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Abstract

Hutchinson-Gilford Progeria Syndrome (HGPS) is an exceedingly rare genetic
condition with striking features reminiscent of marked premature ageing. HGPS is
commonly caused by a ‘classic’ mutation in the A-type lamin gene, LMNA (G608G).
This leads to the expression of an aberrant truncated lamin A protein, progerin. The
nuclear lamina is known to anchor chromosomes, stabilising and regulating the
genome. Interphase chromosomes are non-randomly positioned in the nuclei of cells
and they occupy specific locations with respect to a radial distribution, gene-poor
chromosomes are positioned at the nuclear periphery and gene-rich chromosomes
are positioned towards the nuclear interior. The findings indicated that FTI-277,
pravastatin, Zoledronic acid, N-acetyl-L-cysteine and all three combination
treatments; FG, PZ, FPZ, have a positive effect on anchoring the genome to the
nuclear matrix in AG01972 cell line. Furthermore, it was shown that in terms of
positiong of chromosomes 18 and X, treatment of AG01972 HGPS cells with FTI +
GGTI and FTI-277 + pravastatin + zoledronic acid drug combinations greatly restored
the chromosomal organisation as well as the chromosome repositioning. The data in
this thesis indicated that HP1a was found affected in TO8 cells and upon lovastatin
treatment TO8 cells exhibited increased HP1a staining which is the good indication of
rescue of heterochromatin organization. Whole exome sequencing data obtained
from AG08466 atypical HGPS cells revealed that 2457589 position of promoter

region is missing on LMNB2 gene located on chromosome 19.

Intriguinly, the radial positions of chromosomes 10, 13, 18, and X results revealed
that first time ever in our lab chromosome X found occupying the nuclear interior in

atypical TO8 cells. Colocalisation analysis of chromosome and fibrillarin findings



confirmed chromosome positioning results since chromosomes X colocalised with
fibrillarin with higher percentages in T08 cells than other cells suggesting the
situation appears to be due to elongated telomeres with more chromosome territories
being in the nuclear interior associated with nucleoli. M-FISH karyotyping analysis
results confirmed unequivocally metaphase chromosome findings that immortalised
TO8 cell line has aneuoploidy including deletions and translocations. Histone
modification marks H3K9me3, H3K27me3, H4K20me3 and HPla results indicated
that proteins were severely affected in TO6 cells, suggesting that expression of
truncuated progerin protein alters chromatin organization in TO6 cells and also the
structure of histone marks are severely affected in atypical TO8 cells. The structure of
nucleolus is affected in both typical and atypical immortalised HGPS cells,
suggesting epigenetic regulation to have a crucial role in HGPS. Subsequently, the
telomere lengths of immortalised normal and atypical TO8 HGPS cell lines were
assessed using IQ-FISH. The results indicated that both immortalised cells had
chromosomes with relatively longer telomeric repeats in comparison to the control
NB1 cells. The small non-peptidic, non-nucleosidic synthetic compounds (BIBR1532)
was utilised to target the telomerase/telomere complex of our immortalised cell lines
to shorten telomeres in order to test the hypothesis that elongated telomeres had
mislocalised chromosomes. Furthermore, the effect of BIBR1532 on telomeres
position in cells was assessed. Remarkably, results demonstrated that BIBR1532 is
capable of shortening telomere length of immortalised cells to the level of normal
NB1 fibroblasts and immortalised cell lines were capable of proliferating after drug
treatment. Furher, results revealed that BIBR1532 treatment can restore the position
of chromosome X towards the nuclear periphery within the NB1T and T08 nucleus.

Furthermore, although BIBR1532 treatment can restore the position of chromosome



18 towards the nuclear periphery in NB1T cells, treatment did not alter the position of
chromosome 18 in TO8 cells. Finally, the telomere dysfunction-induced foci (TIF)
assay was performed to detect DNA damage in NB1T and TO8 cells using an
antibody against DNA damage marker y-H2AX and a synthetic PNA probe for
telomeres. Surprisingly, results indicated that BIBR1532 treatment of cells did not

give rise to high DNA damage response in both NB1T and TO08 cells.
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Introduction

Within the human nuclei the hereditary material DNA is present in a highly compact
and organized manner. For the regulation of gene expression and as well as
maintenance of the cell, this level of organisation is vital and it is altered in
Hutchinson Gilford Progeria Syndrome premature ageing disease (Puckelwartz, et
al.,2011). In this literature review, nuclear structures and their functions and roles in
chromosomal and genome organization in normal cells as well as diseased HGPS

cells will be discussed.

1.1 The nucleus and nuclear architecture

The nucleus co-ordinates a wide range of functions, including transcription,
replication, repair of DNA and assembly of ribosomes. The nucleus consists of
several nuclear compartments; nuclear envelope, the genome, nucleoli, nuclear
bodies (Figure 1.1) (Foster and Bridger, 2005). Any misorganization or disruption of
this nuclear architecture could lead to diseases including cancer and severe ageing
diseases, such as the progeriod syndromes and laminopathies (Bridger et al., 2014;

Bourne et al., 2013; Goldman et al., 2002).
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Figure 1.1 This diagram shows components of an interphase nucleus including the

nuclear envelope, nuclear bodies, nuclear lamina and the genome.

1.1.1 Nuclear Matrix

Nuclear processes occurring at distinct sites suggest that there may be an
underlying structure in the nucleus. Although, nuclei do not contain a structure
resembling the cytoskeleton, a filamentous network consisting of protein, DNA and
RNA called “the nuclear matrix” may present in the nucleus (Jackson, 2003;
Berezney et al., 1995). Mika and Rost’s (2005) study reported that there are over
400 nuclear matrix proteins (NM proteins) and of these, almost 50% are constituents
of the inner nuclear membrane and 130 are connected with cell cycle (Mika and
Rost, 2005). If nuclei are treated with DNase, detergents, and high salt, this network
can be easily visualized compared to the cytoskeleton (Berezney et al., 1995). The

nuclear matrix is made up of 10 nm filaments supports DNA replication, repair, and
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transcription, maintaining the strict compartmentalization of the nucleus and also
providing a scaffold for higher-order chromatin packaging (Berezney et al., 1995).
The presence of the nuclear matrix proteins matrin 3(matr3) and scaffold attachment
factor A (SAFA) was demonstrated in transcription-associated nuclear environments
(Coelho et al., 2015; Malyavantham et al., 2008). It was reported that both matr3
and SAFA bind DNA at sites named scaffold/matrix attachment regions (S/MAR)
(Hibino et al., 2000; Goéhring and Fackelmayer, 1997). Moreover, SAFA stabilizes
specific mMRNAs and plays a key role in active transcription through an interaction
with RNA polymerase Il and actin (Obrdlik et al., 2008; Yugami et al., 2007).
Furthermore, DNA halo exctraction together with two-dimensional FISH can be used
to reveal the relationship between the genome and nuclear matrix (Elcock and
Bridger, 2008). Chromosome territories seem to specifically anchor to the nuclear
matrix and a study revealed that chromosomes do not attach to the nuclear matrix
similarly, gene-rich chromosome 19 is more tightly associated with the nuclear matrix
compared to gene-poor chromosome 18 (Croft et al., 1999). It was demonstrated
that following extraction for the nuclear matrix, chromosome territories were
maintained intact, however complete extraction of the internal matrix caused

disruption of the chromosome territories.

