (Figure 2.8 A), although the trend of
higher foci in non-proliferating cells is supported, the difference is not as obvious
when compared with the results for MYO16. For MYO5B the nuclei of proliferating
cells can also have some high numbers of foci (see Figures 2.5 and 2.6), some as
many as 24 foci (Figure 2.8 A), however still not as high as the maximum number of
foci in the nuclei of non-proliferating cells which can be as high as 39, as shown in
Figure 2.8 A. Apart from the MYQO5B staining in the nuclei as described, it was also
observed that some cells show considerable MYO5B staining in the cytoplasm
(Figures 2.5 and 2.6), particularly in the vicinity of the nucleus, possibly within the
region of the endoplasmic reticulum. The nature of this cytoplasmic staining was not
investigated or quantified in this work, since the main focus was on the MYO5B
protein presence in the nucleus. Although not a subject of investigation in this
project, the observed cytoplasmic staining can be inferred to be related to the
vesicular transport and membrane trafficking functions of MYOS5B in the cytoplasm
(Lapierre et al. 2001; Roland et al. 2011).

48



Figure 2.5. Nuclei of cells stained with DAPI (blue showing whole nucleus), MYO5B
(red TRITC 2°) and Ki-67 (green FITC 2°) antibodies. Three nuclei (left column)
show MYO5B staining only and three other nuclei (right column) show both MYO5B
and Ki-67 staining. Note that these are intact fixed cells and therefore, beyond the
visible boundary of the nuclei is the cytoplasm of each cell, though it is not stained
to be visible. Cytoplasmic MYOS5B staining is visible in the vicinity of the nuclei.

Scale bar = 5pum.
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Figure 2.6. Nuclei of cells in the same microscope field of view, stained with
DAPI (blue showing whole nucleus), MYO5B (red TRITC 2°) and Ki-67 (green
FITC 2°) antibodies. One nucleus shows MYO5B staining only and the other
nucleus shows both MYO5B and Ki-67 staining. Note that these are intact
fixed cells and therefore, beyond the visible boundary of the nuclei is the
cytoplasm of each cell, though it is not stained to be visible. Cytoplasmic
staining is visible in the vicinity of the Ki-67 positive nucleus.

Scale bar = 5um.

50



MYO5B + Ki-67 dual stain
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Figure 2.7. Graph showing the quantitative results for immunofluorescence staining with
MYOS5B and Ki-67 in the nuclei of cells grown in high serum (15% FCS) media. This graph
shows the average percentage of proliferating or non-proliferating nuclei with or without
nuclear staining for MYO5B. This average data is derived from 3 replicate counts of n = 212
nuclei; n = 496 nuclei; n = 519 nuclei (in each of these replicate counts the 4 variable states
of staining as shown in the graph were counted). Error bars show the Standard Error of the
Mean (SEM). Note that in this data for MYO5B there were no MYO5B —-ve Ki-67 —ve and
MYO5B —ve Ki-67 +ve nuclei found during counting, therefore these two data subsets are
represented in the graph by the ‘value zero’ labels.

t-test comparing Myo5b +ve Ki-67 +ve with Myo5b +ve Ki-67 -ve datasets gives: P = 0.0002.
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Figure 2.8. Graphs showing results of foci counts for immunofluorescence staining
with MYO5B and Ki-67 in the nuclei of cells, grown in high serum (15% FCS) media,
comparing proliferating and non-proliferating cells. For MYO5B +ve Ki-67 +ve n = 40,
for MYO5B +ve Ki-67 —ve n = 39. (A) This graph shows the proportion of nuclei as
percentages with different numbers of foci. (B) This graph shows the average numbers
of foci per nucleus. SEM = Standard Error of the Mean. t-test P<0.0001.
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Dual primary antibody staining with MYO18B + Ki-67 primary antibodies

Representative visual results comparing high serum (15% FCS) media grown cells
with regards to MYO18B staining in the nuclei of proliferating and non-proliferating
cells, as shown by presence of Ki-67 staining, or absence of Ki-67 staining
respectively are shown in Figures 2.9 and 2.10. A feature which was noticed by
visual observation was that the nuclei of some non-proliferating cells display a
considerably large number of MYO18B foci when compared with the nuclei of
proliferating cells (Figure 2.9). The quantitative data in Figure 2.11 shows that on
average 20% of nuclei where MYO18B —ve Ki-67 +ve. As shown in Figure 2.11, only
a small proportion of the nuclei (11%) show both MYO18B and Ki-67 staining, and
visually it was clear that most of these had moderately lower frequency of MYO18B
staining foci or much lower frequency of MYO18B staining foci, and these visual
deductions were confirmed by the quantitative data shown in Figure 2.12 which
clearly shows that most MYO18B +ve Ki-67 +ve nuclei had lower numbers of foci
compared with MYO18B +ve Ki-67 —ve nuclei with an average number of foci per
nucleus of 5.6 (rounded to 6) and 14 respectively. This is a relatively large difference
and found to be statistically significant, with a P value of <0.0001. Furthermore, the
majority (47%) of nuclei were MYO18B +ve Ki-67 —ve as shown in Figure 2.11.
When comparing the range of the number of MYO18B foci, the results show that
only the nuclei of non-proliferating cells had foci numbers above 18 with a maximum
of 32 foci. These results strongly corroborate the trend seen in the results with
MYO16 and MYOS5B, that the nuclei of non-proliferating cells show higher numbers

of foci when compared with the nuclei of proliferating cells.
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Figure 2.9. Nuclei of cells stained with DAPI (blue showing whole nucleus), MYO18B (red
TRITC 2°) and Ki-67 (green FITC 2°) antibodies. (A) Two nuclei show both MYO18B
staining and Ki-67 staining and two other nuclei show MYO18B staining only. Scale bar =
5um. (B and C) Two nuclei in each, in the same microscope field of view, one showing only
Ki-67 staining and the other showing MYO18B staining only. Note that these are intact fixed
cells and therefore, beyond the visible boundary of the nuclei is the cytoplasm of each cell,

though it is not stained to be visible. Scale bar = 10um.
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Figure 2.10. Nuclei of cells in the same microscope field of view, stained with
DAPI (blue showing whole nucleus), MYO18B (red TRITC 2°) and Ki-67 (green
FITC 2°) antibodies. In this image the nuclei that are MYO18B positive show
relatively few foci compared to those in Figure 2.9 for example. This example
together with the images in Figure 2.9 helps to visually demonstrate the range of
foci numbers as quantified in Figure 2.12. Of the three nuclei fully visible in the
field of view, two show Ki-67 staining only and one shows MYO18B staining
only. Note that these are intact fixed cells and therefore, beyond the visible
boundary of the nuclei is the cytoplasm of each cell, though it is not stained to

be visible. Scale bar = 10um.
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Figure 2.11. Graph showing the quantitative results for immunofluorescence staining with
MYO18B and Ki-67 in the nuclei of cells grown in high serum (15% FCS) media. This graph
shows the average percentage of proliferating or non-proliferating nuclei with or without
staining for MYO18B. This average data is derived from 3 replicate counts of n = 181 nuclei;
n = 301 nuclei; n = 369 nuclei (in each of these replicate counts the 4 variable states of
staining as shown in the graph were counted). Error bars show the Standard Error of the
Mean (SEM). t-test comparing Myo18b +ve Ki-67 +ve with Myol8b +ve Ki-67 -ve datasets
gives: P =0.0014.
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Figure 2.12. Graphs showing results of foci counts for immunofluorescence staining
with MYO18B and Ki-67 in the nuclei of cells, grown in high serum (15% FCS) media,
comparing proliferating and non-proliferating cells. For MYO18B +ve Ki-67 +ve n = 37,
for MYO18B +ve Ki-67 —ve n = 40. (A) This graph shows the proportion of nuclei as
percentages with different numbers of foci. (B) This graph shows the average numbers
of foci per nucleus. SEM = Standard Error of the Mean. t-test P<0.0001.
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2.3.3 Detection of nuclear myosins in nuclei of quiescent cells grown in low
serum (0.5% FCS) media

In order to investigate the staining of MYO5B, MYO16 and MYO18B in the nuclei of
guiescent cells, cultures were induced to become quiescent by growth in low serum
media conditions (media with 0.5% FCS) for 7 days, after prior growth in high serum
media (media with 15% FCS) for 2 days, as described in section 2.2.4 in the
materials and methods section of this chapter. Dual antibody staining for
immunofluorescence detection was performed with each myosin including Ki-67 as a
useful indicator of whether the cells were quiescent (lack of Ki-67 staining), or still
proliferating as indicated by positive Ki-67 staining. Counts of the number of visible
foci of myosin protein staining in indivudual nuclei were performed for MYO5B and
MYO16 by manual counting during observation by fluorescence microscopy. These
counts were performed for non-proliferating cells and the few still proliferating cells,
both in low serum (0.5% FCS) media, for comparative purposes. The nature of the
staining pattern for MYO18B was such that it was not suitable for foci counts due to
being mainly hazy and homogenous with many punctate foci (Figures 2.18 and
2.19). This different type of staining was not comparable to the staining patterns
obtained from the other two myosins (MYO5B and MYO16) used in these
experiments, in terms of foci counts. The high density of a mixture of very fine stain
points and hazy areas, combined with some larger foci was also not seen in the
other experiments in section 2.3.2 with MYO18B. The Ki-67 proliferation marker
worked well to give confidence that the large majority of the nuclei were quiescent,
and only a small proportion of the nuclei were Ki-67 positive and therefore
proliferating. The results of foci numbers in these experiments for nuclei of quiescent
cells can be compared with those of the experiments in section 2.3.2 of this chapter,

for nuclei of non-proliferating cells grown in high serum (15% FCS) media.
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Detection of MYOS5B in the nuclei of quiescent cells grown in low serum (0.5%

FCS) media

Studying the staining for MYOS5B in the nuclei of cells made quiescent (MYO5B +ve
Ki-67 —ve), shows similar large accumulations of foci (Figures 2.13 and 2.14) as was
observed in the nuclei of cells grown in high serum (15% FCS) media and stained for
MYOBS5B (section 2.3.2). The cytoplasmic staining for MYO5B was clearly present in
the cells grown in low serum (0.5% FCS) media in this section, as was also observed
in the cells grown in high serum (15% FCS) media conditions (section 2.3.2). The
position of these cytoplasmic MYO5B areas were in the vicinity of the nucleus but
also extending further in the cytoplasm in some cells, as clearly seen in Figure 2.13.
Since the main focus of this project was the nuclear myosin staining, again these
cytoplasmic MYOS5B areas were not further investigated or quantified. However, by
inference, they may be related to the vesicular transport and membrane trafficking
functions of MYOG5B in the cytoplasm (Lapierre et al. 2001; Roland et al. 2011). The
guantitative results in Figure 2.15 show that there was a statistically significant
difference (P = 0.0054) in the numbers of MYO5B foci per nucleus, when the
quiescent cells were compared with the few still proliferating cells (13.8%, MYO5B
+ve Ki-67 +ve) (Figure 2.14 A and C), in the same cell cultures. The actual average
numbers of foci being 21.64 (rounded to 22) for the quiescent cells and 18.125
(rounded to 18) for the few proliferating cells. Although the actual difference in
numbers of foci between these averages is not very high, there is clearly a real
difference as confirmed by the statistical analysis. This difference is also clear to see
in Figure 2.15 A, where the range and percentage frequency distribution of the two
datasets can be compared. Thus the trend that the nuclei of non-proliferating cells
show higher numbers of foci when compared with the nuclei of proliferating cells is
again supported. Looking at the range of foci more closely, only the quiescent cells
show numbers of foci per nucleus at 30 and above, these being 30, 32, 36, 38 and
40) however, the lowest number of foci per nucleus in the data is also found in the
quiescent cells at 12 albeit at very low frequency (Figure 2.15 A) and therefore

possibly an anomaly.
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Figure 2.13. Nuclei of cells in the same field of view, stained with DAPI (blue
showing whole nucleus), MYO5B (red TRITC 2°) and Ki-67 (green FITC 2°)

antibodies (note no Ki-67 + nuclei in this field of view). Note that these are intact

fixed cells and therefore, beyond the visible boundary of the nuclei is the
cytoplasm of each cell, though it is not stained to be visible. There is extensive
cytoplasmic MYO5B staining in the vicinity of the nuclei and further in the

cytoplasm as clearly visible outside of the DAPI stained region. Scale bar = 10um.

Compared with the results obtained in the previous section (2.3.2) with cells grown in
high serum (15% FCS) media, it was similarly found that nuclei of non-proliferating
cells had higher numbers of foci compared with those of proliferating cells, with the

average number of foci per nucleus of 18 and 12 respectively (Figure 2.8 B). These

60



numbers also show that overall, the cells grown to quiescence in low serum
conditions, the majority of which are quiescent and a minority still proliferating, show
on average more MYO5B nuclear foci compared to cells grown in high serum (15%
FCS) media conditions. This difference was confirmed by statistical analysis, thus
when the low serum data for MYO5B +ve Ki-67 +ve are compared with high serum
data for MYO5B +ve Ki-67 +ve, the difference in the numbers of foci was found to be
statistically significant (P = <0.0001). Also, when the low serum data for MYO5B +ve
Ki-67 -ve are compared with high serum data for MYO5B +ve Ki-67 -ve, the
difference in the numbers of foci was again found to be statistically significant (P =
<0.0001).

A

Figure 2.14. Nuclei of cells stained with DAPI (blue showing whole nucleus),
MYO5B (red TRITC 2°) and Ki-67 (green FITC 2°) antibodies. Nuclei in (A) and (C)
are proliferating as shown by Ki-67 Staining, and they also show MYO5B staining.
Note that these are intact fixed cells and therefore, beyond the visible boundary of
the nuclei is the cytoplasm of each cell, though it is not stained to be visible.

Cytoplasmic MYO5B staining is visible in the vicinity of the nuclei. Scale bar = 5um.
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Figure 2.15. Graphs showing results of foci counts for immunofluorescence staining with
MYOS5B and Ki-67 in the nuclei of quiescent cells, grown in low serum (0.5% FCS) media,
comparing proliferating and non-proliferating cells. For MYO5B +ve Ki-67 +ve n = 16, for
MYO5B +ve Ki-67 —ve n = 100. (A) This graph shows the proportion of nuclei as
percentages with different numbers of foci. (B) This graph shows the average numbers of
foci per nucleus. SEM = Standard Error of the Mean. t-test P = 0.0054.
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Detection of MYO16 in the nuclei of quiescent cells grown in low serum (0.5%

FCS) media

The staining of MYO16 in the nuclei of cells made quiescent (MYO16 +ve Ki-67 —ve)
by growth in low serum (0.5% FCS) media, showed considerably higher numbers of
foci (Figures 2.16 and 2.17) when compared with the nuclei of cells grown in high
serum (15% FCS) media and stained for MYO16, shown in the previous section
(2.3.2). This higher number of foci was also seen when the nuclei of the few cells
that were still proliferating (16.7%, MYO16 +ve Ki-67 +ve), despite growth in low
serum (0.5% FCS) conditions, were compared with proliferating cells grown in high
serum (15% FCS) media in section 3.2.3. The average numbers of MYO16 foci in
the nuclei of quiescent cells were found to be 16.69 (rounded to 17) and average
number of MYOL16 foci in the nuclei of the few cells that were still proliferating was
14.1 (rounded to 14) (Figure 2.17). Compared with the average numbers of MYO16
foci in the nuclei of cells grown in high (15% FCS) serum conditions, these were 8 for
non-proliferating cells and 5 for proliferating cells (section 2.3.2). As also found for
MYO5B in this section, this difference was confirmed by statistical analysis to be
significant. Therefore, when the low serum data for MYO16 +ve Ki-67 +ve are
compared with high serum data for MYO16 +ve Ki-67 +ve, the difference in the
numbers of foci was found to be statistically significant (P = <0.0001). Also, when the
low serum data for MYO16 +ve Ki-67 -ve are compared with high serum data for
MYO16 +ve Ki-67 -ve, the difference in the numbers of foci was again found to be

statistically significant (P = <0.0001).

The quantitative results presented in Figure 2.17 did not show a statistically
significant difference in the number of MYO16 foci, when the quiescent cells are
compared with cells that were still proliferating, in the same low serum media culture.
Therefore, the difference between 16.69 foci and 14.1 foci was not deemed to be a
reliable difference in the data. The t-test P value of 0.1243 obtained for this
comparison is considerably higher than the P = 0.05 statistically significant threshold.
However, studying the range distribution of the number of MYO16 foci as presented
in Figure 2.17 A, it was found that only the nuclei of quiescent cells had numbers of
MYQO16 foci higher than 27 with numbers being 28, 31, 32, 35 and 36. These

numbers were however not sufficiently higher than the 27 maximum observed for
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proliferating cells to be significantly different, as supported by the outcome of the

statistical analysis.

Figure 2.16. Nuclei of cells stained with DAPI (blue showing whole nucleus), MYO16 (red
TRITC 2°) and Ki-67 (green FITC 2°) antibodies. (A) All nuclei show MYQO16 staining only. (B)
One nucleus showing MYO16 staining only and one nucleus showing both MYO16 and Ki-67
staining. (C) One nucleus showing MYO16 staining only and one nucleus showing mainly Ki-67

staining, but also showing 4 very small MYO16 foci. Scale bar = 10um.
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Figure 2.17. Graphs showing results of foci counts for immunofluorescence staining with
MYO16 and Ki-67 in the nuclei of quiescent cells, grown in low serum media, comparing
proliferating and non-proliferating cells. For MYO16 +ve Ki-67 +ve n = 20 nuclei, for
MYO16 +ve Ki-67 —ve n = 100 nuclei. (A) This graph shows the proportion of nuclei as
percentages with different numbers of foci. (B) This graph shows the average numbers of
foci per nucleus. SEM = Standard Error of the Mean. t-test P = 0.1243.
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Detection of MYO18B in the nuclei of quiescent cells grown in low serum (0.5%

FCS) media

The staining of MYO18B in the nuclei of cells made quiescent was quite different
compared with the staining obtained with MYO5B and MYO16. Representative
images of the results are shown in Figures 2.18 and 2.19. This staining covers most
of the visible area of the nucleus in the quiescent cells, and consists mostly of hazy
homogenous areas, combined with many very fine punctate foci. It was decided that
the nature of staining obtained for MYO18B was not suitable for foci counts in a
comparative manner, with regards to the other two myosins studied in this section.
As a consequence, there was no quantification of the data for MYO18B in this
section, and only qualitative results are presented. As can be seen in Figure 2.19 A,
the nuclei which were quiescent, as shown by lack of Ki-67 staining had visibly much
higher levels of staining compared with nuclei which were still proliferating.
Therefore, the trend that the nuclei of non-proliferating cells show more foci than the
nuclei of proliferating cells is again supported in principle, though without the benefit

of full quantification.
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Figure 2.18. Nuclei of cells stained with DAPI (blue showing whole nucleus),
MYO18B (red TRITC 2°) and Ki-67 (green FITC 2°) antibodies (note no Ki-67 +ve

nuclei in this figure). This staining for MYO18B is described as consisting of hazy

homogenous areas combined with many very fine punctate foci, and was quite

unusual compared to the staining for MYO5B and MYO16. Scale bar = 10um.
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Figure 2.19. Nuclei of cells stained with
DAPI (blue showing whole nucleus),
MYQO18B (red TRITC 2°) and Ki-67 (green
FITC 2°) antibodies. (A) Three nuclei
showing MYO18B staining only and one
nucleus showing both MYO18B staining
and Ki-67 staining, though with
considerably less MYO18B foci than in the
Ki-67 negative nuclei. (B) Larger image of
a nucleus with MYO18B staining only.
Scale bar = 10pm.



2.3.4 Experiments to determine co-localisation of SC35 with nuclear myosins
in cells grown in high serum (15% FCS) media

In order to help further determine the nature of the possible interactions of the
nuclear myosins studied, with other known proteins in the nucleus that may have a
similar distribution, immunofluorescence dual staining was performed with MYOS5B,
MYO16 and MYO18B, each co-stained with SC35, which is known to be associated
with splicing speckles. Particularly, as the staining patterns for MYO5B carried out in
previous experiments looked similar to splicing speckles, it was of interest to
investigate the possibility that MYO5B was co-localised with SC35. Indeed this
postulation proved correct and unequivocal co-localisation was found in the nucleus
between MYO5B and SC35 only. This is a new finding, since this co-localisation has
not been reported in the literature. The other myosins (MYO16 and MYO18B) used
in these experiments did not co-localise with SC35. Results are shown only for the
novel co-localisation of MYOS5B with SC35 (Figure 2.20). The lack of co-localisation
of SC35 with MYO16 and MYO18B was not imaged and was only qualitatively
recorded as negative for co-localisation in the raw data. For MYO5B co-stained with
SC35 It was found that after observing over 200 cells by fluorescence microscopy,
all the nuclei viewed display this complete co-localisation (100%) and although some
very minor parts of very few individual structures in the nucleus were not completely
co-localised (see Figure 2.20 for example), every MYO5B stained structure in the
nucleus was co-localised with SC35. Due to this complete positive result for co-
localisation, it was not deemed necessary to present a graph for this outcome.
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MYO5B

SC35

Figure 2.20. Three cell nuclei stained with DAPI (blue showing whole nucleus), MYO5B
(red TRITC 2°) and SC35 (green FITC 2°) antibodies. Separate images are shown for
each antibody and the merged image clearly shows that MYO5B and SC35 are co-
localised in the nucleus. Note that these are intact fixed cells and therefore, beyond the
visible boundary of the nuclei is the cytoplasm of each cell, though it is not stained to be
visible. Some cytoplasmic MYO5B staining can be seen in the vicinity of one nucleus.

Scale bar = 10um.
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2.4. DISCUSSION

A comparative study was performed using proliferating and non-proliferating
fibroblast cells, in order to gain some insight into differences in the staining patterns
of various nuclear myosins under these cellular states, with a view to obtain
extrapolated information concerning the expression patterns and frequency of these
proteins under such conditions. This information would allow the deduction of the
cellular environment with regards to these potential molecular motor proteins which
may, or may not be involved in chromosome mobility. The relevance of this
information stems from a key principle of this project, that in non-proliferating cells
the mobility of chromosomes is affected, and this may be due to the possibility that
the active myosin molecular motors located in the nucleus have reduced functionality
in this cellular state. These concepts and lines of research are important in helping to
shed light on the relationships between the cell nucleus with regards to structure,
function and dynamics, and the physiological states and processes that affect for

example, cellular and organismal ageing.

Having successfully obtained results for the myosin primary antibodies in the initial
antibody test phase experiments involving use of single primary antibodies, showing
staining in the nucleus, the dual staining experiments were designed to include Ki-67
staining to help interpret the results in the context of cell proliferation or non-
proliferation. The results obtained from the dual staining experiments demonstrated
clearly that proliferating and non-proliferating cells show differences in nuclear
staining for the myosins studied in this project. The observed trend in the results for
cells grown in high serum (15% FCS) media was that in non-proliferating cells the
nuclei show more myosin foci compared with the nuclei of proliferating cells. This
difference in the results was found to be strongly supported by the statistical
analyses, and corroborated by all the myosin proteins studied in this chapter. In
particular this difference was very strongly supported by the statistical analysis for
MYO5B and MYO18B, and less strongly supported for MYO16 though still

statistically significant (this point has relevance to the discussion which follows).

When cells grown in low serum (0.5% FCS) media, for the purpose of inducing

guiescence were investigated, the results were rather more complex and two other
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trends emerged when this data was compared with the data for high serum (15%
FCS) media grown cells. Firstly, looking at the low serum media results for MYO5B,
they did confirm the trend of non-proliferating cells showing more nuclear myosin foci
than in proliferating cells, however this difference although still statistically significant,
was less so when compared with the high serum MYOb5B results, on the basis of the
P value obtained from the t-test. The low serum media results for MYO16 did show
more nuclear foci for non-proliferating cells when compared to the proliferating cells,
but this difference was not supported by the statistical analysis as being significant,
and importantly in terms of trend, note that with the high serum media results,
MYO16 was the protein with less strong statistical support for the trend of more
nuclear foci in non-proliferating cells compared with MYO5B and MYO18B. This
point reveals the first trend of the low serum media results, which is that in low serum
media grown cells, the difference between the numbers of myosin foci comparing
proliferating and non-proliferating cell, becomes less statistically significant when
compared with the situation where cells are grown in high serum media. This
suggests that under low nutrient conditions, the differences are less pronounced with
regards to the frequency of nuclear myosin foci. The second trend emerging from the
low serum media results, is that growth in low serum conditions correlates with a
higher number of nuclear foci overall for MYO5B and MYO16, both in the non-
proliferating cells and the proliferating cells, compared with cells grown in high serum
media. This difference was most pronounced for MYO16, but for both MYO5B and
MYO16 the difference was also very strongly supported statistically. Clearly the
nutrient level in the media is an important variable, affecting the presence of visible
nuclear myosin foci. The low serum media results for MYO18B were unusual and
found not to be suitable for the same foci count method of quantification, as had
been applied to the other two myosins studied. The nature of the MYO18B staining
which covered most of the nuclear area was hazy and homogenous, with many very
fine punctate foci. With regards to the second trend discussed here, that cells in low
serum conditions show more nuclear myosin foci than those in high serum
conditions, this result obtained for MYO18B does adhere to this trend, since the
staining is more intense and covers more of the nuclear space. Interestingly, the
staining pattern for MYO18B in low serum conditions shows similarities to that seen
for NM1B in senescent cells, in the work by Mehta et al. (2021). The authors

described this staining pattern as comprised of aggregates, and correlated this type
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of staining with the lack of chromosome relocation in response to stimuli. Therefore,
in principle the findings in this chapter, that in non-proliferating cells there is a trend
of increased nuclear myosin staining foci, and that this trend is more pronounced
when cells are grown in low nutrient conditions, are in agreement with the findings of
Mehta et al. (2021). Thus this trend seems to be a characteristic pattern of non-
proliferating cells and may be an indicator of the cellular changes that occur with

regards to nuclear myosins, when proliferating cells become quiescent or senescent.

The precise molecular reasons leading to this trend was beyond the scope of this
work, however by way of postulation it may be inferred that, the nuclear myosin
proteins studied may exist as visible storage granules at interphase in the nuclei of
non-proliferating cells where they may be largely inactive in terms of their active
functions. Thus, they are present in visually larger numbers of foci of varying sizes.
However, in the nuclei of proliferating cells, these nuclear proteins may exist mostly
in an active form, and therefore not visible as storage granules to the same extent
seen in non-proliferating cells. In the active form, the proteins would be more
dispersed carrying out their functions where needed, however some will still remain
as inactive granules such the supply of these crucial proteins would not be
exhausted at anytime. It has been found that the myosin proteins are very dynamic
with regards to molecular conformation and can alter between active and inactive
forms (Carragher et al. 1998; Taylor 2007; Porter et al. 2020).

The results of the co-localisation experiments of the myosins with SC35 led to a new
find with the clear co-localisation of SC35 with MYOS5B. It has previously been shown
that MYOS5A co-localises with SC35 (Pranchevicius et al. 2008), but the co-
localisation of MYO5B with SC35 has not been previously reported. Splicing
speckles are involved with the processing of pre-mRNA and are involved with mature
MRNA export. Interestingly, highly expressed genes are found to be associated with
splicing speckles and so potentially, there may be a requirement for molecular motor
activity in this gene locus specific translocation during gene regulation. It may be
possible that MYO5B could be involved in this process, as part of a molecular motor
complex together with MYO5A. Equally interesting is the possibility that MYO5B has
a role in the mobility of splicing speckles, a possibility which is related to a finding
described in chapter 1, section 1.1.4, Zhang et al. (2016). Although the authors
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postulated that myosins may be involved in the mobility of splicing speckles, the
identity of the myosin has not been discovered. Therefore this is potentially a

significant find which will need further investigation in future.

The process of cellular ageing has also been associated with the effects of reactive
oxygen species (ROS) (Klimova et al. 2009; Shimi and Goldman 2014; Roger et al.
2021), though this relationship may be rather complex, and positive correlation is not
always observed (Miwa et al. 2004; Magwere et al. 2006). It has been suggested
that ROS can have both harmful and beneficial effects with regards to ageing
(Shields et al. 2021). Unravelling the details of the ageing process at a cellular level
is a multifaceted and multifactorial endeavour, and may include effects of cellular
biochemistry, as well as changes to the dynamic mechanisms related to cellular and
genome functions (Vijg and Suh 2023). Increased understanding of the differences
between proliferating and non-proliferating cells and how these differences may
affect cellular processes, may also help inform regarding aspects of disease states,
where the control of cell proliferation has been disrupted, thus leading to

uncontrolled cell division, for example in cancer.
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Chapter 3: Bioinformatics to further explore myosin

proteins studied and to identify other proteins which

may be involved in chromosome mobility

3.1 Introduction.

3.2 Materials and methods.

3.3 Results: Bioinformatics data analysis.

3.4 Discussion.
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3.1 INTRODUCTION

In silico analyses and bioinformatics data searching and mining were used, firstly in
order to gain more insight into the candidate myosin proteins that had been initially
selected for this study, as described in chapter 2 (MYO5B, MYO16 and MYO18B).
Further to the analyses performed for the myosins studied in chapter 2, the same
analyses were also performed for NM13 which has previously been shown to be
directly involved in chromosome mobility (Mehta et al. 2010), and for two actin
related proteins (ARPs), these being ACTR6 and BAF53A. The ARP ACTR6 also
known as ARP&6 is part of the snf-2 related CBP activator protein (SRCAP) complex,
which is involved in chromatin remodeling (Oma and Harata 2011). The ARP
BAF53A is a component of the BAF complex (BRG1/brm-Associated Factor)
complex. BAF53A was the first vertebrate ARP found to be expressed in the
nucleus, and in humans there are two isoforms, BAF53A which is expressed in all
tissues, and BAF53B which is expressed in brain tissue only (Oma and Harata
2011). BAF53A is involved in transcriptional activation by ATP-dependant chromatin
remodeling (Oma and Harata 2011). The results of the core analyses (MYOS5B,
MYO16, MYO18B, NM13, ACTR6 and BAF53A) with regards to interaction networks
were then utilised to explore other possible candidate proteins that may be involved
in chromosome mobility processes. Further to this and as a continuation of this
investigation, additional bioinformatics tools were utilised to study the conserved
domains of the proteins that were studied in the core analyses. Other bioinformatics
resources were used to gain some insight from aspects of the phylogenetic

evolutionary history of these proteins.

Bioinformatics offers a large array of powerful tools to perform various types of
analyses on biological data. This opportunity to further explore the selected myosin
proteins studied in chapter 2, and additionally NM13 and two ARPs, and to further
hunt for other possible candidates, was an exciting prospect and considered very
beneficial. This would help shed light on the various proteins that may have a role in
chromosome dynamics. Some of the advantages of the bioinformatics approach
include the organisation of vast amounts of biological data into standard formats,
which are made available to researchers in a reliable and easily accessible way
(Hagen 2000; Hogeweg 2011; Gauthier et al. 2019). The computational power of
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bioinformatics programmes and databases allows such data mining and
investigations to be carried out relatively rapidly, although it is important to select the
most suitable and informative tools, following a wider consideration of the available

resources and their relative informational or analytical attributes.

The use of bioinformatics resources also allows a comparative approach such that
proteins and genes can be studied in a broader context in terms of their occurrence,
similarity and functions in other taxa. This would help shed light on conserved
structures and functions, thus highlighting important functional roles in living systems
(Marsden et al. 2006; Yang et al. 2012). This stems from the key principles of
evolutionary theory that those structures and functions, be they at the molecular,
cellular or organismal level, which are necessary for life processes and impart a
survival advantage, will be conserved through evolutionary time and across taxa
through the action of natural selection (Sharan et al. 2005; Richards and Cavalier-
Smith 2005; Laurent et al. 2010). Although there will be some mutational drift and
alteration, for example when comparing a class of proteins in different taxa, several
key features will be conserved, and it is those features which characterise the

specific functional aspects of the protein (Jez 2017).

Considering the vast information generation in recent biological research which may
be described as ‘information overload’, it is clear that bioinformatics is a necessary
tool in most areas of bioscience research. With this realisation together with the
desire to further reveal candidate proteins involved with chromosome mobility,
bioinformatics was considered as a useful and productive addition to this project.
Using bioinformatics for this project has been beneficial, and has helped to further
determine the likelihood of whether the myosins initially selected for study in this
project, may or may not be involved in chromosome mobility. In addition, other
possible candidate proteins which may potentially be involved in chromosome
mobility have been suggested, as a result of interaction networks. These include
other myosins as well as ARPs including those of the actin related protein 2/3

(ARP2/3) complex, and other proteins such as actin nucleation factors.
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3.2 MATERIALS AND METHODS

The ‘Search Tool for the Retrieval of Interacting Genes/Proteins’ (STRING) online
resource was used to determine interaction networks (Snel et al. 2000; von Mering et
al. 2005; Szklarczyk et al. 2019; Szklarczyk et al. 2021) for the candidate myosin
proteins which had been selected at the start of this project, as well as for NM1j3,
ACTR6 and BAF53A. These analyses generated diagrams and lists of predicted
functional partners for these proteins. The settings for the minimum interaction
scores and maximum number of interactors were adjusted accordingly for each
protein, to allow for proteins with mostly low interaction scoring partners, such that a
sizable network diagram and interaction list could be generated for those proteins
also.