1.1.2 The Nucleolus

The nucleolus is where ribosomal RNAs are synthesized and processed and
ribosomal subunits are assembled (Lam and Trinkle-Mulcahy, 2015). In humans the
acrocentric chromosomes containing the ribosomal repeat genes are embedded in
nucleoli, providing a functional anchorage site for these genes and their

chromosomes (Bridger et al., 1998). A nucleolus consists of three sub-
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compartments: the fibrillar compartment (FC), dense fibrillar compartment (DFC) and
granular compartment (GC) (Bridger et al., 1998). The FC is present throughout the
nucleolus and is linked through a network of DFCs. In addition, both FC and DFC are
embedded within the GC which consists of granules of 15-20 nm in diameter (Junera
et al., 1995). Each of compartments has distinct but associated functions. Ribosome
synthesis begins in the DFC with nascent RNA accumulated in this nucleolar domain
and in the junctions between DFC and FC (Cmarko et al., 2000). The process of
ribosome synthesis continuous in the intracellular regions and in the GC (Fatica and
Tollervey, 2002). It is important to note that the function of the nucleolus is not
restricted to the biogenesis of ribosomal subunits and there are more than 700
nucleolar proteins which are believed to be involved in various cellular functions
(Boisvert et al., 2007). In nucleoli, tRNA genes are clustered where they are
transcribed and where tRNA processing begins (Németh et al., 2010; Boisvert et al.,

2007).

Mutations in genes coding for nucleolar proteins lead to premature senescence and
thus it would be essential to examine whether nucleolar proteins are involved in the
HGPS pathology (Rosete et al., 2007). Nucleophosmin also known as B23 is an
abundant non-ribosomal nucleolar protein participating in numerous cellular
activities, which include ribosome biogenesis, histone assembly, regulation of DNA
integrity, cell proliferation, and regulation of tumour suppressors, such as p53,
p14arf, and Fbw7y (Chiarella et al., 2013; Lee et al., 2007). In addition, B23 also
plays several roles outside the nucleolus. It shuttles between the nucleus and the
cytoplasm and shows molecular chaperone activity (Chiarella et al., 2013). Fibrillarin
is highly conserved throughout evolution; for example, human fibrillarin is 67%

identical to its yeast homolog named Noplp (for nucleolar protein 1) (Aris and
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Blobel, 1991) and small ribonucleo protein present in the DFC domain of nucleoli
that is associated with all Box C/D small nucleolar (sno) RNAs and functions in early
processing and modification of pre-rRNA and ribosome assembly. The Human pol |
transcription consists of upstream binding factor (UBF), selectively factor 1 (SL1) and
pol I with its binding factors (TIF 1A and TIF IC) (Grummt, 1998). Transcription by all
three classes of RNA polymerase halts or functions decreased as cells go through
mitosis. However, in interphase UBF, SL1 and a fraction of Pol | transcription
machinery remains associated with mitotic NORs at genes that were active (Sullivan
et al., 2001). In the case inactive genes, it appears that inactive genes are
condensed and are not associated with the Pol | transcription machinery (Prieto and
McStay, 2007; Mais et al., 2005). rRNA genes are known to exist in different
epigenetic states and changes in the CpG methylation pattern are hallmarks of
various diseases and cancer (Oakes et al., 2003). In terms of epigenetic features of
rRNA genes, active rRNA genes are defined by demethylation of H3K4me2 and
acetylation of histone H4, however repressed rRNA genes are characterised by
repressive epigenetic marks such as trimethylation of H3K9, H4K20 and H3K27 and
DNA hypermethylation (Grummt and Langst, 2013; Zentner et al., 2007). Telomere
reverse transcriptase in the nucleolus bound to the nucleolar protein nucleolin until
the onset of S-phase of the cell cycle and is vital for addition of telomeric repeats at
the ends of newly synthesised chromosomes (Trinkle-Mulcahy and Lamond, 2006).
Studies in yeast nucleoli have revealed that Sir complex genes reposition from the
telomeres to the nucleoli with age of the organism, suggesting a role of nucleolus in
organismal ageing (Guarente, 1997). Chromosomes integrate into the nucleolus via
their active Nucleolar organising regions (NORSs), inactive NORs and therefore

nucleolus is believed to be vital for spatial organisation of the genome within the
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nucleus (Zentner et al., 2011; Sullivan et al.,, 2001). Nemeth and collegues (2010)
demonsrated that nucleolous-associated DNA (naDNA) appeared mainly on p-arms
of acrocentric chromosomes and pericentromeric regions of chromosomes are
enriched in naDNA. Moreover, it was revealed that certain type of satellite repeats,
tRNA, 5S RNA genes and members of immunoglobulin gene families constitute the
main building blocks of NADs and nine numbers of NADs were shown localising in
subtelomeric regions (Németh et al.,, 2010). Bridger et al., (1998) demonstrated
colocalization between nucleolar pKi-67 foci and satellite Il DNA clusters on human

chromosome 1 and Y.