Diagrams for co-expression of the members of each generated network were also
studied to gain more insight on any possible interaction, or inferred common function
in humans as well as in other taxa. Comparisons with other taxa help to shed light on
conservation of molecular interactions across evolutionary scales, indicating crucial
associations with regards to networks. The co-expression diagrams are determined
by RNA expression patterns, and information on protein co-regulation which is
obtained from the ProteomeHD online database. In addition to this, the functional
domains of each candidate protein was characterised using the Conserved Domains
Database (CDD) resource on the National Centre for Biotechnology Information
(NCBI) website. This level of information is useful for gaining more knowledge about
the structure of the proteins as well as identifying potential regions on the
corresponding gene sequence for possible future projects, involving site-directed
mutagenesis experiments for example, to generate knockout or partially functional
transgenes. This would help identify both crucial proteins in mechanisms under
study, as well as further identify the specific important residues required for proper

function of the protein, and therefore possibly aid any future gene repair strategies.

Phylogenetic trees generated following a protein BLAST (Basic Local Alignment
Search Tool) analysis were also studied to gain more information regarding the
taxon wide conservation of the proteins of interest, thus indicating the functional and

structural conservation over evolutionary scales. This mode of analysis via
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highlighting conservation of structure and function over evolutionary time and across

taxa helps to add robustness to any inferences regarding crucial functions.

The STRING analysis network prediction diagrams are generated based on the
algorithms of the programme and an important note to consider is that the distances
between the protein nodes is not proportional to the interaction scores. Therefore, it
should not be attempted to derive information regarding the level of confidence of the
interaction between the proteins of interest by this visual method (STRING website;
Szklarczyk et al. 2021). According to the developers of the STRING algorithm, the
shape of the interaction network is mainly influenced by a spring model, where the
protein nodes are masses held together by springs, and the tendency of this layout is
set to minimize the energy of the system. High scoring interactions are given higher
spring strengths and generally are drawn closer together and therefore in this
respect, there is some visual information to be gained from the overall structure of
the network (STRING website; Szklarczyk et al. 2021). The generated list of
predicted functional partners together with information on the types of evidence for
the interaction computation clearly and informatively displays the strength of
interactions in descending order of interaction score. The types of evidence used to
determine the interaction scores include co-occurrence (in terms of gene families in
other species); co-expression (based on RNA and protein data); experiments (based
on known protein-protein interaction data); databases (based on biochemical
pathways and protein complexes from curated databases) and text-mining (based on
scientific literature) (STRING website). The closer the interaction score is to 1 the
higher the confidence level of interaction (scores of 0.7 and above are categorised
as high confidence and scores of 0.9 and above are categorised as highest
confidence). The results generated by these lists were very useful and were used to
help identify other potential candidate proteins of interest which may be involved in
aspects of chromosome mobility. The selection procedure for these additional
candidates involved assessing the interaction score, the nature of the protein and

any known information regarding functions.
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3.3 RESULTS

3.3.1 MYOS5B bioinformatics analyses

The results of the STRING analysis for MYO5B do not associate this protein with
other myosins or ARPs. However, a rather interesting association with relevance to
the nucleus was made with two other interactors following the STRING analysis
(Figure 3.1). These proteins are SPIRE1 (Protein spire homolog 1) and SPIRE2
(Protein spire homolog 2) which although not classified as ARPs, are closely
involved with actin function, both in the cytoplasm and in the nucleus, and referred to
as actin nucleation factors (Belin et al. 2015). In humans these proteins are encoded
by the genes; spire type actin nucleation factor 1 and spire type actin nucleation
factor 2, respectively. The spire protein was first identified in Drosophila (Quinlan et
al. 2005). The interaction score for SPIRE1 is 0.871 and the interaction score for
SPIREZ2 is 0.875, showing both interactions to be considerably above the high
confidence level of 0.7 in the criteria of the STRING analysis settings. The three
highest confidence interactions with MYO5B were shown with two members of the
Ras related proteins, and a RAB11 interacting protein, specifically RAB11A, RAB11B
and RAB11FIP2 (Rabll family interacting protein 2). Other members of the Ras
related proteins showing high confidence interactions with MYO5B are RABSA,
RAB25, RAB10 and RABSB.

The co-expression chart for the MYO5B network in humans shows low level
confidence co-expression with RAB25 (Figure 3.2). There are various low level
confidence co-expression data between other members of the generated network,
though not involving MYO5B, with the strongest being between RAB11B and
RAB10. In other taxa there is very low level confidence co-expression between

Myo5b and all other members of the generated network except for Spirel.
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Figure 3.1. MYO5B network prediction with settings at minimum of 0.7 interaction
score (high confidence) and maximum of 20 interactors for the generated network.
The highest confidence interactions are shown with two the Ras related proteins and

Neighborhood
Gene Fusion

Cooccurence
Coexpression

& Experiments

e o Databases
o e Textmining

[Homology]

Score

a RAB11 interacting protein. The high confidence interactions with SPIRE1 and
SPIREZ2 are interesting since these are actin nucleation factors.
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Figure 3.2. MYO5B network co-expression based on RNA expression patterns and
protein co-regulation. In humans, the co-expression chart for MYO5B shows low
level confidence co-expression with RAB25 only. In other taxa, the co-expression of
MYOS5B with most other members of the network shows very low level confidence.
The intensity of the square box colour represents the level of confidence as shown
by the red bar scale.

The conserved domains analysis for MYO5B shows the positions of several features
on the protein including characteristic class V myosin motor and a cargo binding
domain, as well as the ATP binding site residues. There are also 3 calmodulin

binding motifs (see Figure 3.3).

The phylogenetic tree generated by BLAST shows MYO5B to be well conserved in
mammals (Figure 3.4), with the outgroup sequence representing the most basal
sequence for this tree, belonging to Chrysochloris asiatica (Cape Golden Mole). It is
important to note that this phylogenetic tree only shows the most similar sequences
and so for this protein, the tree shows only mammalian species. There are certainly
more distant homologous proteins to MYO5B in more primitive taxa outside of the

mammals.
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Figure 3.3. Results of the conserved domains analysis for MYO5B. The NCBI
Conserved Domains Database (CDD) tool was used to generate the data in this
figure. Specific hits show class V myosin motor domain, calmodulin binding motifs
and the cargo binding domain. Within the region of the motor domain, more
information on the positions of residues are given such as the ATP binding site.
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Figure 3.4. Phylogenetic tree of the BLAST results for MYO5B. Tree method is fast
minimum evolution with pairwise alignment between query sequence (Homo
sapiens) which is within the yellow highlighted cluster (Primates), and the sequences
searched in the database (BLAST website). Tree settings are with Max sequence
difference 0.85 and Grishin (Protein) distance method.
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3.3.2 MYO16 bioinformatics analyses

The STRING analysis results for MYO16 did not produce any high confidence
interactions for the network. It was therefore necessary to set the minimum
interaction score parameter to a minimum of 0.4 (medium confidence) in order to
allow for an interaction network to be generated (Figure 3.5). In addition to this, there
were no myosin or ARP interactors identified by the network. The co-expression
chart for humans shows low level confidence co-expression of MYO16 with SH3-
containing GRB2-like protein 3-Interacting Protein-1 (SGIP1) only (Figure 3.6). In
other taxa there are several more low confidence expression data between Myo16
and other network proteins.

The conserved domains analysis shows the expected class XVI myosin motor
domain and various other features including the ATP binding region, however there
does not seem to be a cargo binding domain identified (Figure 3.7).

The BLAST phylogenetic tree for MYO16 shows that the protein is well conserved in
mammals (Figure 3.8) and interestingly the outgroup branch of the tree, representing
the most basal sequences in the tree include reptiles, including Chrysemys picta
bellii (Western painted turtle).
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Figure 3.5. MYO16 network prediction with settings at minimum 0.4 interaction score
(medium confidence) and maximum 20 interactors. For this protein there were no
high level confidence interactions, with the highest score being only 0.583.
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Figure 3.6. MYO16 network co-expression based on RNA expression patterns and
protein co-regulation. In humans, only very low level confidence co-expression is
shown with SGIP1. In other taxa some very low level confidence co-expression are
shown. The intensity of the square box colour represents the level of confidence as
shown by the red bar scale.
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Figure 3.7. Results of the conserved domains analysis for MYO16. The NCBI
Conserved Domains Database (CDD) tool was used to generate the data in this
figure. Specific hits include class XVI myosin motor domain including position of the
ATP binding site.
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Figure 3.8. Phylogenetic tree of the BLAST results for MYO16. Tree method is fast
minimum evolution with pairwise alignment between query sequence (Homo
sapiens) which is within the yellow highlighted cluster (Primates), and the sequences
searched in the database (BLAST website). Tree settings are with Max sequence
difference 0.85 and Grishin (Protein) distance method.
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3.3.3 MYO18B bioinformatics analyses

The STRING analysis results for MYO18B show highest confidence (above 0.9
score) interactions with several myosins and medium confidence interactions with
two other myosins and ACTB (actin beta) (Figure 3.9). The highest confidence
interactions are with MYO1F, MYO1C (NM1B), MYO9A and MYO6. MYO5A and
MYO7A show medium confidence interaction with MYO18B. Clearly MYO18B is very
active in several cellular processes, including those involving a number of other
myosins. This makes MYO18B an interesting candidate, particularly considering its
very high confidence interaction with MYO1C. The myosin | family of proteins
consists of eight members in the higher vertebrates, named (Myola to Myolh)
(Sherr et al. 1993; Mcintosh and Ostap 2016). The MYO1C gene products include a
nuclear located isoform which is nuclear myosin 1 beta (NM13) (Nowak et al. 1997;
Pestic-Dragovich et al. 2000; Hofmann et al. 2006).

The co-expression chart for humans does not show MYO18B to be co-expressed
with any of the network members (Figure 3.10) which is somewhat surprising
considering the strong interaction data. However, it is important to consider that
interactors and functional partners need not always be co-expressed, since many
proteins may be available in excess as highly stable molecules or possibly in an
inactive storage state (Carragher et al. 1998). It is also important to realise the
limitations of the STRING resource, as the data utilisation of the STRING software is
mainly based on known results and various types of predictions, therefore the
information output is limited by current knowledge and predictive methods. The co-
expression chart for other taxa shows low confidence level co-expression between
Myo18b and Myo9a in several species including C. elegans and D. melanogaster
(Figure 3.10).

The conserved domains analysis for MYO18B shows several features of the motor
domain (Figure 3.11). The BLAST phylogenetic tree shows MYO18B to be well
conserved in the mammals (Figure 3.12) and the outgroup sequence of the tree

belongs to the Florida Manatee (Trichechus manatus latirostris).
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Figure 3.9. MYO18B network prediction with settings at minimum 0.4 interaction
score (medium confidence) and maximum 30 interactors. The top 4 highest level
confidence interactions of MYO18B are with other myosins.
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Figure 3.10. MYO18B network co-expression based on RNA expression patterns
and protein co-regulation. In humans, no co-expression is shown with MYO18B. In
other taxa only very low level confidence co-expression is shown with MYO9A. The
intensity of the square box colour represents the level of confidence as shown by the
red bar scale.
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Figure 3.11. Results of the conserved domains analysis for MYO18B. The NCBI
Conserved Domains Database (CDD) tool was used to generate the data in this
figure. Specific hits show details of the class XVIII myosin motor domain.
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Figure 3.12. Phylogenetic tree of the BLAST results for MYO18B. Tree method is
fast minimum evolution with pairwise alignment between query sequence (Homo
sapiens) which is within the yellow highlighted cluster (Primates), and the sequences
searched in the database (BLAST website). Tree settings are with Max sequence
difference 0.85 and Grishin (Protein) distance method.
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3.3.4 MYO1C bioinformatics analyses

The STRING analysis results for MYO1C show highest level confidence (above 0.9
score) interactions with several ARPs and two myosins (Figure 3.13). These include
ARPC1A, ARPC1B, ARPC2, ARPC3 and ARPC4 all of which are subunits of the
actin related protein 2/3 (ARP2/3) complex. ACTR2 and ACTR3, also components of
the (ARP2/3) complex, are also found in the generated network. The two myosins in
this network are MYOS5A, and a conventional non-muscle myosin, MYH9. MYO1C
differs from MYO18B with regards to the classes of interactor proteins, since many of
the functional partners of the latter are myosins and many interactors of the former
are ARPs.

The co-expression data for MYO1C with other members of the network is very low
confidence (Figure 3.14). Human co-expression data for some of the other members
of the generated network show very strong confidence co-expression, including
among the ARPs, thought not including MYO1C. The co-expression chart for other
taxa shows low level confidence co-expression for many of the network members

including Myolc.
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Figure 3.13. MYO1C network prediction with settings at minimum 0.9 interaction
score (highest confidence) and maximum 30 interactors. Highest confidence
interactions with many proteins are shown, including with several ARPs and two
myosins.
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Figure 3.14. MYO1C network co-expression based on RNA expression patterns and
protein co-regulation. No high confidence level co-expression is shown in humans for
MYO1C. Several very low level confidence co-expressions are shown in other taxa
with MYO1C. The intensity of the square box colour represents the level of
confidence as shown by the red bar scale.

The conserved domains analysis for MYO1C shows the locations of several features
including the myosin head motor domain and the myosin tail (Figure 3.15). The
BLAST phylogentic tree for MYO1C shows high conservation in the mammals, and
the outgroup in this tree is Elephantulus edwardii (Cape elephant shrew) (Figure
3.16). As with the other BLAST phylogenetic trees generated for these results, only
the highest similarity sequences in other taxa are shown in the tree and there are

certainly more primitive homologues in more distantly related organisms.
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Figure 3.15. Results of the conserved domains analysis for MYO1C. The NCBI
Conserved Domains Database (CDD) tool was used to generate the data in this
figure. Specific hits include class | myosin motor domain, a calmodulin binding motif
and the unconventional myosin tail domain.
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Figure 3.16. Phylogenetic tree of the BLAST results for MYO1C. Tree method is fast
minimum evolution with pairwise alignment between query sequence (Homo
sapiens) which is within the yellow highlighted cluster (Primates), and the sequences
searched in the database (BLAST website). Tree settings are with Max sequence
difference 0.85 and Grishin (Protein) distance method.
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3.3.5 BAF53A (ACTL6A) bioinformatics analyses

The STRING analysis results for BAF53A (ACTL6A) show many high level
confidence (above 0.9 score) interactions (Figure 3.17). Several of these interactors
are subunits of the SWI/SNF complex, which is involved in chromatin remodeling.
The highest level confidence interactor of these is SMARCB1 which has an
interaction score of 0.999 and is an actin-dependant chromatin regulator subunit of
the complex. Another interactor in the generated network is ACTR5 which is an ARP
shown to be nuclear localised, but also shuttled between the nucleus and the
cytoplasm (Kitayama et al. 2009). Both of these proteins are involved in chromatin
remodeling and therefore based on these results, a role for BAF53A in chromosome
mobility is not supported. According to the STRING network generated for BAF53A,
this protein is clearly interacting with many other proteins and the number of high
level confidence interactors is far more than the 30 shown, which was limited by the

STRING network prediction settings of maximum 30 interactors.

The co-expression data for BAF53A in humans shows moderate level confidence co-
expression with RUVBL1 and RUVBL2, and lower level confidence co-expression
with various other network members, although the highest confidence co-expression
in the network is between RUVBL1 and RUVBL2 (Figure 3.18). In other taxa Baf53a

shows only low level confidence co-expression with other network members.