1.2 Nuclear Envelope

The nucleus of a eukaryotic cell is separated from the cytoplasm by a nuclear
membrane (NM) which is made up of two membranes, the inner and outer nuclear
membranes (Katta et al., 2014). The nuclear envelope contains nuclear pore
complexes (NPC) and nuclear lamina and other associated proteins (Grossman et
al., 2012). The space between the outer and inner nuclear membranes is called “the
nuclear envelope lumen” and is 20-40 nm in width. The outer nuclear membrane is
continuous with the endoplasmic reticulum, therefore facing the cytoplasm (Voeltz, et
al., 2002). The inner nuclear membrane faces the nucleus and contains a subset of
integral membrane proteins (IMPs) (Worman and Dauer, 2014; Trinkle-Mulcahy and
Lamond, 2006). Proteomic analysis has identified 67 of these proteins and includes
A-type and B-type lamins, lamin B receptor, lamin associated polypeptide 1 and 2,
emerin, nesprins, SUN1/2 and also actin (Figure 1.2) (Worman and Schirmer, 2015;
Bridger et al., 2007; Broers et al., 2006). NM not only acts as a physical barrier

providing structural support for the nucleus but also the NM has numerous other cell-
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specific function including regulation of tissue-specific gene expression, nuclear

positioning and chromatin organization in cells (Dechat et al., 2008).

Integrin «

Extracellular matrix ( < Integrin
Plasma memebrane

Cytoplasm

Intermediate filaments

Actin

Plectin ER

Kinesin-1 ‘ Nesprin 4 Nesprin 1/2./ / Nesprin 3

Nucleoplasm

Figure 1.2 lllustration of the various proposed interactions of lamins with inner
nuclear memrane proteins, nuclear pores. Lamins bind directly to lamina-associated
proteins (LBR, LAP2, emerin, LB1/2, nesprins-1 and -2). All of the lamins and some
of the INM proteins interact with chromatin. SUN1 and SUN2 bind to the KASH
domain of nesprins in the luminal region between the INM and ONM to form the
LINC complex. Nesprins in the ONM bind to cytoskeletal filaments such as actin,
microtubules, and intermediate filaments (IFs) directly or indirectly through plectin or
kinesin. Actin and IFs are associated with the plasma membrane through integrin
complexes (Shimi et al., 2012).

1.2.1 Nuclear pore complexes
Nuclear pore complexes (NPC) are large aqueous channels embedded across

numerous perforations in the nuclear envelope with a calculated mass of 40 and 60

million Daltons (MDa) in yeast and vertebrates, respectively being responsible for
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bidirectional exchange of proteins, RNAs, and other macromolecules between the
nucleus and cytoplasmic compartments (D’Angelo and Hetzer, 2008; Weis, 2007;
Tran and Wente, 2006). Furthermore, NPCs remain highly selective and allow the
passage of molecules that are larger than 30-40 kDa only when bound to
appropriate transport receptors (Tran and Wente, 2006). A typical vertebrate nucleus
has approximately 5,000 NPCs scattered over its surface (Wozniak and Lusk, 2003).
The overall structure of the NPC can be superficially divided into three basic
elements: the nuclear basket, the central region, and the cytoplasmic fibrils (Figure

1.3) (Suntharalingam and Wente, 2003)

Cryoelectron tomography with three dimensional reconstructions has been used to
present the highest-resolution structure (approximately 9 nm) of the NPC (Beck et
al., 2004). This structure demonstrates that the cytoplasmic filaments adopt a highly
‘kinked” structure, yielding a length of approximately 35 nm. In spite of their
immense size, NPCs are about 30 distinct proteins, collectively named nucleoporins
or nups (Tran and Wente, 2006). These nucleoporins are modularly assembled to
form subcomplexes within the highly dynamic NPC (Lim and Fahrenkrog, 2006).
Zhou’s group suggests that as NPC nuclear basket interacts with the nuclear lamina
with NUP153 playing an indirect role in maintaining nucleoskeleton and cytoskeleton
architecture via the nuclear lamina (Zhou and Panté, 2010). Nup153 has multiple
binding sites for both A- and B- type lamins and due to the mutations occurring in the
LMNA Ig-fold, the interaction is selectively affected given that Nup153 is involved in

specific laminopathic diseases (Al-Haboubi et al., 2011).
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Figure 1.3 Schematic representation of nuclear pore complex. All the structures
found in vertebrate NPCs are included, with the cytoplasmic face on top
(Suntharalingam and Wente, 2003).

1.3 The nuclear lamina

The nuclear lamina is an intermediate filament meshwork underlying the inner
nuclear membrane (INE) and it is a 30-80nm thick network of lamin polymers forming
a higher-ordered structure (Worman, 2012; Gerace and Huber, 2012). Lamins seem
to be expressed in all metazoans but are absent from unicellular organisms and
plant cells (Ciska et al., 2013; Dechat et al., 2010). The A and B type nuclear lamins
represent one (type V) of six subtypes of the intermediate filament (IF) superfamily,
defined on the basis of the genomic structure and nucleotide sequence and are

believed to be the progenitors of all intermediate filaments which constitute the major

10
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components of the nuclear lamina, giving support to the nuclei, tethering specific
regions of the genome to the nuclear periphery and regulating gene expression
(Dittmer and Misteli, 2011; Wilson and Foisner, 2010; Rodriguez and Eriksson, 2010;
Bridger et al., 2007). Nuclear lamins distribute mainly in the nuclear membrane but
can also be found in the nucleoplasm (Figure 1.1) (Bercht Pfleghaar et al., 2015;

Gesson et al., 2014; Goldman et al., 1992).

1.3.1 Lamin structure

Like other IF proteins, lamins possess a tripartite structure consisting of a central a-
helical rod domain of 350 aminoacids containing four coiled-coil domains: 1A, 1B,
2A, and 2B separated by linker regions L1, L12, and L2 , flanked by non-a-helical
globular N-terminal(4 KDa) head at one end and a longer carboxy-terminal (20-30
KDa) (Figure 1.4) (Burke and Stewart, 2013; Worman et al., 2009; Bridger et al.,
2007; Strelkov et al., 2004; Herrmann and Aebi, 2004). In different lamins, these
end domains have different structures and they are known to play important roles in
lamin assembly (Moir et al., 2000). 1A, 1B, 2A segments show a distinct pattern of
charged amino acid clusters that are important for a given IF protein to assemble into
higher order structures (Koéster et al., 2015). A nuclear localization signal (NLS)
between the central rod and the Ig-fold that is required for the transport of lamins into
the nucleus (Burke and Stewart, 2013; Dechat et al.,, 2008). The Ig domain is
common to many proteins and arbitrates various protein-protein and protein-ligand
interactions, which involve every surface of the Ig domain (Dittmer and Misteli, 2011;
Dhe-Paganon et al.,, 2002). Lamins have shorter head domains than most
cytoplasmic intermediate filament proteins which are about 40 to 100 residues long

(Worman, 2012; Dittmer and Misteli, 2011). The basic filament building block is a
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lamin—lamin dimer. Lamins dimerize via their a- helical rod domain which contains
the characteristic coiled-coil heptad amino acids repeat pattern, thus allowing the
lamin monomers to self-interact by parallel interactions to form coiled-coil

homodimers (Dittmer and Misteli, 2011; Dechat et al., 2010; Worman et al., 2009).