The conserved domains analysis for BAF53A which is an ARP, shows actin and
actin related domains as well as a nucleotide binding domain of a sugar
kinase/HSP70 (Figure 3.19). The phylogenetic tree for BAF53A shows this protein to
be well conserved across a broad range of vertebrate taxa, including the reptiles and
birds which are more primitive and ancient vertebrate taxa (Figure 3.20).
Interestingly, the outgroup for this tree is a very primitive amphibian called a

caecilcian, of the species Rhinatrema bivittatum (Two lined caecilian).
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Figure 3.17. BAF53A (ACTL6A) network prediction with settings at minimum 0.7
interaction score (high confidence) and maximum 30 interactors. Many highest level
confidence interactions are shown including chromatin remodelers of the SWI/SNF
complex, and ACTR5 which is nuclear localised but also found in the cytoplasm.
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Figure 3.18. BAF53A (ACTL6A) co-expression based on RNA expression patterns
and protein co-regulation. In humans, moderate level confidence co-expression is
shown between BAF53A and both RUVBL1 and RUVBL2, and lower level
confidence co-expression with several other members of the network including
proteins of the SWI/SNF complex. In other taxa very low level confidence co-
expression is shown between BAF53A and nearly all members of the network with
SMARCB1 showing the highest of these. The intensity of the square box colour
represents the level of confidence as shown by the red bar scale.
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Figure 3.19. Results of the conserved domains analysis for BAF53A (ACTL6A). The
NCBI Conserved Domains Database (CDD) tool was used to generate the data in
this figure. Specific hits show the nucleotide binding domain of the sugar
kinase/HSP70/actin superfamily, related to the nucleotide binding site on this protein.
Domains related to the ARPs and actin, are also shown in the specific hits.
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Figure 3.20. Phylogenetic tree of the BLAST results for BAF53A (ACTL6A). Tree
method is fast minimum evolution with pairwise alignment between query sequence
(Homo sapiens) which is within the yellow highlighted cluster (Primates), and the
sequences searched in the database (BLAST website). Tree settings are with Max
sequence difference 0.85 and Grishin (Protein) distance method.
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3.3.6 ACTRG6 bioinformatics analyses

The STRING analysis network for ACTR6 shows the highest confidence interaction
with Helicase SRCAP of the chromatin remodeling SRCAP complex (Figure 3.21). It
also shows high level confidence interaction with ACTR8 which is involved with
mitotic chromosome organisation, and moderately low level confidence interaction
with ACTR3C. The co-expression data for ACTR6 shows only low level confidence
co-expression with BAF53A, CETN3 and YEATS4 in humans (Figure 3.22). In other
taxa Actré shows low level confidence co-expression with CETN3. The conserved
domains analysis for ACTR6 shows very similar features to BAF53A, including a
nucleotide binding domain (3.23). The phylogenetic tree for ACTR6 shows
conservation among the mammalian taxa, with the outgroup of the tree being the

Octodon degus (Common degu) a small rodent (Figure 3.24).
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Figure 3.21. ACTR6 network prediction with settings at minimum 0.4 interaction
score (medium confidence) and maximum 20 interactors. Only four highest level
confidence interactions are shown, and a high level confidence interaction with
ACTR8 which is involved in mitotic chromosome organisation. Lower level
confidence interaction is shown with ACTR3C.
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Figure 3.22. ACTR6 co-expression based on RNA expression patterns and protein
co-regulation. In humans, low level confidence co-expression is shown between
ACTR6 and ACTL6A (BAF53A), CETN3 and YEATSA4. Very low level confidence co-
expression is shown with MRPS33 and H2AFZ. In other taxa, low level confidence
co-expression is shown between ACTR6 and CETNS3, and very low level confidence
co-expression with nearly all members of the network. The intensity of the square
box colour represents the level of confidence as shown by the red bar scale.
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Figure 3.23. Results of the conserved domains analysis for ACTR6. The NCBI
Conserved Domains Database (CDD) tool was used to generate the data in this
figure. Specific hits show the nucleotide binding domain of the sugar
kinase/HSP70/actin superfamily, related to the nucleotide binding site on this protein.
Domains related to the ARPs and actin, are also shown in the specific hits.
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Figure 3.24. Phylogenetic tree of the BLAST results for ACTR6. Tree method is fast
minimum evolution with pairwise alignment between query sequence (Homo
sapiens) which is within the yellow highlighted cluster (Primates), and the sequences
searched in the database (BLAST website). Tree settings are with Max sequence
difference 0.85 and Grishin (Protein) distance method.
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3.4 DISCUSSION

In silico bioinformatics methods were utilised to explore other possible proteins which
may be directly or indirectly involved in chromosome dynamics. In addition to this,
insight was gained into some structural features of the various proteins of interest,
specifically highlighting the residue positions of key features and domains. This
information is relevant for example, to any future work involving site-directed
mutagenesis for knockout experiments. Phylogenetic analysis by tree output helped
to show the level of conservation across taxa for each protein of interest, thus
indicating functional importance. The power bioinformatics based explorations was
demonstrated by the ability of this approach to reveal other interesting proteins and
interactions, which may potentially play a role in active chromosome dynamics. The
fact that these proteins and interactions were not considered for this project prior to
the use of the STRING analysis is evidence of the usefulness of this resource. With
living systems being highly complex and multifactorial in terms of interaction
networks, a systems level approach is under certain conditions a preferred one, that
leads to discovery of individual or multiple factors in the complex processes

occurring in cells.

Some of the proteins revealed by the STRING analysis were not myosins or ARPs
and interestingly included the actin nucleation factors, SPIRE1 and SPIREZ2. Also
included were proteins of the ARP2/3 complex, which is involved with actin
nucleation and polymerization (Mullins and Pollard 1999). The work in this chapter
has also helped to confirm that one of the myosin proteins selected for study in this
project, is indeed interesting and a strong candidate for involvement in chromosome
dynamics. Specifically, MYO18B is the myosin protein that needs to be further
investigated for possible involvement with chromosome mobility, particularly due to
the high confidence interaction with MYO1C (NM1B). The other myosins showing
highest level confidence interaction with MYO18B are potentially of interest in
relation to chromosome mobility, these being MYO1F, MYO9A and MYOG6. Following
the bioinformatics analyses in this work, MYO1C (NM13) has also been confirmed to
be highly relevant to chromosome dynamics, corroborating the work of Mehta et al.
(2010) which experimentally show that this protein is indeed involved in interphase
chromosome mobility. Highest level confidence interactions of MYO1C (NM183) with
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members of the (ARP2/3) complex, and two myosins, including a conventional
myosin, MYH9 which is known to be located in the nucleus (Ye et al. 2020), reveals
other potential proteins of interest for further investigations related to chromosome
mobility. MYO16 was not confirmed by the bioinformatics analyses in this work to be
an interesting candidate for involvement in chromosome mobility, however this does
not definitely rule out MYO16 for further investigation, since in-silico bioinformatics
findings are only one aspect of biological research tools. MYO5B appears not be
involved in chromosome dynamics and its role in vesicular transport is supported by
the high level confidence interaction with the SPIRE1 and SPIRE2 actin nucleation
factors, which are also involved in vesicular transport. Other interactors of MYO5B,
with highest level confidence interaction, were RAB11A, RAB11B and RAB11FIP2,
which are also involved with vesicular transport. However, SPIRE1 and SPIRE2 are
also found in the nucleus, where they have been shown to be involved in the DNA
damage response, which includes the movement of chromatin and repair factors
(Belin et al. 2015). Therefore, the SPIRE proteins may yet prove to have some
relevance to interphase chromosome mobility. Perhaps this suggests that MYO5B
could also have a role in DNA damage repair. The outcome of the bioinformatics
analyses for the ARPs, BAF53A and ACTRG6 included for the core analyses in this
work did not reveal them to be very promising with regards to possible involvement
in chromosome mobility. The high level confidence interaction of ACTR6 with only a
few proteins, including Helicase SRCAP of the SRCAP complex, which is involved
with chromatin remodeling, and with ACTR8 which is involved in mitotic chromosome
organisation, suggest that this ACTR6 may possibly have a role in mitosis, and
therefore functionally distant to interphase chromosome mobility. The outcome of the
bioinformatics results for BAF53A also confirm that it is unlikely to be involved in
chromosome mobility, since its high level confidence interactions are with proteins
involved with chromatin remodeling, which is the assigned function of this protein
(Krasteva et al. 2012).

One of the aspects that the work in this chapter has highlighted is that biological
systems are indeed multifactorial systems. It is very rarely the case, if ever that a
process is orchestrated by a single protein or even a small group of proteins.
(Jansen 2003). There are nearly always several proteins that need to be considered
when attempting to decipher the mechanisms of any given cellular process, such as
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chromosome dynamics. Of course, these components of the whole would occupy
different positions upstream or downstream in relation to the other components of
the system. Although it is possible that disruption in even a single one of those
factors could severely affect the process, or bring it to a halt completely, there could
also be biological/genetic redundancy (Nowak et al. 1997) for a given protein in the
process. In this case, the lost function could be continued by another related protein
however, this may be rare, unless biological systems have evolved to allow genetic
redundancy as a kind of biological backup system for crucial cellular processes.
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Chapter 4: Studies on chromosome relocation:
Novel chromosome relocation assay by heat shock
and novel demonstration of chromosome 11
relocation: Confirmation of lack of chromosome
movement in non-proliferating cells

4.1 Introduction.

4.2 Materials and methods.

4.3 Results.

4.3.1 Chromosome relocation assays: Initial experiments for low serum (0.5%
FCS) media assay (passage 20 and 25 NB1 cells) and initial experiments for

heat shock assay (passage 20 NB1 cells) with anti-Ki-67 proliferation marker.

4.3.2 Chromosome 10 low serum (0.5% FCS) media assay (passage 19 NB1
cells) with anti-Ki-67 proliferation marker.

4.3.3 Novel chromosome relocation assay: Chromosome 11 heat shock assay
with anti-Ki-67 proliferation marker using passage 12 NB1 cells.

The work in section 4.3.3 has been included in a publication:

Mehta IS, Riyahi K, Pereira RT, Meaburn KJ, Figgitt M, Kill IR, Eskiw CH and
Bridger JM. (2021). Interphase Chromosomes in Replicative Senescence:
Chromosome Positioning as a Senescence Biomarker and the Lack of Nuclear
Motor-Driven Chromosome Repositioning in Senescent Cells.

Front. Cell Dev. Biol. May 24;9:640200.

4.4 Discussion.
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4.1 INTRODUCTION

The compact and intricate nature of the nucleus with regards to the structures and
processes existing therein, require a highly organised and regulated dynamic
environment, in which some structures must be allowed to alter their spatiotemporal
locations depending on the requirements of the cell. These dynamics are dependent
upon the conditions and physiological state that the cell is exposed to, in the context
of immediate tissues and the organism as a whole. In principle, it is logical to expect
this scenario to be a necessity of any highly complex system with very limited space,
which must self regulate in response to varying conditions. This is especially true of

living systems where the principles of changeability and dynamics are inherent.

Interphase chromosome territories are in very close proximity to each other, and only
separated by the interchromatin region, or possibly in contact with adjacent territories
by the outer border regions of chromatin (Cremer and Cremer 2010, Cremer et al.
2020). The arrangement of interphase chromosomes in the form of chromatin
consisting of highly condensed heterochromatin, and the more uncoiled and open
conformation of euchromatin, has long been recognised as seen by electron
microscopy, showing the ultrastructure of eukaryotic cells. With the electron
microscope, the heterochromatin appears as darkly stained regions and the
euchromatin appearing only lightly stained as a result of the density of the staining
material, corresponding to the chromatin density (Figure 4.1). This level of
ultrastructural observation helps to visually show just how compact the nucleus is in
terms of space availability. This ultrastructural view of the nucleus, although not
informative in terms of individual chromosomes, is informative in terms of overall

nuclear architecture (Liu et al. 2020).

The ultrastructural view of nuclei as seen by the methods of electron microscopy had
in part been responsible for a lack of appreciation of the territorial organisation of
interphase chromosomes. Indeed up to the 1980s many had rejected the idea of
chromosome territories, as a result of electron microscope imaging of nuclei, which
did not have the capability to distinguish the separation of individual territories,
beyond the distinction of euchromatin from heterochromatin (Liu et al. 2020), see

Cremer and Cremer (2010) for review. Although electron microscopy would in theory
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be expected to show such detail due to the high resolving power and the extremely
high magnifications possible, in region of tens to hundreds of thousands of times
magnification. However, it is logical that perhaps in large part the reason for this
failure was due to the compact nature of chromosome territories, combined with the
standard preparation techniques of electron microscopy. The sample preparation
methods for transmission electron microscopy can be quite harsh to cells, and
therefore distort the architecture sufficiently to visually abolish the very fine borders
consisting of the perichromatin region and the interchromatin compartments.
However, later developed and current specialised techniques for electron
microscopy do allow for visualisation of the perichromatin regions in nuclei (Masiello
et al. 2018).

w_ double’
membrane

Figure 4.1. Nucleus of a rat liver cell as viewed by transmission electron microscopy.
The distinction between euchromatin and heterochromatin are readily visible,
however chromosome territories are not revealed. Image taken from McGraw-Hill

Concise Encyclopedia of Bioscience (2002).

Subsequent studies including the use of fluorescence microscopy and FISH
techniques clearly demonstrated the arrangement of individual interphase
chromosomes into chromosome territories, and therefore the compact and highly
organised nature of the nucleus was corroborated by these methods with increased
detail (Figure 4.2).
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Figure 4.2. A detailed representation of interphase chromosomes in the human
fibroblast cell nucleus, including 3D reconstruction and simulated model. The
detailed organisation of the chromosome territories are revealed by fluorescence
microscopy and FISH techniques as shown in (A) and mapped in (B), together with
advanced 3D positional mapping and reconstruction methods as shown in (C), and
modelling methods as shown in (D) with simulated decondensation of chromosomes,
increasing left to right panels to show territories.

Image taken from Bolzer et al. (2005).
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Generally, in normal proliferating cells the organisation of interphase chromosomes
in their respective territories has been shown to correspond to the number of genes
they contain, such that low gene number chromosomes are located at the periphery
of the nucleus, and high gene number chromosomes are located in a more interior
location in the nucleus (Boyle et al. 2001; Cremer et al. 2003; Mehta et al. 2007). In
addition to this organisation, the level of genomic activity of chromosomes is
correlated with their dynamic positioning in the nucleus, where a position at the
nuclear periphery is associated with low activity and a closed conformation, and a
more interior position is associated with high genomic activity and a more open
chromatin conformation. See Foster and Bridger (2005) and Fritz et al. (2016) for

reviews.

The physiological activity of cells is directly related to their state with regards to the
cell cycle, such that proliferating cells which are actively dividing and continuing to
expand and/or renew the tissues they are a part of, will have a different gene
expression profile, as well as other cellular characteristics compared with non-
proliferating cells, which have exited the cell cycle, either temporarily as in quiescent
cells or permanently as in senescent cells (Aguilar and Fajas 2010; Cai and Tu
2012). This makes studies comparing proliferating and non-proliferating cells
especially important to research into ageing for example, particularly the senescent
cellular state is strongly associated with the process of ageing, where the tissue
renewal mechanisms of the organism become diminished as part of the ageing
process. Integral to this, is the increasing proportions of senescent cells which in
turn, are the result of the altered genomic and cellular circumstances found in the
cells of ageing organisms (Macieira-Coelho and Taboury 1982; Franceschi 1989; Di
Micco et al. 2021).

In the work for this chapter, the responses of interphase chromosomes 10, 11, and
15 to two separate external stimuli in the form of reduced serum media conditions
(chromosomes 10 and 15) and heat shock (chromosome 11) were studied in a
comparative manner, between proliferating and non-proliferating cells. This work
also involved comparing such responses in young, low passage number cells with
older, moderately higher passage number cells. These three chromosomes were
selected for this study mainly because they were known to relocate from previous
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studies (Mehta et al. 2010) and therefore they were suitable for assays which test
the relocation of chromosomes, under different conditions. In addition to this,
chromosome 11 was selected for the heat shock assay because it was known to
contain the HSP73 heat shock gene (Tavaria et al. 1995; Tavaria et al. 1996).
Importantly, in this chapter, a chromosome relocation assay has been established
based on the heat shock stimulus using chromosome 11. In addition to establishing
an assay for chromosome relocation, this heat shock assay has demonstrated a
novel chromosome 11 relocation in response to heat shock. Importantly, the results
of this work also indicate that in non-proliferating cells, chromosome relocation does
not occur after stimulus, in contrast to the situation with proliferating cells. This
supports one of the key hypotheses of this project, which postulates that in non-
proliferating cells the prospective molecular motors involved in chromosome
relocation are working with much reduced functionality, therefore not allowing
chromosomes to relocate as they would in proliferating cells. The chromosome 11
relocation found in this work occurs in the nuclei of proliferating cells only, and is
from the nuclear periphery to the nuclear interior in response to heat shock stimulus
at 42°C for 1 hour. The results of the work in this chapter are included in a recent
publication (Mehta et al. 2021). Previously, Mehta et al. (2010) had shown that in
cells made quiescent by serum removal (low serum conditions), and therefore had
entered a reversible non-proliferative state, the positions of specific interphase
chromosomes were altered, and that the repositioning in response to serum removal

was rapid and involved an active process by the action nuclear myosin 18 (NM1pB).
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4.2 MATERIALS AND METHODS

4.2.1 Low serum assay for chromosome relocation: for cells exposed to low
serum (0.5% FCS) conditions

Using the low serum assay, the movement of whole chromosomes in the interphase
nuclei of NB1 human neonate foreskin fibroblast cells, maintained in high serum
media (as described in section 2.2.1), was investigated by exposure to low serum
media conditions and 2D FISH. Low serum media (DMEM media with 0.5% FCS)
exposed cells were compared with cells grown in high serum media (DMEM media
with 15% FCS), and not exposed to low serum media conditions, as a control. For
this procedure, NB1 cells were cultured in high serum (15% FCS) for 3 days and
then were exposed to low serum media by change of media, for 1 hour before being
harvested by trypsinisation and pelleted by centrifugation at 800 rpm. The 1 hour
incubation period in low serum media was selected to provide adequate time for the
response to the stimulus. The harvested pellets were fixed for FISH procedure as

described below in section 4.2.3.

4.2.2 Heat shock procedure for chromosome relocation assay

The cells used were NB1 human neonate foreskin fibroblast cells, maintained in
plastic 10 cm cell culture dishes with DMEM media (supplemented with 15% FCS,
2% Penicillin/Streptomycin), placed in a humidified incubator at 37°C and 5% CO..
Cell cultures were passaged routinely twice a week by trypsinisation, and new cell
cultures were then setup at a cell density of 2 x 10° in 10 ml of media in 10 cm
plastic cell culture dishes, and allowed to grow until approximately 70% confluent,
ready for heat shock experiments. Heat shock was carried out on cells growing in 10
cm plastic dishes placed inside a separate humidified cell culture incubator
maintained at 42°C and 5% CO,. The plates used for main treatment and control
were initially observed to ensure approximate equal density of cells in all plates to
avoid any bias due to cell density effects on cellular state. The duration of the heat

shock was 1 hour. Control cell plates from the same passage continued to be
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maintained at standard conditions of 37°C and 5% CO,. Following the heat shock
procedure, both heat shocked and control cells were harvested by trypsinisation and
then pelleted immediately by centrifugation at 800 rpm, and care was taken to
minimise exposure of cells to ambient temperatures following heat shock. The

harvested pellets were fixed for FISH procedure as described below in section 4.2.3.

4.2.3 Chromosome relocation assay with 2D FISH procedure

Pelleted cells were re-suspended and disrupted by adding a hypotonic solution of
KCL (0.075 M) dropwise with regular agitation, and left at room temperature for 15
minutes and then centrifuged at 800 rpm for 5 minutes. Then the pelleted disrupted
cells were resuspended and fixed by adding ice cold 3:1 (v/v) methanol:acetic acid
dropwise with regular agitation. The resuspended disrupted cells were left on ice for
1 hour. At this stage a drop of the sample on a damp slide, was observed using a
phase contrast microscope (Hund Wetzlar Wilovert) to see what proportion of the
nuclei were separated from the contents of the cell cytoplasm, and to determine the
approximate concentration of nuclei visually on the slide. The aim was to have
approximately 90% of the nuclei clear of cytoplasm surrounding them, and to have a
density of nuclei such that they were not clumped together. After centrifugation of the
main sample, again at 800 rpm for 5 minutes, the fixation procedure with 3:1 (v/v)
methanol:acetic acid was repeated 4-8 times until approximately 90% of the nuclei
were clear of cytoplasm, and the final fixative volume was adjusted to give the
desired density (non-clumped) of nuclei, when a drop of the sample was again
observed on a damp slide using a microscope. Then samples were dropped onto
damp slides, allowed to dry and baked for 1 hour at 70°C in preparation for
dehydration by an ethanol row (concentration series) for 5 minutes in each of 70%,
90% and 100% ethanol solution, after which they were dried and incubated for 5
minutes at 70°C. To denature the DNA, the slides were then incubated in a
denaturing solution for 2 minutes (70% formamide, 2x saline sodium citrate (SSC),
pH 7.0) and then put through an ethanol row again, starting with 70% ice cold
ethanol followed by 90% and 100% ethanol both at room temperature. The slides
were dried on a warm plate in preparation for hybridisation with the chromosome

painting probes.
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A whole chromosome painting probe for the relevant chromosome was made from a
previously stored collection/library of whole chromosome secondary templates,
which had been produced from microdissected chromosome arms (sequence pools)
by degenerate oligonucleotide primed polymerase chain reaction (DOP-PCR)
(Telenius et al. 1992) amplification. This secondary template was used to produce a
tertiary amplified template by DOP-PCR, and this template was in turn used to
produce the Biotin-16dUTP labelled quaternary probe by DOP-PCR.

The reaction mix (50 pl) for producing the tertiary template by DOP-PCR
amplification contained: (10 pl 5 x DOP-PCR buffer; 5 yl dACGTP (2 mM); 5 pl
dTTTP (2 mM); 5 ul DOP primer (20 uM); 1 ul Taq (1U/ul); 23 ul sterile water and 1
pl template).

The reaction mix for producing the quaternary probe included Biotin-16dUTP in
addition to the above components given for producing the tertiary template.

The reaction mix (50 ul) for producing the Biotin-16dUTP labelled quaternary probe
by DOP-PCR amplification contained: (10 ul 5 x DOP-PCR buffer; 5 ul dACGTP (2
mM); 2 pl dTTTP (2 mM); 10 pl Biotin-16dUTP; 5 pl DOP primer (20 uM); 1 ul Taq
(AU/pl); 12 pl sterile water and 5 pl template).

PCR settings for DOP-PCR reaction producing tertiary template: 1 cycle at 95°C for
3 minutes then 31 cycles at 98°C for 20 seconds, 62°C for 1 minute and 72°C for 30
seconds, then 1 cycle at 72°C for 5 minutes).

PCR settings for DOP-PCR reaction producing Biotin-16dUTP labelled quaternary
probe: 1 cycle at 95°C for 3 minutes then 34 cycles at 98°C for 20 seconds, 62°C for

1 minute and 72°C for 30 seconds, then 1 cycle at 72°C for 5 minutes).

Then per slide, 8ul of probe was mixed with 7ul of Cotl DNA, 3pl of herring sperm,
3M sodium acetate (1/10th volume) and 2 volumes of ice cold ethanol. This mixture
was incubated at -80°C for more that 30 minutes and then centrifuged at 13000 rpm
for 30 minutes, and the resulting pellet washed with 200 pl of ice cold ethanol,
followed by centrifugation, again at 13000 rpm for 30 minutes. Then the pellet was
dried on a hot block at 45°C until it became transparent, and then 12ul of
hybridisation mix (50% formamide, 10% dextran sulphate, 10% 20X SSC, 1% Tween
20, in aqueous solution) was added to the pellet, which was incubated at 37°C for 2
hours to dissolve. Next, the probe was denatured at 75°C for 10 minutes, followed by

incubation at 37°C for up to 2 hours to allow re-annealing of repetitive sequences.
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Then 12 pl of probe was added to each slide for hybridisation, and coverslips were
placed over the slides and sealed with rubber cement and the slides were placed in

a moist chamber at 37°C overnight.

Following the incubation for hybridisation, the coverslips were removed from the
slides. The slides were then washed in wash buffer A (50% formamide 2x SSC in
agueous solution, pH 7) at 45°C, 3 times with buffer changes for 5 minutes each
wash. Then the slides were washed in wash buffer B (0.1% SSC in aqueous
solution) at 60°C, 3 times with buffer changes for 5 minutes each wash. The slides
were then placed in 4X SSC and then the slides were blocked using 100 ul 4%
bovine serum albumen (BSA) for 10 minutes at room temperature. Then the slides
were incubated with 100 pl 1:200 dilution streptavidin-cyanine 3 (Cy3) (Thermo
Fisher) for 1 hour at room temperature and then washed 3 times with buffer changes
for 5 minutes each wash, with 4x SSC with 0.05% Tween 20 at 42°C. The slides
were covered with coverslips after applying Vectashield mounting medium (Vector
Laboratories) in preparation for fluorescence microscopy. Following observation of
the slides by fluorescence microscopy (Leica DM4000 microscope with 100x oill
immersion objective lens selected) and confirmation that the FISH procedure had
worked, it was then necessary to stain the slides with Ki-67 antibody in order to
visually determine the proliferating and non-proliferating nuclei on the slides by
immunofluorescence. This was performed by first washing off the Vectashield
mounting medium from the FISH slides, with three 30 minute washes in PBS
followed by one final wash in ddH,O. Then the slides were incubated with 100 pl of
1:25 dilution Ki-67 primary antibody (Abcam) overnight at 4°C, then washed three
times (5 minutes each wash) with PBS, followed by incubation with 100 ul of 1:100
dilution secondary antibody (Goat-anti-Mouse FITC) (Stratech) for 1 hour, in the dark
at room temperature, followed by three PBS washes (5 minutes each wash) and one
final ddH,O wash. The slides were again covered with coverslips after applying
Vectashield mounting medium in preparation for fluorescence microscopy and image
capture on a Leica DM4000 microscope (100x oil immersion objective lens selected)

with attached Leica digital camera.

Images were prepared for analysis by the IPLab computer software (Croft et al.
1999; Boyle et al. 2001) which carries out an erosion analysis by dividing each
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image of nuclei into 5 concentric shells with 1 being the most peripheral and 5 being
most interior (Figure 4.3). This is a long and well established method for analysing
chromosome position used by various laboratories. Firstly, it was necessary to
convert the red colour of the Cy3 in the images to green colour by digital image
processing, since this is the colour the programme detects as chromosome territory.
Also, it was necessary to remove the Ki-67 signal from the images of proliferating
nuclei to prevent interference with the erosion analysis of the computer software.
The proliferating and non-proliferating datasets had first been recorded and
separated and therefore were designated prior to removal of the Ki-67 signal. The
programme then measures the intensity of the DAPI signal and the signal from the
chromosome territories. The signal from the chromosome territory staining was
normalised using the DAPI signal for each shell of the nucleus (the chromosome
territory signal value was divided by the DAPI signal value, to give the normalised
value). The averages of the normalised values for each shell were plotted as graphs,
which could then be used to compare any differences between chromosome

positions.

It is important to note here that the graphs generated in this method do not show
absolute positions in terms of occupancy for a given chromosome. Therefore, there
will always be signal, albeit to a lesser extent compared with the main determined
occupancy, in all the nuclear shells. The main factor is the highest occupancy, and
supported by the statistical analysis, that informs regarding determined chromosome
position. The statistical analyses of FISH results are by unpaired t-test using
GraphPad Software. Statistical results are displayed as compiled from the output of

the software.
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Figure 4.3. A schematic illustrating the nucleus (blue), divided into five nuclear
shells, used by the IPLab computer software analysis to determine chromosome
position. Shells are numbered 1-5 and separated by the yellow lines as shown in the

illustration. Two stained chromosomes (green) are depicted as a demonstration.
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4.3 RESULTS

4.3.1 Chromosome relocation assays: Initial experiments for low serum (0.5%
FCS) media assay (passage 20 and 25 NB1 cells) and initial experiments for

heat shock assay (passage 20 NB1 cells) with anti-Ki-67 proliferation marker

Chromosome positioning assays with low serum (0.5% FCS) media and heat shock
stimulus were performed with chromosomes 10, 11 and 15. Low serum (0.5% FCS)
assay was performed with chromosome 10 and 15, comparing high serum (15%
FCS) media maintained cells with cells exposed to low serum conditions in the
growth media for 1 hour. Heat shock assay was performed with chromosome 11
comparing proliferating cells and non-proliferating cells exposed to heat shock at
42°C for 1 hour. These experiments were a good starting point for studies on
chromosome relocation in this project, and indicated the importance of cell age
(passage number) in interpreting results obtained in chromosome relocation assay
experiments. In the initial, low serum (0.5% FCS) media experiments, Ki-67 antibody
was not used and therefore the data does not rely on confirmation of proliferation or
non-proliferation state using this marker. In subsequent experiments using the low
serum assay, Ki-67 antibody was used and higher sample size datasets were
analysed, and cells at a lower passage number were used for the experiments. The
initial heat shock experiments were a useful preparation for the larger major heat
shock experiment using much larger sample size datasets and younger cells at
passage number 12.

With these experiments, an interesting outcome was the implication of a trend that
with older cells at moderately higher passage numbers, the responses to stimuli may
be diminished, since for these cells, stimuli did not induce chromosome
repositioning, such that there were no statistically significant differences between the
control datasets and the main treatment datasets. Initially this was of some concern,
however it was later found to be very interesting and informative when compared to

results with moderately younger cells, albeit with larger sample sizes.
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In order to gauge the growth characteristics of the NB1 cell line being used for these
experiments and under the conditions maintained, in relation to viability, cell culture
growth curve graphs were generated for NB1 cells from passage numbers 16-19 and
16-20 (Figure 4.4). These growth curves, showing the rate of accumulated
population doublings (APD) confirmed that the NB1 cell line being used remained
viable, and continued to grow vigorously up to and beyond passage number 20. This
confirmed that these cell cultures were suitable for experiments, and would generate
reliable data, not biased by diminished overall replication potential. It is however
important to note that in even a vigorously growing cell culture, there will always be a
proportion of non-proliferating cells that have exited the cell cycle. This is clearly
shown when the Ki-67 proliferation marker is used, and shows that some cells are no
longer in proliferation, even in cell cultures maintained in high serum media. Ki-67
staining is a powerful and reliable biomarker of cell proliferation, and the absence of

Ki-67 staining is equally a powerful tool for confirming non-proliferation.

Statistical analyses by t-test were performed using the GraphPad Software and the
output generated by the software is displayed in tabulated form, in the results
sections showing the details of the calculations and parameters. This is considered
desirable, as the statistical analysis is especially central to the interpretation of the
results of the chromosome positioning data, such that each nuclear shell, as
designated by the erosion script software, must be individually analysed to determine
the significance of the difference if any between data sets. It is just as important to
determine that a pair of data sets for a given nuclear shell show no statistically
significant difference as it is important to determine if a pair of datasets do show a
statistically significant difference. By this logic a repositioning event can be

confirmed.
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Figure 4.4. Examples of graphs showing growth curves, with the rate of Accumulated
Population Doubling (APD) for two separate NB1 fibroblast cell cultures. Both cultures
demonstrate vigorous growth, thus corroborating the growth characteristics. (A) Passage
numbers 16-19; this culture was used for a heat shock experiment at passage 18 (Nb1.18).
(B) Passage numbers 16-20; this culture was not used in an experiment. These graphs were
generated to help confirm that the NB1 cell cultures used were viable and therefore suitable
for experiments. Formula below used for calculation of population doubling.

Population doubling =

(log no. of cells harvested per dish - log no. of cells set up at previous passage per dish) / log 2.0
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Low serum assay with chromosome 10 (passage 25 NB1 cells)

Chromosome 10 was used in a low serum (0.5% FCS) assay to observe the effect of
this stimulus on chromosome position. The NB1 cells used were at passage number
25 and therefore these cells represent moderate age cells, and thus the findings
would inform regarding the response in relation to cell age when compared to similar
experiments with younger cells. Representative images of the nuclei stained for
chromosome 10 positions are shown in Figures 4.5 and 4.6. These images are
examples of the digital data used by the computer erosion analysis to determine the
positions of chromosome 10. The graph in Figure 4.7 shows that in both the high
serum maintained control cells and the low serum exposed cells, the position of
chromosome 10 is mostly towards the interior (nuclear shells 4 and 5) of the nucleus,
although as also shown in the graph, there are lesser amounts of chromosome 10
signal at an intermediate position in the nucleus (nuclear shell 3). This is also shown
by the images in Figures 4.5 and 4.6 where some nuclei show intermediate and
peripheral positions. The cells exposed to low serum (0.5% FCS) media for 1 hour,
would not be induced to quiescence, since they would need to be in low serum
media for at least 4 days to exit the cell cycle as a result of reduced nutrient
conditions. Therefore, the stimulus of a low nutrient environment for 1 hour may only
induce chromosome relocation as a response, and not alter the cellular state of the
cells. According to the statistical analyses (Tables 4.1-4.5) there is no statistically
significant difference between the high serum (15% FCS) media maintained cells
and the low serum (0.5% FCS) media exposed cells in the positions of chromosome
10. This result indicates that there was no chromosome 10 relocation in response to
the low serum media exposure for 1 hour. Though it is important to note the
conditions of this experiment with regards to age of cells and sample size both of

which will affect the outcome of the results.
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Figure 4.5. Representative images used for the computer erosion analysis, showing
nuclei of high serum maintained control cells, stained for chromosome 10 territories
by 2D FISH. Scale bar = 10 pm.