In vitro, lamins form higher-order polymers and head- to- tail associations between
two or more lamin dimers, resulting in a lamin polymer, whereas the head and tall
globular domains aid lateral interactions between the dimers to form filaments
(Figure 1.5) (Strelkov et al., 2004; Herrmann and Aebi, 2004). These polarized
arrays interact in an antiparallel fashion to form filaments and eventually the
interaction between lamin non-polar protofilaments leads to the formation of the 10
nm lamin filamentous lattice-work, composed of three or four protofilaments
(Gruenbaum and Medalia, 2015; Dittmer and Misteli, 2011; Ben-Harush et al., 2009).
Lamin dimers associate by polar “head-to-tail “ interactions in order to form
protofilaments. On the other hand, cytoplasmic IF dimers associate by half-
staggered, antiparallel side-by-side, which assemble into 10 nm filaments (Dechat et
al.,, 2010; Strelkov et al., 2004). Moreover, vertebrate lamins contain six extra
heptads in the central rod domain which may cause assembly differences between

cytoplasmic IF and lamins (McKeon et al., 1986).
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NS [p-fold CAAX

Figure 1.4 A representative image of pre-lamin A polypeptide chain.The central a-
helical rod domain (red), the NLS (grey), simplified structure of Ig-fold indicating the

nine B- sheets (blue) and the C-terminal ~CAAX box (green) are depicted (Dechat
et al., 2008).
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Monomer Dimer

Polymer

Figure 1.5 A schematic model of lamin assembly. Monomer lamins self assemble
head-to-head manner to form a coiled- coil dimer which then join to form by
association of dimers in a polar head-to-tail manner. Protofilaments are generated
through anti-parallel interaction of two lamin polymers. Eventually, association of
three or four protofilaments to form an intermediate filament (Dittmer and Misteli,
2011).

Due to the difficulty in producing 10-nm filament in vitro, the study of higher-order
lamin structure has been challenging (Chernyatina et al.,2015). To date, the
Caenorhabditis elegans lamin (Ce-lamin) is the only lamin that has been successfully
assembled into 10 nm intermediate filament-like filaments based on cryo-electron

tomography studies (Dittmer and Misteli, 2011).
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1.3.2 Post-translational modifications of lamin proteins

A —CAAX motif, which serves as a substrate for post-translational farnesylation,
which is located at the C terminus in all B-type lamins, lamins A and AA10 and as
these proteins are expressed as prelamins that require sequential posttranslational
modifications and cleavage to generate the mature forms of lamin A, lamin B1 and
lamin B2 (Rusifiol and Sinensky, 2006). However, lamin C lacks a- CAAX motif and
its carboxyl terminus is not further farnsylated or otherwise modified after synthesis
(Clarke, 1992). In the first step, the sequential processing of the —CAAX sequence is
initiated by the addition of the 15-carbon farnesyl isoprenoid, farnesyl group, to the
cysteine residue by farnesyltransferase (Zhang and Casey, 1996; Clarke, 1992).
Following the addition of farnesyl, prelamins are then modified by a specific
protease. In lamin B, prenyl-CAAX-specific endoprotease (AAX=aliphatic-aliphatic-
any amino acid) known as RAS converting enzyme 1 (RCE1) clips off the last three
carboxyl-terminal amino acids. However, in A-type lamins residues are removed by a
different protease, the Zinc metalloprotease related to Ste24p, Zmpste24 also known
as FACE1 (Winter-Vann and Casey, 2005; Boyartchuk et al., 1997). In a third step,
these prelamins are then the substrate for a second ER-resident enzyme,
isoprenylcysteine carboxyl methyl-transferase (ICMT), which methylesterifies the
carboxyl-terminal farnesylcysteine (Winter-Vann and Casey, 2005). In this last step,
unlike B-type lamins, lamin A undergoes an additional cleavage of 15 amino acids
upstream of the farnesylated cysteine by ZMPSTE24, which removes the C-terminal
farnesyl group and leaves a tyrosine residue at the carboxyl end of lamin A (Dechat
et al., 2010; Corrigan et al., 2005). This final modification step results in the
production of mature lamin A lacking the carboxyl-terminal farnesyl- and

carboxymethyl-modifications (Figure 1.6) (Dechat et al., 2010). While the maturation
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of B-type lamins is terminated at this step resulting in their permanent farnesylation
and carboxymethylation (Goldberg et al., 2008). In normal human cells, the post-
translational modifications of lamin A has been determined to take approximately
three hours (Beck et al., 1990). It is believed that these modifications help the
accurate targeting of the final lamin A product to the nuclear envelope as
farnesylation and carboxymethylation increase the hydrophobicity of a protein
(Candelario et al., 2011) and it is likely that the carboxy terminal peptide cleaved by
ZMPSTE24 could remain attached to the membrane or be rapidly degraded (Reddy
and Comai, 2012). Although the prelamins can be processed in the cytoplasm, as
ZMPSTE24 is located both at the inner nuclear membrane and the endoplasmic
reticulum (ER), it is presumed that the location of lamin carboxyl terminal
modification processes takes place within the nucleus (Barrowman et al., 2008; De
Sandre-Giovannoli and Lévy, 2006; Lutz et al., 1992). The retension of a farnesyl
residue attached to B-type lamins may facilitate them to associate more closely with
the inner nuclear membrane than lamin A or C (Nigg et al., 1992). Mature lamin A is
a soluble protein and so is imported into the nucleus through the nuclear pore
complexes (Cau et al., 2014). B-type lamins are not soluble, so localise to the inner
nuclear envelope by lateral diffusion through the lipid bilayer (Holmer and Worman,
2001). Lamins are not only modified by farnesylation and carboxymethylation, they
are also posttranslationally modified by phosphorylation, sumoylation and possibly

by glycosylation (Dechat et al., 2010).
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Normal Prelamin A Processing
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Figure 1.6 Biogenesis of formation of mature Lamin A

Lamin A contains a carboxyl-terminal CAAX box (C is cysteine, A is analiphatic

amino acid and X is any amino acid), it is modified by farnesylation. Following

farnesylation, the cleavage of the three last amino acids, and methylation of the

carboxyl-terminal,an internal proteolytic cleavage takes place removing the last 15

coding amino acids, in order to generate a mature lamin A with 646 amino acids.
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1.3.3 The expression of lamin genes