Figure 4.6. Representative images used for the computer erosion analysis, showing
nuclei of low serum (0.5% FCS) media exposed cells (for 1 hour), stained for
chromosome 10 territories by 2D FISH. Scale bar = 10 pum.
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Chromosome 10 Low Serum Assay with High Serum Control
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Figure 4.7. Results of low serum (0.5% FCS) assay for chromosome positioning.
Shell number 1 is most peripheral and shell number 5 is most interior. The graph
shows that chromosome 10 positions (mostly interior) in nuclei of high serum
maintained control cells and low serum exposed cells are very similar, indicating a
lack of chromosome 10 relocation in response to low serum media exposure for 1
hour. For both datasets n = 15. Error bars show SEM. The statistical analysis found
no significant difference when the data for low serum exposed cells are compared
with the data for high serum maintained cells. See tables 4.1-4.5 for statistical

calculation and analysis.
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Statistical analysis: chromosome 10 low serum assay with high
serum (15% FCS) maintained control cells

Low serum exposed cells compared with high serum maintained control cells
for each nucleus shell

Table 4.1. HS = high serum control, LS = low serum exposed.

Nucleus Shell 1

P value and statistical significance:
The two-tailed P value equals 0.9674
This difference is not statistically significant.

Intermediate values used in calculations:
t=0.0412
df =28
standard error of difference = 0.243

Group OnechlOHS One chl1l0LS

Mean 0.620 0.610
SD 0.688 0.639
SEM 0.177 0.165
N 15 15

Table 4.2. HS = high serum control, LS = low serum exposed.

Nucleus Shell 2

P value and statistical significance:
The two-tailed P value equals 0.9264
This difference is not statistically significant.

Intermediate values used in calculations:
t=0.0932
df = 28
standard error of difference = 0.214

Group Two chl0HS Two chl0LS

Mean 0.800 0.820
SD 0.658 0.506
SEM 0.169 0.130
N 15 15
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Table 4.3. HS = high serum control, LS = low serum exposed.

Nucleus Shell 3

P value and statistical significance:
The two-tailed P value equals 0.5743
This difference is not statistically significant

Intermediate values used in calculations:
t =0.5683
df = 28
standard error of difference = 0.176

Group Three ch10 HS Three chl0LS

Mean 0.950 1.050
SD 0.522 0.436
SEM 0.135 0.112
N 15 15

Table 4.4. HS = high serum control, LS = low serum exposed.

Nucleus Shell 4

P value and statistical significance:
The two-tailed P value equals 0.9112
This difference is not statistically significant.

Intermediate values used in calculations:
t=0.1126
df = 28
standard error of difference = 0.178

Group Four chlOHS Four chl10LS

Mean 1.150 1.130
SD 0.548 0.415
SEM  0.141 0.107
N 15 15
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Table 4.5. HS = high serum control, LS = low serum exposed.

Nucleus Shell 5

P value and statistical significance:
The two-tailed P value equals 0.7040
This difference is not statistically significant.

Intermediate values used in calculations:
t=0.3838
df = 28
standard error of difference = 0.261

Group Five chl1l0HS Five chl0LS

Mean 1.210 1.110
SD 0.778 0.642
SEM 0.201 0.165
N 15 15
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Low serum assay with chromosome 15 (passage 20 NB1 cells) and anti-Ki-67

proliferation marker

NB1 cells at passage 20 were used to study the effect of exposure to low serum
conditions for 1 hour, by the low serum (0.5% FCS) media assay, on chromosome
15 positioning. Ki-67 proliferation marker was used to distinguish between
proliferating and non-proliferating cells. This added more reliability and robustness to
the data collection stage, such that the difference between proliferating and non-
proliferating cells could be determined with more confidence. This is particularly
important when using cell cultures still showing vigorous growth, as a considerable
proportion of cells in such cultures would be proliferating. In data presented here, the
positions of chromosome 15 in the nuclei of proliferating and non-proliferating cells
following exposure to low serum media conditions were compared, in order to
determine if chromosome 15 relocation had occurred. Also in the data, the position
of chromosome 15 in the nuclei of high serum (15% FCS) maintained non-
proliferating cells (Ki-67 —ve) are included. Representative images of the nuclei
stained for chromosome 15 positions are shown in Figures 4.8-4.10. These images
are examples of the digital data used by the computer erosion analysis to determine
the positions of chromosome 15. As had been described in section 4.2.3 of this
chapter, the Ki-67 signal had been removed from the images in order to allow for the
computer analysis of the images for chromosome territory determination without
interference. The results of this work under the conditions performed and with the
cells used at given passage number, show that there is was no statistically
significant difference in the positions of chromosome 15 after 1 hour exposure to low
serum (0.5% FCS) media conditions, when proliferating and non-proliferating cells
are compared. Chromosome 15 position in the nuclei of the non-proliferating cells
maintained in high serum media, also show the same nuclear location as the low
serum exposed cells. This suggests that the chromosome 15 position of proliferating
and non-proliferating cells after exposure low nutrient conditions are similar, and that
chromosome relocation had not occurred. The graph in Figure 4.11 shows clearly
that the position of chromosome 15 is mostly at the nuclear interior (nuclear shell 5)
and this is corroborated by some the sample images of nuclei used in the analysis as
shown in Figures 4.8-4.10. This position is in agreement with previous findings of the
position of chromosome 15 in quiescent cells (Mehta et al. 2010).
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Figure 4.8. Representative images used for the computer erosion analysis, showing
low serum (0.5% FCS) media exposed Ki-67 negative nuclei stained for
chromosome 15 territories by 2D FISH. Scale bar = 10 um.

Figure 4.9. Representative images used for the computer erosion analysis, showing
low serum (0.5% FCS) media exposed Ki-67 positive nuclei stained for chromosome
15 territories by 2D FISH. Note that the Ki-67 signal has been removed in order to
allow for the computer analysis of the images for chromosome territory
determination. Scale bar = 10 um.
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Figure 4.10. Representative images used for the computer erosion analysis,
showing high serum (15% FCS) maintained Ki-67 negative nuclei stained for
chromosome 15 territories by 2D FISH. Scale bar = 10 um.
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Chromosome 15 Low Serum Assay with Ki-67 Proliferation
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Figure 4.11. Results of the low serum (0.5% FCS) assay for chromosome
positioning with Ki-67 proliferation marker. Shell number 1 is most peripheral and
shell number 5 is most interior. The graph shows that the nuclear positions of
chromosome 15 are mostly interior for both Ki-67 positive and Ki-67 negative nuclei
exposed to low serum media, and for Ki-67 negative nuclei maintained in high serum
(15% FCS). This indicates a lack of chromosome 15 relocation in response to low
serum conditions. n = 32 for low serum exposed Ki-67 —ve, n = 26 for low serum
exposed Ki-67 +ve, n = 15 for high serum (15% FCS) maintained Ki-67 —ve. Error
bars show SEM. The statistical analysis found no significant difference when the
data for proliferating and non-proliferating cells are compared. See tables 4.6-4.15

for statistical analysis and calculation.
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Statistical analysis: chromosome 15 low serum assay

Low serum assay main treatment Ki-67 -ve compared with Ki-67 +ve

Table 4.6. LS = low serum exposed.

Nucleus Shell 1

P value and statistical significance:
The two-tailed P value equals 0.5842
This difference is not statistically significant.

Intermediate values used in calculations:
t = 0.5504
df =56
standard error of difference = 0.228

Group Onechl5LSk- Onechl5LSk+

Mean 0.278 0.403
SD 0.517 1.157
SEM 0.091 0.227
N 32 26

Table 4.7. LS = low serum exposed.

Nucleus Shell 2

P value and statistical significance:
The two-tailed P value equals 0.6340
This difference is not statistically significant.

Intermediate values used in calculations:
t=0.4788
df =56
standard error of difference = 0.185

Group Two ch15LS k- Two ch15 LS k+

Mean 0.590 0.502
SD 0.758 0.616
SEM 0.134 0.120
N 32 26
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Table 4.8. LS = low serum exposed.

Nucleus Shell 3

P value and statistical significance:
The two-tailed P value equals 0.4313
This difference is not statistically significant.

Intermediate values used in calculations:
t=0.7928
df =56
standard error of difference = 0.141

Group Three ch15LS k- Three ch15 LS k+

Mean 0.673 0.562
SD 0.496 0.573
SEM 0.087 0.112
N 32 26

Table 4.9. LS = low serum exposed.

Nucleus Shell 4

P value and statistical significance:
The two-tailed P value equals 0.6756
This difference is not statistically significant.

Intermediate values used in calculations:
t=0.4207
df =56
standard error of difference = 0.133

Group Four ch15LS k- Four ch15 LS k+

Mean 0.964 0.908
SD 0.439 0.575
SEM 0.077 0.112
N 32 26
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Table 4.10. LS = low serum exposed.

Nucleus Shell 5

P value and statistical significance:
The two-tailed P value equals 0.7828
This difference is not statistically significant.

Intermediate values used in calculations:
t=0.2771
df =56
standard error of difference = 0.247

Group Fivechl5LS k- Five ch15LS k+

Mean 1.639 1.707
SD 0.949 0.921
SEM 0.167 0.180
N 32 26

Low serum exposed Ki-67 +ve compared high serum maintained Ki-67 -ve

Table 4.11. HS = high serum control, LS = low serum exposed.

Nucleus Shell 1

P value and statistical significance:
The two-tailed P value equals 0.5395
This difference is not statistically significant.

Intermediate values used in calculations:
t=0.6190
df =39
standard error of difference = 0.311

Group Onechl5LSk+  Onechl5HS k-

Mean 0.403 0.211
SD 1.157 0.402
SEM 0.227 0.103
N 26 15
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Table 4.12. HS = high serum control, LS = low serum exposed.

Nucleus Shell 2

P value and statistical significance:
The two-tailed P value equals 0.7919
This difference is not statistically significant.

Intermediate values used in calculations:
t=0.2657
df =39
standard error of difference = 0.178

Group Twochl5LS k+ Two ch15 HS k-

Mean 0.502 0.454
SD 0.616 0.406
SEM 0.120 0.104
N 26 15

Table 4.13. HS = high serum control, LS = low serum exposed.

Nucleus Shell 3

P value and statistical significance:
The two-tailed P value equals 0.6082
This difference is not statistically significant.

Intermediate values used in calculations:
t=0.5168
df =39
standard error of difference = 0.162

Group Threechl5LS k+ Three ch15 HS k-

Mean 0.562 0.646
SD 0.573 0.329
SEM 0.112 0.085
N 26 15
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Table 4.14. HS = high serum control, LS = low serum exposed.

Nucleus Shell 4

P value and statistical significance:
The two-tailed P value equals 0.5107
This difference is not statistically significant.

Intermediate values used in calculations:
t=0.6639
df =39
standard error of difference = 0.167

Group Fourchl5LSk+ Four ch15 HS k-

Mean 0.908 1.019
SD 0.575 0.387
SEM 0.112 0.100
N 26 15

Table 4.15. HS = high serum control, LS = low serum exposed.

Nucleus Shell 5

P value and statistical significance:
The two-tailed P value equals 0.5555
This difference is not statistically significant.

Intermediate values used in calculations:
t =0.5946
df =39
standard error of difference = 0.268

Group Fivechl5LS k+ Five ch15 HS k-

Mean 1.707 1.866
SD 0.921 0.622
SEM 0.180 0.160
N 26 15
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Heat shock assay with chromosome 11 (passage 20 NB1 cells) and anti-Ki-67
proliferation marker

The response of chromosome 11 to a heat shock stimulus at 42°C for 1 hour, with
regards to nuclear position was studied using NB1 cells at passage 20. The Ki-67
proliferation marker was also used as a useful marker of cell proliferation. It was of
interest to study the response to this assay in particular with chromosome 11, as it is
known to contain the HSP73 heat shock protein gene (Tavaria et al. 1995; Tavaria et
al. 1996). As shown in Figure 4.14, the results of this work under the conditions
performed, and with the cells used at given passage number, did not show a
statistically significant difference in the positions of chromosome 11 in response to
heat shock, when the proliferating and non-proliferating cells are compared, before
and after the heat shock stimulus for 1 hour at 42°C. Representative images of the
nuclei stained for chromosome 11 positions are shown in Figures 4.12 and 4.13.
These images are examples of the digital data used by the computer erosion
analysis to determine the positions of chromosome 11. Figure 4.14 shows that the
position of chromosome 11 as analysed in this work is mostly at the nuclear
periphery (nuclear shells 1 and 2) and this is corroborated by some of the images
shown in Figures 4.12 and 4.13. The heat shock assay with chromosome 11, when
subsequently performed at a larger scale and with younger cells at considerably
lower passage number of 12, did show chromosome 11 relocation as presented in

section 4.3.3.
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Figure 4.12. Representative images used for the computer erosion analysis,
showing control (not heat shocked) Ki-67 negative nuclei stained for chromosome 11
territories by 2D FISH. Scale bar = 10 pum.

Figure 4.13. Representative images used for the computer erosion analysis,
showing heat shocked (42°C for 1 hour) Ki-67 negative nuclei stained for
chromosome 11 territories by 2D FISH. Scale bar = 10 pum.
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Chromosome 11 Heat Shock Assay with Ki-67 Proliferation Marker
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Figure 4.14. Results of the heat shock assay (42°C for 1 hour) for chromosome
positioning with Ki-67 proliferation marker. Shell number 1 is most peripheral and
shell number 5 is most interior. The graph and statistical analysis show no significant
difference in the positions of chromosome 11 in response to heat shock when the
proliferating and non-proliferating cells are compared, before and after the heat
shock stimulus for 1 hour at 42°C. This indicates a lack of chromosome 11 relocation
in response to this heat shock. The graph also shows that the nuclear position of
chromosome 11 is mainly at a peripheral location. n = 42 for control Ki-67 —ve, n =
21 for heat shock Ki-67 —ve, n = 15 for heat shock Ki-67 +ve, n = 18 for control Ki-67
+ve. Error bars show SEM. See tables 4.16-4.25 for statistical analysis and
calculation.
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Statistical Analysis:
Initial heat shock assay with chromosome 11

Heat shock Ki-67 -ve compared with heat shock Ki-67 +ve for each nucleus
shell

Table 4.16. HtS = heat shock.

Nucleus Shell 1

P value and statistical significance:
The two-tailed P value equals 0.8949
This difference is not statistically significant.

Intermediate values used in calculations:
t=0.1331
df =34
standard error of difference = 0.448

Group One chll HtS k- One ch1l HtS k+

Mean 1.200 1.260
SD 1.071 1.622
SEM  0.233 0.418
N 21 15

Table 4.17. HtS = heat shock.

Nucleus Shell 2

P value and statistical significance:
The two-tailed P value equals 0.8201
This difference is not statistically significant.

Intermediate values used in calculations:
t=0.2292
df =34
standard error of difference = 0.249

Group Two chll HtSk-  Two ch1l HtS k+

Mean 1.195 1.138
SD 0.667 0.827
SEM 0.145 0.213
N 21 15
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Table 4.18. HtS = heat shock.

Nucleus Shell 3

P value and statistical significance:
The two-tailed P value equals 0.4555
This difference is not statistically significant.

Intermediate values used in calculations:
t=0.7548
df =34
standard error of difference = 0.195

Group Three chl11 HtS k- Three chll HtS k+

Mean 0.960 1.107
SD 0.566 0.591
SEM 0.123 0.152
N 21 15

Table 4.19. HtS = heat shock.

Nucleus Shell 4

P value and statistical significance:
The two-tailed P value equals 0.2874
This difference is not statistically significant.

Intermediate values used in calculations:
t=1.0807
df =34
standard error of difference = 0.201

Group Four chll HtS k- Four ch11 HtS k+

Mean 0.825 1.042
SD 0.655 0.498
SEM 0.142 0.128
N 21 15
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Table 4.20. HtS = heat shock.

Nucleus Shell 5

P value and statistical significance:
The two-tailed P value equals 0.2957
This difference is not statistically significant.

Intermediate values used in calculations:
t=1.0622
df =34
standard error of difference = 0.258

Group Five ch1l1 HtS k- Five chll HtS k+

Mean 0.984 0.710
SD 0.891 0.527
SEM 0.194 0.136
N 21 15
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Heat shock Ki-67 +ve compared with control Ki-67 +ve for each nucleus shell

Table 4.21. HtS = heat shock, Cont = not heat shocked.

Nucleus Shell 1

P value and statistical significance:
The two-tailed P value equals 0.9612
This difference is not statistically significant.

Intermediate values used in calculations:
t =0.0490
df =31
standard error of difference = 0.593

Group One chl1l HtS k+ One ch1l Cont k+

Mean 1.260 1.289
SD 1.622 1.754
SEM 0.418 0.413
N 15 18

Table 4.22. HtS = heat shock, Cont = not heat shocked.