Based on their biochemical and solubility during mitosis, lamins are categorized into
A- and B- types (Dechat et al., 2010). In mammals, A-type lamin expression is
limited to more differentiated somatic lineages, the lower layer of epidermis.
Interestingly, the central nervous system produces little to no lamin A, whereas B-
type lamins are constitutively expressed in all cell types both in adults and in
embryos (Davidson and Lammerding, 2014; Dreesen et al., 2013a; Jung et al., 2012;
Crisp et al., 2005; Goldman et al., 2002). Most vertebrates have one A-type lamin
and two B-type lamin genes except for Xenopus, which has three B-type genes
(Tang et al., 2008). The two main isoforms of vertebrate A-type lamins; lamin A and
C are encoded by the LMNA gene located on chromosome 1g21.2-21.3 and are
generated by alternative splicing within exon 10 to produce different isoforms
(Worman and Courvalin, 2000; Lin and Worman, 1993). The LMNA gene contains 12
exons (Figure 1.7) (Eriksson et al., 2003). Exon 1 codes for the N-terminal head
domain and also the initial part of the central rod domain. Exons 7-9 codes for the C-
terminal tail domain for lamin A and Lamin C. In exon 7, the nuclear localisation
signal (NLS) is located. Exon 10 encompasses a splicing site to produce lamin A and
lamin C (Lin and Worman, 1993). The LMNA gene encodes four alternatively spliced
MRNAs which are translated into the A-type lamin proteins; the predominant
isoforms lamin A and lamin C, which differ in the length of their C-terminal tail with
lamin A being 74 amino acids longer whereas lamin C has 6 unique C-terminal
amino acids (Luo et al., 2014). A-type lamins A and C have crucial roles in tissue
homeostatis (Eckersley-Maslin et al., 2013; Yang et al., 2013). The less abundant
isoform LAA10 has 30 amino acid deletion at the C-terminus with exon 10

completely spliced out and so far is found only in a few carcinoma cell lines. Germ
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cell specific isoform Lamin C2 is similar to lamin C except that 86 residues at the N-
terminus are replaced by six unique residues (Luo et al., 2014; Eckersley-Maslin et
al., 2013; Yang et al., 2013; Burke and Stewart, 2013; Adam and Goldman, 2012;
Vicek and Foisner, 2007; Foster and Bridger, 2005; Goldman et al., 2002; Alsheimer
and Benavente, 1996; Furukawa et al., 1994). There are three types of B-type lamins
in mammals; lamin B1, B2 and B3 (Gruenbaum and Medalia, 2015). The B-type
lamins are encoded separately by LMNB1 and LMNB2 genes (Figure 1.8). In
humans, LMNBL1 is located on chromosome 5q23.2-q31.3 encodes lamin B1 and
LMNB2 is located on chromosome 19p13.3 encodes lamin B2 (Worman, 2012;
Dechat et al., 2008; Lin and Worman, 1997). LMNB1 contains 11 exons. Exon 1
codes for the N-terminal head domain and the first part of the central rod domain.
Exons 2-6 code for the central a- helical rod domain. Exons 7-11 encodes for the C-
terminal tail domain of lamin B. In exon 7, the nuclear localisation signal is located.
Both lamin B1 and B2 are regulated and expressed in most somatic cells (Reddy
and Comai, 2012). On the other hand, Lamin B3 is a small splice variant of lamin
B2, encoded by LMNB2 gene and expression is restricted to spermatogenic cells

(Furukawa and Hotta, 1993).
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Figure 1.7 A schematic representation of the LMNA gene.
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Figure 1.8 The nuclear lamins B1 and B2. LMNB1 on chromosome 5¢23.3—-q31.1
encodes lamin B1, and LMNB2 on chromosome 19p13.3 encodes lamin B2. The
nuclear localization signals are located in the C terminal tail domain (indicated in
red). Lamin B1 and lamin B2 have carboxyl-terminal CaaX motifs, a signal for protein

farnesylation (Worman et al., 2009).

1.3.4 Lamins and Nuclear Functions

More recent data reported roles of lamins both at the NE and in the nuclear interior,
based on the identification of novel interaction partners of lamins, including DNA

replication, transcription factors, and proteins involved in chromatin organization.

1.3.4.1 Lamins and DNA replication and repair

Metazoan cells comprise ~30,000 replicons, which are spatially and temporally
regulated in DNA replication in S-phase (Keller et al., 2002). There are a significant
number of studies showing that lamins play an important role in the regulation of this

complex process (Dechat et al., 2008; Goldman et al., 2002). The spatial regulation
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of replication sites contribute to the replication of specific regions of the genome at
precise times of S-phase. For instance, in late S phase in mouse 3T3 cells, it was
demonstrated that lamin Bl colocalizes with the replication factor proliferating cell
nuclear antigen (PCNA) in replication factories (Moir et al., 1994). In addition, lamin
A is associated with sites of early replication in primary fibroblasts (Kennedy et al.,
2000a). The lamin binding site for PCNA resides within the highly conserved Ig-fold
motif is located in the C terminal of both the lamin A and B (Shumaker et al., 2008).
B-type lamins have a significant role in the elongation phase of DNA replication,
owing to presence of B-type lamins in intranuclear foci only during S-phase. It is
believed that lamins in these foci provide a scaffold needed for assembly of
elongation complexes (Moir et al., 1994). The most extensively used kind of extract
is that from Xenopus oocytes. In this method, extracts contain all the components
and DNA is added to them. These extracts contain lamin B3 and smaller amounts of
lamins B1 and B2. When compared to control nuclei, assembled DNA replication in
Xenopus nuclei in vitro is hampered by the depletion of lamin B3, which drives the
disassembly of the endogenous lamin network (Shumaker et al., 2008; Shumaker et
al., 2005; Ellis et al., 1997; Newport et al., 1990). Moreover, in Xenopus oocyte
extracts, from which lamin B3 had been depleted, addition of the headless nuclear
lamin A caused a mislocalization of PCNA and the large subunit of the RFC
complex, proteins involved in the elongation phase of replication. Therefore,
disruption of nuclear lamin organisation blocks the elongation phase of DNA
replication. Furthermore, in the presence of headless lamin A, assembled nuclei
were smaller and more fragile compared to control nuclei (Spann et al., 1997). A few
studies have demonstrated that nuclear lamins play an essential role in DNA repair

as well for example in premature ageing diseases (Gonzalo-Suaraz et al., 2009). It

22



Chapter 1: Literature review

has been shown in the presence of the HGPS mutant protein, LA50/progerin, DNA
repair is defective. For example, the recruitment of the repair factor p53-binding
protein (53BP1) to sites of DNA damage is disrupted and the presence of
fragmented DNA after irradiation is prolonged in HGPS fibroblasts and in
ZMPSTE24~- mouse embryo fibroblasts (MEFs) (Liu et al., 2005). Furthermore, it
was shown in ZMPSTE247~ mice that DNA-damaging agents of UV radiation and y-
irradiation caused double strand breaks (DSBs) (Liu et al., 2005). Scaffidi and co-
workers have demonstrated that the nuclei of a subpopulation of skin fibroblasts cells
obtained from normal old donors, which express an increase in LAA50/progerin,
showed also a higher percentage of DNA damage than skin fibroblasts from young

individuals (Scaffidi and Misteli, 2006).

1.3.4.2 Lamins and Transcription

There are several pieces of experimental evidence that support the view that lamins
are involved in transcription (Dittmer and Misteli, 2011). When amino-terminally
deleted dominant negative lamins are introduced into nuclei of Xenopus embryos,
the lamin network is disassembled leading to the synthesis of RNA polymerase II-
dependent transcripts being dramatically inhibited. This leads to an impairment of
transcription as monitored by a reduction in BrUTP incorporation and also perturbs
the localization of the initiation factor TATA-binding protein (Spann et al., 2002;
Kumaran et al., 2002). In contrast, the activity of RNA polymerase | or pol 11l was not
found to be inhibited (Spann et al., 2002). Furthermore, silencing of lamin B1 induces
a significant inhibition of Pol II transcription in HelLa cells (Shimi et al., 2008).
Overexpression of either lamin A or C also leads to a significant reduction in pol Il

transcription in HelLa cells (Kumaran et al., 2002). Lamins associate with several
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transcriptionally active genes. A repressor of collagenase gene, Oct-1 associates
with lamin B at the nuclear periphery which appears to be essential for the oxidative
stress response in MEFs. When cells become senescent, Oct-1 —gene disassociates
from the nuclear periphery leading to a dysregulation of Oct-1 —dependent genes, to
a disruption of lamin B1 and to an increase in reactive oxygen species (Malhas et al.,
2009; Imai et al., 1997). Lamin A/C associates with numerous transcriptional
regulators either directly or indirectly such as; pRB (Zastrow et al., 2004). pRB is
involved in the regulation of G1-S transition and silencing E2F/Rb target genes for
cell cycle exit (Galderisi et al.,2006). Intranuclear lamin A and LAP2a associates with
E2F-dependent promoter sequences via binding to Rb, causing hypophosphorylation
and therefore reducing E2F-dependent gene expression (Markiewicz et al., 2002).
Overexpression of LAP2a caused cell cycle exit and initiation of differentiation, while
loss of LAP2a impaired cell cycle arrest (Pekovic et al., 2007). Previous work
showed by ChIP and 3D immuno-FISH that LMNA-promoter interaction dynamics
upon adipogenic differentiation taking place at the nuclear periphery and in the
nuclear interior (e.g., ACTL7A, DNAL4). Furthermore, LMNA-interacting loci with
alleles at the nuclear periphery were shown to have alleles in the interior (e.g.,

DEFA3, SCN10A, TCN1, and ATP5EP2) (Lund et al., 2013).

1.3.5 Intranuclear lamins

Nuclear lamins are not entirely found within the nuclear lamina meshwork lining the
inner nuclear membrane, but are also located inside the cell (Moir et al., 1994;
Bridger et al., 1993). The structural organization of the nuclear interior is poorly
understood. However, with recent advanced techniques it has become increasingly

apparent that a fraction of lamins also resides throughout the nuclear interior (Dechat

24



Chapter 1: Literature review

et al., 2010; Gruenbaum et al., 2005). A few ultrastructural studies suggest presence
of lamin filaments or a lamin containing lattice throughout the nuclear interior using
indirect immunofluorescence microscopy and analyses of green fluorescent protein
(GFP)-tagged lamins in cells (Broers et al., 2005; Bridger et al., 1993). A first
genetic proof for the presence of nucleoplasmic lamin was shown in C. elegans
nuclei, which were partially down regulated for Ce-lamin (Liu et al., 2000). In that
study, both peripheral and nucleoplasmic Ce-lamin were down regulated to almost
the same extent. Bridger and colleagues (1993) has revealed the presence of lamin
foci and filamentous structures within the nucleoplasm of cultured human cells using
monoclonal antibodies against the endogenous A-type lamin and these intranuclear
lamin A/Cs were most prominent in the G1 phase of the cell cycle and were closely
aligned with condensed chromatin (Bridger et al., 1993). Kochin and co-workers
(2014) have mapped the phosphorylation sites in lamin A and suggests that
phosphorylation at Ser22 and Ser392 in vertebrate lamins A/C, which flank the rod
domain from both sides, is involved in solubilizing lamin A in the nucleoplasm
(Kochin et al., 2014). Shimi and co-workers have demonstrated that cells transfected
with lamin C-GFP had higher intranuclear lamin mobility compared to lamin A-GFP-
transfected cells. This finding suggests that lamin C molecules are switched from
immobile nuclear complexes into a diffuse nucleoplasmic state. The nucleoplasmic
fraction of lamin A but not lamin C had increased mobility in cells with decreased
amount of nucleoplasmic lamin B1 (Shimi et al.,, 2008). Swift and his colleagues
(2013) have demonstrated that siRNA was able to knockdown more lamin A
compared to lamin C. These findings might indicate that lamin A is less stable and

more susceptible to various influences than lamin C (Swift et al., 2013).
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In addition to A-type lamins, the presence of a small fraction of B-type lamins was
also found to localize in the nuclear interior either in nucleoplasmic foci where its Ig-
fold domain interacts (Shumaker et al., 2008; Moir et al., 1994). In contrast to
nucleoplasmic A-type lamins, there is no soluble fraction of lamin B1 and only small
amounts of lamin B2 are present in a soluble fraction of HelLa cells (Moir et al.,
2000). Furthermore, in contrast to the mobile nucleoplasmic A-type lamins, B-type
lamins residing within the nuclear interior are immobile, similar to those integrated in
the nuclear lamina and it is suggested that B-type lamins are associated with more
stable structures such as SUN1 (Al-Saaidi and Bross, 2015). Noteworthy, lamin B
foci are most prominent during S-phase and do not colocalize with lamin A spots
(Stuurman et al., 1998). Knock-in mice expressing nonfarnesylated versions of lamin
B1 and lamin B2 have shown that mice having nonfarnesylated lamin B2 developed
normally and also were free of disease, however mice having nonfarnesylated lamin
Bl passed away due to severe neurodevelopmental deficiencies and remarkable

nuclear abnormalities in neuronal cells (Jung et al., 2013).