Nucleus Shell 2

P value and statistical significance:
The two-tailed P value equals 0.9234
This difference is not statistically significant.

Intermediate values used in calculations:
t=0.0970
df =31
standard error of difference = 0.370

Group Two chl1l HtS k+ Two chll Cont k+

Mean 1.138 1.174
SD 0.827 1.214
SEM 0.213 0.286
N 15 18
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Table 4.23. HtS = heat shock, Cont = not heat shocked.

Nucleus Shell 3

P value and statistical significance:
The two-tailed P value equals 0.3315
This difference is not statistically significant.

Intermediate values used in calculations:
t =0.9866
df =31
standard error of difference = 0.211

Group Threechll HtSk+  Three chll Cont k+

Mean 1.107 0.899
SD 0.591 0.615
SEM 0.152 0.145
N 15 18

Table 4.24. HtS = heat shock, Cont = not heat shocked.

Nucleus Shell 4

P value and statistical significance:
The two-tailed P value equals 0.6604
This difference is not statistically significant.

Intermediate values used in calculations:
t =0.4437
df =31
standard error of difference = 0.202

Group Four chll HtS k+ Four ch11 Cont k+

Mean 1.042 0.953
SD 0.498 0.634
SEM 0.128 0.149
N 15 18
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Table 4.25. HtS = heat shock, Cont = not heat shocked.

Nucleus Shell 5

P value and statistical significance:
The two-tailed P value equals 0.5007
This difference is not statistically significant.

Intermediate values used in calculations:
t=0.6814
df =31
standard error of difference = 0.246

Group Five ch11 HtS k+ Five chl1l Cont k+

Mean 0.710 0.878
SD 0.527 0.821
SEM 0.136 0.193
N 15 18
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4.3.2 Chromosome 10 low serum (0.5% FCS) media assay (passage 19 NB1
cells) with anti-Ki-67 proliferation marker

In this work NBL1 cells at passage 19 were used to study the effect of exposure to low
serum conditions for 1 hour, by the low serum (0.5% FCS) media assay, on
chromosome 10 positioning. In the initial low serum assays performed previously
with chromosome 10, the Ki-67 proliferation marker was not used (section 4.3.1)
therefore with the use of Ki-67 marker for this work it was possible to distinguish
between proliferating and non-proliferating cells. This low serum media assay was
performed with moderately younger cells (passage 19) compared to the work
presented in section 4.3.1 for the chromosome 10 low serum assay, which was
performed with cells at passage number 25. Although this difference in passage
number is not very large, there may still be a sufficient distance in cell age between
the passage numbers, to be relevant for a comparison. Representative images of the
nuclei stained for chromosome 10 positions are shown in Figures 4.15 and 4.16.
These images are examples of the digital data used by the computer erosion
analysis to determine the positions of chromosome 10. According to the results of
this work as shown in Figure 4.17, in proliferating cells exposed to low serum (0.5%
FCS) media, chromosome 10 has a mostly intermediate-interior position (nucleus
shells 3 and 4 peaking at 3) in the nucleus, as demonstrated by some of the images
in Figure 4.16. In non-proliferating cells exposed to low serum (0.5% FCS) media
chromosome 10 has a more peripheral position (nucleus shell 2) in the nucleus, as
demonstrated by some of the images in Figure 4.15. According to the statistical
analysis there are statistically significant differences in the positions of chromosome
10 in the nuclei of proliferating cells (Ki-67 +ve), exposed to low serum media when
compared to chromosome 10 positions in the nuclei of non-proliferating cells (Ki-67 —
ve), exposed to low serum (0.5% FCS) media. Specifically these differences are
seen in nucleus shell 2 (P = 0.0494) and nucleus shell 4 (P = 0.0080). These

differences may indicate chromosome 10 relocation.
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Figure 4.15. Representative images used for the computer erosion analysis,
showing Ki-67 negative nuclei stained for chromosome 10 territories by 2D FISH.

Scale bar = 10 pum.

Figure 4.16. Representative images used for the computer erosion analysis,
showing Ki-67 positive nuclei stained for chromosome 10 territories by 2D FISH.
Note that the Ki-67 signal has been removed in order to allow for the computer
analysis of the images for chromosome territory determination. Scale bar = 10 pum.
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Chromosome 10 Low Serum Assay with Ki-67 Proliferation Marker
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Figure 4.17. Results of the low serum (0.5% FCS) media assay for chromosome 10
positioning with Ki-67 proliferation marker. Shell number 1 is most peripheral and
shell number 5 is most interior. These results show a statistically significant
difference in shell 2 (P = 0.0494) for chromosome 10 position between proliferating
and non-proliferating cells. The difference in shell 4 is also statistically significant (P
= 0.0080). The graph shows that, following exposure to low serum conditions for 1
hour, chromosome 10 positions for the Ki-67 positive nuclei are mostly intermediate-
interior and those for Ki-67 negative nuclei are more towards the periphery in
comparison. n = 57 for Ki-67 —ve, n = 52 for Ki-67 +ve. Error bars show SEM. See

tables 4.26-4.30 for statistical analysis and calculation.
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Statistical analysis: chromosome 10 low serum assay with Ki-67;
Ki-67 —ve compared with Ki67+ve for each nucleus shell

Table 4.26. LS = low serum exposed.

Nucleus Shell 1

P value and statistical significance:
The two-tailed P value equals 0.0701
This difference is not statistically significant.

Intermediate values used in calculations:
t=1.8297
df =107
standard error of difference = 0.213

Group onechl0LSKk- one chl0 LS k+

Mean 1.036 0.648
SD 1.219 0.970
SEM 0.161 0.134
N 57 52

Table 4.27. LS = low serum exposed.

Nucleus Shell 2

P value and statistical significance:
The two-tailed P value equals 0.0494
This difference is statistically significant.

Intermediate values used in calculations:
t=1.9880
df =107
standard error of difference = 0.150

Group Two chl10LS k- Two chl10 LS k+

Mean 1.263 0.964

SD 0.837 0.722

SEM 0.110 0.100
N 57 52
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Table 4.28. LS = low serum exposed.

Nucleus Shell 3

P value and statistical significance:
The two-tailed P value equals 0.8104
This difference is not statistically significant.

Intermediate values used in calculations:
t = 0.2405
df =107
standard error of difference = 0.111

Group Three chl10 LS k- Three ch10 LS k+

Mean 1.188 1.161
SD 0.536 0.622
SEM 0.071 0.086
N 57 52

Table 4.29. LS = low serum exposed.

Nucleus Shell 4

P value and statistical significance:
The two-tailed P value equals 0.0080
This difference is statistically significant.

Intermediate values used in calculations:
t=2.7038
df =107
standard error of difference = 0.086

Group Four chl1l0OLS k- Four ch10 LS k+

Mean 0.861 1.095
SD 0.502 0.385
SEM 0.066 0.053
N 57 52
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Table 4.30. LS = low serum exposed.

Nucleus Shell 5

P value and statistical significance:
The two-tailed P value equals 0.4215
This difference is not statistically significant.

Intermediate values used in calculations:
t =0.8069
df =107
standard error of difference = 0.148

Group Fivechl10LS k- Five ch10 LS k+

Mean 0.686 0.805
SD 0.797 0.741
SEM 0.105 0.102
N 57 52

151




4.3.3 Novel chromosome relocation assay: Chromosome 11 heat shock assay
with anti-Ki-67 proliferation marker using passage 12 NB1 cells

In this major work, large datasets were used to thoroughly investigate the response
of chromosome 11 to a heat shock stimulus at 42°C for 1 hour, to determine the
nuclear positions of chromosome 11, before and after heat shock, in the nuclei of
proliferating and non-proliferating cells, using young NB1 cells at passage 12. Ki-67
was used as a marker of proliferation. By a thorough comparison of the obtained
data for both the heat shocked cells and control cells, proliferating and non-
proliferating for both (Figures 4.22-4.25), the aim was to provide robust results for
this investigation. Chromosome 11 is known to contain the HSP73 heat shock
protein gene (Tavaria et al. 1995; Tavaria et al. 1996) and is therefore of particular
relevance for performing heat shock assays. Representative images of the nuclei
stained for chromosome 11 positions for the four datasets generated are shown in
Figures 4.18-4.21. These images help to corroborate the data in the graphs. The
representative images are examples of the digital data used by the computer erosion
analysis to determine the positions of chromosome 11. The analyses of the data are
shown in graphs and associated statistical calculations in the following pages. The
graph in Figure 4.22 which is one of the key presentations of the data, shows a
difference in the nuclear locations of chromosome 11 between control proliferating
and heat shocked proliferating cells. Importantly, this graph indicates chromosome
relocation from nucleus shell 2 to 4 after heat shock. Another key presentation of the
data is the graph in Figure 4.23 which compares the nuclear locations of
chromosome 11 between control non-proliferating cells and heat shocked non-
proliferating cells. This clearly and importantly shows that in non-proliferating cells,
heat shock has not affected chromosome 11 position, suggesting a lack of relocation
in non-proliferating cells. The graphs in Figures 4.24 and 4.25 show a different
comparison of the data, which also confirm these findings. This work has established
a chromosome relocation assay based on the heat shock stimulus using
chromosome 11. In addition to establishing an assay for chromosome relocation, this
work has demonstrated a novel chromosome relocation in response to heat shock, in

a robust manner for chromosome 11.
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Figure 4.18. Representative images used for the computer erosion analysis,
showing control Ki-67 negative nuclei stained for chromosome 11 territories by 2D
FISH. Scale bar = 10 pum.

Figure 4.19. Representative images used for the computer erosion analysis,
showing control Ki-67 positive nuclei stained for chromosome 11 territories by 2D
FISH. Note that the Ki-67 signal has been removed in order to allow for the computer
analysis of the images for chromosome territory determination. Scale bar = 10 um.
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Figure 4.20. Representative images used for the computer erosion analysis,
showing heat shocked Ki-67 negative nuclei stained for chromosome 11 territories
by 2D FISH. Scale bar = 10 pm.

Figure 4.21. Representative images used for the computer erosion analysis,
showing heat shocked Ki-67 positive nuclei stained for chromosome 11 territories by
2D FISH. Note that the Ki-67 signal has been removed in order to allow for the
computer analysis of the images for chromosome territory determination.

Scale bar = 10 pm.
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Control Ki-67 +ve compared with Heat Shock Ki-67 +ve
for each nucleus shell.
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Figure 4.22. Results of heat shock assay (42°C for 1 hour) for chromosome
positioning with Ki-67 proliferation marker. Nucleus shell number 1 is most peripheral
location and nucleus shell number 5 is most interior location. This graph shows a
difference in the nuclear locations of chromosome 11 between control proliferating
and heat shocked proliferating cells. Importantly, this graph indicates chromosome
relocation from nucleus shell 2 to 4 after heat shock. The differences between
control proliferating cells, and heat shocked proliferating cells, in nucleus shell 2 (P =
0.0317) and nucleus shell 4 (P = 0.0385) are statistically significant. Error bars show

SEM. See tables 4.31-4.35 for statistical analysis and calculation.
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Statistical analysis: major heat shock assay with chromosome 11

Control Ki-67 +ve compared with heat shock Ki-67 +ve for each nucleus shell

Table 4.31. HeatS = heat shock, Cont = not heat shocked.

Nucleus Shell 1

P value and statistical significance:
The two-tailed P value equals 0.8368
This difference is not statistically significant.

Intermediate values used in calculations:
t=0.2064
df =119
standard error of difference = 0.214

Group One Cont Ki-67 +ve One HeatS ki-67 +ve

Mean 0.768 0.812
SD 1.064 1.247
SEM 0.144 0.152
N 54 67

Table 4.32. HeatS = heat shock, Cont = not heat shocked.

Nucleus Shell 2

P value and statistical significance:
The two-tailed P value equals 0.0317
This difference is statistically significant.

Intermediate values used in calculations:
t=2.1734
df =119
standard error of difference = 0.129

Group Two Cont Ki-67 +ve Two HeatS Ki-67 +ve

Mean 1.010 0.730
SD 0.819 0.596
SEM 0.111 0.072
N 54 67
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Table 4.33. HeatS = heat shock, Cont = not heat shocked.

Nucleus Shell 3

P value and statistical significance:
The two-tailed P value equals 0.6978
This difference is not statistically significant.

Intermediate values used in calculations:
t =0.3893
df =119
standard error of difference = 0.095

Group Three Cont Ki-67 +ve Three HeatS Ki-67 +ve

Mean 1.023 0.986

SD 0.539 0.504

SEM 0.073 0.061
N 54 67

Table 4.34. HeatS = heat shock, Cont = not heat shocked.

Nucleus Shell 4

P value and statistical significance:
The two-tailed P value equals 0.0385
This difference is statistically significant.

Intermediate values used in calculations:
t=2.0927
df =119
standard error of difference = 0.095

Group Four Cont Ki-67 +ve Four HeatS Ki-67 +ve

Mean 0.995 1.194

SD 0.472 0.552

SEM 0.064 0.067
N 54 67
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Table 4.35. HeatS = heat shock, Cont = not heat shocked.

Nucleus Shell 5

P value and statistical significance:
The two-tailed P value equals 0.9644
This difference is not statistically significant.

Intermediate values used in calculations:
t =0.0448
df =119
standard error of difference = 0.150

Group Five Cont Ki-67 +ve Five HeatS Ki-67 +ve

Mean 1.051 1.058

SD 0.815 0.819

SEM 0.110 0.100
N 54 67
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Control Ki-67 —ve compared with Heat Shock Ki-67 —ve for
each nucleus shell.
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Figure 4.23. Results of heat shock assay (42°C for 1 hour) for chromosome
positioning with Ki-67 proliferation marker. Nucleus shell number 1 is most peripheral
location and nucleus shell number 5 is most interior location. This graph compares
the nuclear locations of chromosome 11 between control non-proliferating cells and
heat shocked non-proliferating cells, and shows that there is no statistically
significant difference in the nuclear locations of chromosome 11. Importantly, this
shows that in non-proliferating cells, heat shock has not affected chromosome
position, suggesting a lack of relocation. Error bars show SEM. See tables 4.36-4.40

for statistical analysis and calculation.
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Control Ki-67 =ve compared with heat shock Ki-67 =ve for each nucleus shell

Table 4.36. HeatS = heat shock, Cont = not heat shocked.

Nucleus Shell 1

P value and statistical significance:
The two-tailed P value equals 0.7272
This difference is not statistically significant.

Intermediate values used in calculations:
t=0.3492
df = 226
standard error of difference = 0.228

Group One Cont ki-67 -ve One HeatS Ki-67 -ve

Mean 1.562 1.642

SD 1.604 1.769

SEM 0.162 0.155
N 98 130

Table 4.37. HeatS = heat shock, Cont = not heat shocked.

Nucleus Shell 2

P value and statistical significance:
The two-tailed P value equals 0.8468
This difference is not statistically significant.

Intermediate values used in calculations:
t=0.1934
df = 226
standard error of difference = 0.119

Group Two Cont Ki-67 -ve  Two HeatS Ki-67 -ve

Mean 1.352 1.329
SD 0.888 0.889
SEM 0.089 0.078
N 98 130
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Table 4.38. HeatS = heat shock, Cont = not heat shocked.

Nucleus Shell 3

P value and statistical significance:
The two-tailed P value equals 0.8770
This difference is not statistically significant.

Intermediate values used in calculations:
t=0.1550
df =226
standard error of difference = 0.071

Group Three Cont Ki-67 -ve Three HeatS Ki-67 -ve

Mean 1.060 1.049

SD 0.580 0.493

SEM 0.058 0.043
N 98 130

Table 4.39. HeatS = heat shock, Cont = not heat shocked.

Nucleus Shell 4

P value and statistical significance:
The two-tailed P value equals 0.5772
This difference is not statistically significant.

Intermediate values used in calculations:
t = 0.5583
df = 226
standard error of difference = 0.073

Group Four Cont Ki-67 -ve Four HeatS Ki-67 -ve

Mean 0.894 0.934

SD 0.531 0.551

SEM 0.053 0.048
N 98 130
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Table 4.40. HeatS = heat shock, Cont = not heat shocked.

Nucleus Shell 5

P value and statistical significance:
The two-tailed P value equals 0.6282
This difference is not statistically significant.