1.3.6 Lamin- interacting proteins

Lamins support a broad range of functions through interactions with a plethora of
lamin binding proteins both at the nuclear membrane and/or in the nucleoplasm
(Maraldi and Lattanzi, 2005; Schirmer et al.,, 2003). Proteomic analyses have
identified ~80 nuclear envelope transmembrane proteins (NETS) in rat liver and
subsequent studies demonstrated that distinct tissues express different set of NETs
(Schirmer et al., 2003). It is essential to identify and analyse lamin-binding proteins in

order to understand the various cellular functions that are attributed to the nuclear

26



Chapter 1: Literature review

lamina (Gruenbaum et al., 2005). The nuclear envelope proteins are classified as
integral and peripheral proteins. The integral nuclear membrane domains are
embedded in both outer nuclear membrane (ONM) and inner nuclear membrane
(INM) through transmembrane proteins. The peripheral membrane proteins
associate with the lamins forming the nuclear lamina (Schirmer and Gerace, 2005).
The vast majority of the transmembrane proteins interact directly or indirectly with
lamins and many of them share a common motif of approximately 40 amino acids
that folds as two a-helices, known as the LEM domain (Margalit et al., 2005b; Laguri
et al., 2001) and this motif was initially detected by Jean-Claude Courvali and its
name derives from the INMs; LAP2, Emerin, and Manl (Worman and Courvalin,
2000). The LEM-domain contains a growing family of nuclear proteins including;
lamina-associated polypeptides 2 (Berger et al., 1996) and its several isoforms,
emerin (Bione et al., 1994), MANL1 (Lin et al., 2000), Lamin B receptor(LBR) (Olins et
al.,, 2010) LEM2, LEM3, several uncharacterized human proteins names; Lem3,
Lem4 and Lem5 (Lee and Wilson, 2004). The LEM-domain of all analysed proteins
binds a conserved metazoan chromatin associated protein, named Barrier to
Autointegration Factor (BAF) (Margalit et al.,, 2007; Mansharamani and Wilson,
2005). Lamins can also bind chromatin proteins; histone H2A or H2B dimers,
kruppel-like protein (MOK2), actin, retinoblastoma (RB) (Gruenbaum et al., 2003).
There is a family of large proteins that are proposed to be in NE, mechanically
coupling to the nucleoskeleton and cytoskeleton, named ‘LINC’ (Linker of
Nucleoskeleton and Cytoskeleton) complexes (Mejat and Misteli, 2010; Crisp et al.,
2005). LINC complexes consist of lamin-binding SUN-domain proteins in the INM
that interact in the NE lumen with KASH (Klarsicht, ANC-1, Syne homology) -domain

proteins; nesprin 1-a and nesprin-23 (Crisp et al., 2005; Zhang et al., 2005). Lamin-
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binding proteins are good candidates for linking heterochromatin to the lamina and
are generally characterised by low expression levels, hence the nuclear lamina is
considered as an area of transcriptional repression (Guelen et al., 2008; Foster and
Bridger, 2005). Furthermore, lamin- binding proteins contribute to nuclear
architecture, mechanics also to chromatin organization and signalling (Gruenbaum

and Foisner, 2015).

1.3.6.1 BAF

Barrier-to-autointegration factor-1(BAF or BANF1) is a vital component of the lamina
and highly conserved double-stranded DNA (dsDNA) binding protein consisting of 89
amino acids and expressed throughout the metazoan kingdom (~9 mM near NE, ~2
mM in nucleoplasm) and furthermore, BAF is essential during embryogenesis
(Zhuang et al., 2014; Margalit et al., 2007; Segura-Totten and Wilson, 2004; Holaska
et al., 2003; Furukawa et al., 2003; Zheng et al., 2000). BAF was initially discovered
as a mammalian protein that prevents Moloney murine leukemia virus from
integrating into its own genome-autointegration ensuring its integration into host DNA
(Lin and Engelman, 2003; Lee and Craigie, 1998). BAF forms helical obligate dimers
and each monomer within the dimer possesses two symmetry related DNA binding
sites that permit BAF to bind non-specifically to double-stranded DNA by contacting
the phosphate backbone of DNA in the minor groove face in vitro, allowing it to
“bridge” two DNA molecules in vitro by creating loops that compact DNA (Skoko et
al., 2009; Bradley et al., 2005; Shumaker et al., 2001; Zheng et al., 2000). In viral
DNA, DNA bridging by BAF makes it unavailable as a target for integration (Skoko et
al., 2009) . Barrier to autointegration factor (BAF) is a fundamental component of the

nuclear lamina that binds the LEM domain of the inner nuclear membrane protein

28



Chapter 1: Literature review

family, lamina associated polypeptide 23 and subsequently shown to bind (LEM)
domain of LAP2. BAF also directly binds histones (H3, H4, and certain H1 isoforms)
also associates in vivo with transcription factors (including Sox2, a master regulator
of pluripotency), poly (ADP) ribose polymerase 1 (PARP1) and retinoblastoma
binding protein 4 (RBBP4)(Cox et al., 2011; de Oca et al., 2009; Wang et al., 2002).
It was demonstrated that when added to cell-free Xenopus nuclear assembly
reactions, BAF induces higher-order chromatin structure and involved in repression
of transcription at specific promoters (Huang et al., 2011; Segura-Totten et al.,
2002). BAF plays a substantial role in mitosis to arrange reorganization of the
nuclear envelope (Haraguchi et al., 2001). During anaphase, BAF is targeted to
chromosomes at “core” regions near the spindle attachment sites of telophase
chromosomes (Haraguchi et al., 2001). Lamin A and emerin are recruited to these
core regions during reassembly of nuclear envelope (Haraguchi et al., 2001;
Dabauvalle et al., 1999). BAF helps bind chromatin to the nuclear envelope (Asencio
et al., 2012). In addition, BAF has a critical role in post-mitotic nuclear assembly, cell
viability and cell cycle progression (Koch and Holaska, 2014; Furukawa et al., 2003).
BAF also influences gene expression at various levels (Shang et al., 2014; Zastrow
et al., 2004) For example, by binding it can directly repress gene expression in vivo
and inhibiting cone-rod homeobox (Crx) and other homeodomain transcription
factors (Puente et al., 2011; Gruenbaum et al., 2005). BAF seems to have tissue-
specific roles, since deletion of BAF in Caenorhabditis elegans affect tissue-specific
functions, including gonadal cell migration, muscle maintenance and germ-line
survival and maturation (Margalit et al., 2007). Due to mutations in BAF that are
proposed reduction of protein stability which results in mislocalization of emerin to