Intermediate values used in calculations:
t =0.4850
df = 226
standard error of difference = 0.096

Group Five Cont Ki-67 -ve Five HeatS Ki-67 -ve

Mean 0.746 0.699

SD 0.727 0.710

SEM 0.073 0.062
N 98 130
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Control Ki-67 —ve compared with control Ki-67 +ve
for each nucleus shell.
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Figure 4.24. Results of heat shock assay (control) for chromosome positioning with
Ki-67 proliferation marker. Nucleus shell number 1 is most peripheral location and
nucleus shell number 5 is most interior location. This graph shows a difference in the
nuclear locations of chromosome 11 between control non-proliferating cells and
control proliferating cells. Importantly, this graph shows that chromosome 11
occupies a different nuclear location in non-proliferating cells (more peripheral)
compared with proliferating cells (intermediate-interior). The differences between
proliferating and non-proliferating cells in nucleus shells 1 (P = 0.0014), 2 (P =
0.0207) and 5 (P = 0.0190) are statistically significant. Error bars show SEM. See

tables 4.41-4.45 for statistical analysis and calculation.
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Control Ki-67 =ve compared with control Ki-67 +ve for each nucleus shell

Table 4.41. Cont = not heat shocked.

Nucleus shell 1

P value and statistical significance:
The two-tailed P value equals 0.0014
This difference is statistically significant.

Intermediate values used in calculations:
t =3.2605
df = 150
standard error of difference = 0.244

Group One Cont Ki-67 -ve One Cont Ki-67 +ve

Mean 1.562 0.768

SD 1.604 1.064

SEM 0.162 0.144
N 98 54

Table 4.42. Cont = not heat shocked.

Nucleus Shell 2

P value and statistical significance:
The two-tailed P value equals 0.0207
This difference is statistically significant.

Intermediate values used in calculations:
t=2.3374
df = 150
standard error of difference = 0.147

Group Two Cont Ki-67 -ve Two Cont Ki-67 +ve

Mean 1.352 1.010

SD 0.888 0.819

SEM 0.089 0.111
N 98 54
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Table 4.43. Cont = not heat shocked.

Nucleus Shell 3

P value and statistical significance:
The two-tailed P value equals 0.7027
This difference is not statistically significant.

Intermediate values used in calculations:
t=0.3823
df = 150
standard error of difference = 0.096

Group Three Cont Ki-67 -ve  Three Cont Ki-67 +ve

Mean 1.060 1.023

SD 0.580 0.539

SEM 0.058 0.073
N 98 54

Table 4.44. Cont = not heat shocked.

Nucleus shell 4

P value and statistical significance:
The two-tailed P value equals 0.2436
This difference is not statistically significant.

Intermediate values used in calculations:
t=1.1706
df = 150
standard error of difference = 0.087

Group Four Cont Ki-67 -ve Four cont Ki-67 +ve

Mean 0.894 0.995

SD 0.531 0.472

SEM 0.053 0.064
N 98 54
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Table 4.45. Cont = not heat shocked.

Nucleus Shell 5

P value and statistical significance:
The two-tailed P value equals 0.0190
This difference is statistically significant.

Intermediate values used in calculations:
t=2.3719
df = 150
standard error of difference = 0.129

Group Five Cont Ki-67 -ve Five Cont Ki-67 +ve

Mean 0.746 1.051

SD 0.727 0.815

SEM 0.073 0.110
N 98 54
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Heat Shock Ki-67 +ve compared with Heat Shock Ki-67 -ve
for each nucleus shell.
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Figure 4.25. Results of heat shock assay (42°C for 1 hour) for chromosome
positioning with Ki-67 proliferation marker. Nucleus shell number 1 is most peripheral
location and nucleus shell number 5 is most interior location. This graph shows a
difference in the nuclear locations of chromosome 11 between heat shocked
proliferating and heat shocked non-proliferating cells. Importantly, this graph
indicates chromosome relocation (from the periphery to interior) in proliferating cells
after heat shock, and no relocation in non-proliferating cells. The differences
between heat shocked proliferating cells and heat shocked non-proliferating cells in
nucleus shells 1 (P = 0.0008), 2 (P = 0.0001), 4 (P =0.0021) and 5 (P = 0.0017) are

statistically significant. See tables 4.46-4.50 for statistical analysis and calculation.
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Heat shock Ki-67 +ve compared with heat shock Ki-67 -ve for each nucleus
shell.

Table 4.46. HeatS = heat shock.

Nucleus Shell 1

P value and statistical significance:
The two-tailed P value equals 0.0008
This difference is statistically significant.

Intermediate values used in calculations:
t=3.4227
df =195
standard error of difference = 0.242

Group One HeatS Ki-67 +ve One HeatS Ki-67 -ve

Mean 0.812 1.642

SD 1.247 1.769

SEM 0.152 0.155
N 67 130

Table 4.47. HeatS = heat shock.

Nucleus shell 2

P value and statistical significance:
The two-tailed P value is less than 0.0001
This difference is statistically significant.

Intermediate values used in calculations:
t = 4.9665
df =195
standard error of difference = 0.121

Group Two HeatS Ki-67 +ve Two HeatS Ki-67 -ve

Mean 0.730 1.329

SD 0.596 0.889

SEM 0.072 0.078
N 67 130
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Table 4.48. HeatS = heat shock.

Nucleus Shell 3

P value and statistical significance:
The two-tailed P value equals 0.4029
This difference is not statistically significant.

Intermediate values used in calculations:
t=0.8383
df =195
standard error of difference = 0.075

Group Three HeatS Ki-67 +ve Three HeatS Ki-67 -ve

Mean 0.986 1.049

SD 0.504 0.493

SEM 0.061 0.043
N 67 130

Table 4.49. HeatS = heat shock.

Nucleus Shell 4

P value and statistical significance:
The two-tailed P value equals 0.0021
This difference is statistically significant.

Intermediate values used in calculations:
t=3.1226
df =195
standard error of difference = 0.083

Group Four HeatS Ki-67 +ve Four HeatS Ki-67 -ve

Mean 1.194 0.934

SD 0.552 0.551

SEM 0.067 0.048
N 67 130
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Table 4.50. HeatS = heat shock.

Nucleus Shell 5

P value and statistical significance:
The two-tailed P value equals 0.0017
This difference is statistically significant.

Intermediate values used in calculations:
t=3.1824
df =195
standard error of difference = 0.113

Group Five HeatS Ki-67 +ve Five HeatS Ki-67 -ve

Mean 1.058 0.699

SD 0.819 0.710

SEM 0.100 0.062
N 67 130
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4.4 DISCUSSION

The dynamics of various interphase chromosomes in response to two separate
stimuli have been studied. These two stimuli in the form of biotic (low nutrient) and
abiotic (heat shock) stress conditions have been studied with a comparative
approach, investigating proliferating and non-proliferating cells. One objective was
also partly directed towards developing an assay for chromosome movement, and to
observe the nature of the response by the chromosomes studied, to the stress
stimuli and therefore help to shed light on the natural processes that may occur at
cell physiological level, when cells are challenged under stress related conditions. In
addition, it was of interest to gain some insight into how this response may be related
to the age of the cells. The relevance of comparisons between proliferating and non-
proliferating cells in relation to the ability to respond to various stimuli is important for
several reasons. One central aspect is that, it informs regarding the physiological
effects of the ageing process at the cellular level, and this can be extrapolated to
effects at the tissue and organismal levels (Mylonas and O'Loghlen 2022). Also,
factoring in the age of the cells being compared in responses to stimuli, is important
to help gain further insight into which specific processes are functionally
compromised when cells age. An understanding of the specific processes affected in
ageing cells can allow for the development of clinical strategies, to ameliorate the
general health demise that may be associated with, and resulting from the ageing
process for example. Though it is also important to note that such demise with age is
also under the influence of other factors such as lifestyle choices (Rizzuto et al.
2012) and congenital tendencies (Daelman and Moons 2023), which may
synergistically interact with the physiological factors of ageing, and may therefore
render individuals more prone to the undesirable health outcomes with of the ageing

process.

The results of this chapter, in addition to confirming that in non-proliferating cells
chromosome 11 relocation has diminished functionality, and therefore this relocation
is not observed (Mehta et al. 2021), possibly as a result of the loss of functionality of
the molecular motor proteins involved (Mehta et al. 2010), has also suggested that
when cells are old due to replicative accumulated effects, they may also have
diminished ability to relocate chromosomes in response to stimuli. This was indirectly
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evident from the comparison of the low serum media assay performed with NB1 cells
at passage 25 compared with low serum media assay performed with cells at
passage 19, where chromosome 10 relocation was found only with the passage 19
cells. Therefore it may be possible that at passages above 20 cells begin to display
some age related deficiencies in function. Although the comparison between
passage 19 and 25 cells is not a very robust approach, due to the small difference
between these, it may lead the way to more thorough and better designed
investigations in future, to shed light on this topic. Chromosome 15 at passage 20
also did not show chromosome relocation in response to the low serum media
assay. Chromosome 11 in proliferating cells in response to heat shock, relocated
with considerably young NB1 cells at passage 12, but with passage 20 NB1 cells
chromosome 11 relocation in response to heat shock was not observed. The
difference between passage 12 and passage 20 cells is more considerable and
possibly adds more credence to this postulation, regarding the relationship between
cell age as inferred by passage number, and chromosome relocation potential in
response to stimuli. In order to confirm the possibility that old NB1 cells regardless of
being in proliferation or non-proliferation state, as confirmed by the presence or
absence of Ki-67 staining respectively, may start to show diminished chromosome
mobility, further future experiments would need to be performed with larger datasets.
This possible relationship may be explained by suggesting that older cells are unable
to relocate due to reduced functionality of the relocation mechanism, which would
involve molecular motor proteins. This is in keeping with a main focus of the line of
inquiry in this project, that in non-proliferating cells the molecular motor proteins may
have reduced function. This may possibly also be true in older cells as a separate

factor affecting the ability of cells to respond to stimuli.

The low serum assay work in this chapter, with passage 19 cells, shows that in
proliferating cells exposed to low serum media, chromosome 10 has a mostly
intermediate position in the nucleus and this agrees with previous observations
regarding chromosome 10 in proliferation (Mehta et al. 2010). In non-proliferating
cells exposed to low serum media, chromosome 10 was found to have a more
peripheral position in the nucleus, again in agreement with previous findings (Mehta
et al 2010). In their work, Mehta et al. (2010) show that chromosome 10 relocates
from an intermediate position to a peripheral position when induced to quiescence by
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low serum media conditions. The authors also demonstrated that in normal
proliferating cells, chromosome 10 is at an intermediate position in the nucleus.
Interestingly, it was shown by Mehta et al. (2021) that chromosome 10 shows
differing positions in senescent cells compared with quiescent cells, such that in
senescent cells the position of chromosome 10 is at the interior of the nucleus
compared with a peripheral position in quiescent cells. The lack of chromosome 15
relocation in response to the low serum media under the conditions performed in the
current study, suggests that the chromosome 15 position and behaviour of
proliferating and non-proliferating cells after exposure to low nutrient conditions are
similar. It was found that the position of chromosome 15 is at the nuclear interior.
This position is in agreement with previous findings of the position of chromosome
15 in quiescent cells (Mehta et al. 2010).

In the initial heat shock assay with chromosome 11, it was found that chromosome
11 position is mainly at the nuclear periphery, though also tending towards the
margins of the intermediate position. This is somewhat comparable to previous
findings (Meaburn et al. 2008; Mehta et al. 2010) where chromosome 11 was found
to be located at an intermediate position in proliferating cells, and at a peripheral
position in quiescent cells. The major finding in this chapter was the successful
completion of a heat shock assay using NB1 passage 12 fibroblast cells, which has
generated high quality and interesting results and has established a chromosome
relocation assay based on the heat shock stimulus using chromosome 11. In
addition to establishing an assay for chromosome relocation, this work has
demonstrated a novel chromosome relocation in response to heat shock, in a robust
manner using chromosome 11. Importantly, the results of this work also indicate that
in non-proliferating cells, chromosome relocation does not occur after stimulus, in
contrast to the situation with proliferating cells. This supports the main hypothesis of
this project regarding the lack of interphase chromosome relocation in non-
proliferating cells due to reduced functionality of molecular motors. The chromosome
relocation found in this work occurs in the nuclei of proliferating cells only and is from
the nuclear periphery to the interior in response to heat shock stimulus at 42°C for 1

hour.
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Among the most important features of living things is the ability to respond to various
biotic and abiotic stimuli, such that all organisms have sensory ability to gauge the
conditions of the environment with which they interact (Kaas 1989; Oteiza and
Baldwin 2021). This ability to respond to stimuli has evolved to allow organisms to
survive and flourish in their natural habitat, and function at the organismal level as
well as at the tissue, cellular and sub-cellular level. Just as an organism has sensory
systems and mechanisms to interact with the conditions found in the ecosystem it
inhabits, a cell has mechanisms to respond to the conditions it is exposed to. These
mechanisms also involve cellular signalling cascades, ultimately leading to changes
in gene expression, and a physiological effect to meet the biological requirements
induced by the original stimulus. The different scales of response are not always
exclusive in living systems, in that the stimuli/conditions at the organismal level are
conveyed at the tissue and cellular level to elicit a response, which may in turn
translate at the organismal level (Abouheif et al. 2014; Gilbert et al. 2015). Although
studying such dynamics in vitro sheds light on such processes, the situation in vivo
will be more complex. However, in vitro studies are a powerful tool to allow a

reductionist approach to help unravel the complexities that exist in vivo.

174



Chapter 5: General Discussion

The cell nucleus and the molecular processes that occur in this highly complex
structure, which are crucial to the cell and the organism as a whole, are without
doubt among the most important and pivotal components of life in all eukaryotic
organisms, both unicellular and multicellular. Importantly, the chromosomes
contained in the nucleus in collaboration with the various nuclear substructures, have
a most crucial role of orchestrating the complex gene expression profile of an
organism, through gene regulatory networks in a highly accurate, efficient and
dynamic manner for the duration of its lifespan, from fertilization to early
development, morphogenesis and growth, all the way to reproduction and old age
(Davidson and Levine 2008; Peng and Han 2018). The spatiotemporal and dynamic
nature of genomic expression (Sato et al. 2020) allows for the genetic information
contained within the chromosomes to be utilized by cells, and therefore the organism
according to physiological needs, under various conditions. As living systems are in
a constant state of sensing and responding to conditions they are exposed to, the
ability to continue these dynamics efficiently is important throughout the life of the
organism (Bowsher and Swain 2014).

The work in this thesis has taken the aspect of a rather broad approach, to address
the exploration of chromosome dynamics, and a search for the possible associated
proteins, in proliferating and non-proliferating cells. This exploration has involved
both extensive laboratory work, and in silico analyses, investigating a fairly large
number of possible candidate proteins, the roles of which in chromosome dynamics
may be inferred and lead to further investigative work, to determine the possibility of
involvement in the process of chromosome mobility. The novel demonstration that
the myosin proteins studied in the work of this thesis, show distinct and significant
differences in staining patterns when compared in proliferating and non-proliferating
cells, is an important find. This compels further investigation and exploration in future

work. The confirmation in this thesis, that chromosome mobility in non-proliferating
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cells is functionally halted to a large extent as demonstrated by heat shock non-
response, and furthermore, the establishment of a heat shock assay for
chromosome mobility, together with the relocation of human chromosome 11 in
response to a heat shock stimulus in primary fibroblast cells, are major finds and
contributions. In addition to these, the results of this work may suggest that possibly
in older cells at higher passage numbers, the chromosomes may have diminished
ability for relocation in response to stimuli, though this postulation is not strongly
confirmed in this work, and will require further investigation and may possibly lead to
interesting finds. Another interesting and significant find is that MYO5B may possibly
be involved in the process of splicing speckle mobility, due to the novel observation
of unequivocal colocalisation, discovered in this work, and by extrapolation to
previous findings by other labs that have demonstrated directed and active mobility

in parts of splicing speckles (Zhang et al. 2016).

Studies on the dynamics of chromosomes and the molecular mechanisms involved
in this process are inherently very complex and multifactorial. By exploring possible
protein candidates that may be involved in this mechanism, more insight will be
gained regarding the multifactorial nature of active chromosome mobility. The
observation of chromosome dynamics in response to stimuli under various biotic and
abiotic stress conditions, as well as the realisation of cellular states that halt such
dynamics, is crucial to shedding light on understanding this aspect of genomic
regulation, and how this regulatory mechanism can be controlled or altered both in
disease conditions, and in cellular ageing. Clearly, the evolution of this regulatory
mechanism of whole chromosome dynamics and directed mobility, allowing complex
orchestration of large genome based gene expression profiles, would have been
crucial to the functioning of the eukaryotes. The emergence and evolution of this
regulatory process, in the early eukaryotes and allowing for the evolution of
multicellularity was without doubt, among the most important and pivotal events in

the history of life on Earth.
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