the cytoplasm cause Nestor-Guillermo progeria syndrome (NGPS) (Puente et al.,
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2011; Cabanillas et al., 2011). Emerin may also be vital for the DNA damage
response as evidence of emerin and BAF association with DNA repair proteins
(Culda and DDBZ2) following UV light exposure (de Oca et al., 2009). Van Steensel
has revealed that knockdown of BAF significantly increased the contact frequency of
several lamina associated domains (LADs) with Lamin B1 (Kind and Van Steensel,
2014). BAF has also been reported to have a role in interphase chromatin
organisation and BAF null Drosphila displayed aberrant lamina distribution, abnormal
nuclear morphology and clumping of chromatin (Margalit et al., 2005a ; Zhuang et

al., 2014).

1.3.6.2 Emerin

In 1994, the Emerin gene (EMD) was identified by positional cloning of a gene on
chromosome Xqg28 of X-linked recessive Emery-Dreifuss muscular dystrophy (X-
EDMD) (Bione et al., 1994; Emery and Dreifuss, 1966). The emerin gene (EMD)
consists of six exons and five introns and sequencing demonstrated that it encodes a
254 amino acid type Il integral membrane protein with a 220 amino acid hydrophilic
N-terminal nucleoplasmic domain, a 23 amino acid C-terminal transmembrane
domain and an 11 residue lumenal domain (Koch and Holaska, 2014; Clements et

al., 2000; Ellis et al., 1998).

Emerin is a 29 kDa, ubiquitously expressed serine rich protein, principally located at
the INM and has been implicated in the regulation of gene expression, cell signaling,
and nuclear and genomic architecture in almost every tissue (Huber et al., 2009;
Manilal et al., 1996). Newly synthesized emerin in the cytoplasm is inserted into the

endoplasmic reticulum (ER) post-translationally and then diffuses through the ER
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into the contiguous membranes of the nuclear envelope (Ostlund et al., 2006). Once
emerin has reached the inner membrane, emerin is retained and accumulated by
binding A-type lamins. Emerin binding to lamins is essential for proper localization to
the nuclear envelope, as cells lacking A-type lamins show increased emerin mobility
throughout the nuclear envelope and ER (Clements et al., 2000; Manilal et al., 1999;
Sullivan et al., 1999; Ostlund et al., 1999). Subpopulations of emerin seem to
localize elsewhere, including the NE outer membrane and the plasma membrane
(Berk et al., 2013). Emerin has no known secondary structure outside of the LEM-
domain and the transmembrane domain. Residues 3—-219 mediate the localization of
the transmembrane domain of an unrelated protein to the nuclear envelope and
deletion of residues 107-175 cause cytosolic aggregation of emerin, which suggest
that they are required for emerin’s nuclear envelope localization (Tsuchiya et al.,
1999). Emerin’s functions are masked by collaboration with other nuclear membrane
proteins. For example, in Xenopus emerin’s function overlaps with MAN1 during
development of muscle and eye (Reil and Dabauvalle, 2013). Both emerin and LEM-
2 are essential for mitotic chromosome segregation, nuclear assembly and
embryogenesis in C. elegans (Liu et al.,, 2003), and are required in meiosis for
centrosome attachment to the nuclear envelope (Meyerzon et al., 2009). Emerin
binds to a number of transcription regulators, including GCL, Btf, Lmo7, catenin,
SIKE and regulates the expression of their target genes (Koch and Holaska, 2014).
There is accumulating evidence that emerin binds structural components of both the
NE proteins; SUN1, SUN2, nesprins and the nucleoskeletal actin (Berk et al., 2013).
Furthermore, disruption of telomere anchorage was shown in both carrier and patient

X-EDMD (Godwin, 2010).
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1.3.6.3 MAN1

MANL1 (also known as LEMD3) is an 82.3 kDa LEM-domain protein located in the
inner nuclear membrane encoded by a gene on human chromosome 12q14. MAN1
has two transmembrane domains a nucleoplasmic, N-terminal followed by two
hydrophobic segments and a nucleoplasmic, C-terminal tail, MAN1-N and MAN1-C,
respectively (Wu et al., 2002; Lin et al., 2000). Indirect evidence suggests that MAN1
interacts with nuclear lamins and emerin, thus playing a role in nuclear organization
(Caputo et al., 2006). Protein sequence analysis reveal that MAN1 contains a
conserved globular module of approximately 40 amino acids, which has been termed
the LEM domain because it is found in LAP2, emerin and MAN1 (Lin et al., 2000;
Worman and Courvalin, 2000). In addition to MAN1, the human genome also
encodes an uncharacterized homologous protein named LEM2 and three other
regions are conserved between human MAN1 and human LEM2 (Mansharamani
and Wilson, 2005). MAN1 is part of a protein complex essential for chromatin
organization and cell division and which may play a role in sister chromatid
separation (Paulin-Levasseur et al., 1996). Furthermore, both MAN1 and emerin can
bind to transcription repressors GCL (Holaska et al., 2003). MANL is the first lamin-
dependent INM protein with a direct role in signal transduction since the binding
between the C-terminal domain of MAN1 and receptor-regulated SMAD(R-SMAD)
mediate signalling downstream of bone morphogenetic proteins (BMPs) and other

members of the TGF superfamily (ten Dijke and Hill, 2004).
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1.3.6.4 Lamina-associated polypeptide 2(LAP2) family

In 1993, Foisner and his co-workers identified the first member of LAP2 family by
means of a monoclonal antibody, which was raised against nuclear envelope
fractions of rat liver nuclei and this antibody reacted with a, 55-kDa inner nuclear
membrane protein, which was highly enriched in Triton X-100/salt-resistant nuclear
lamina fractions and was therefore named Lamina-Associated-Polypeptide (LAP) 2
(Foisner and Gerace, 1993). The LAP2, type Il integral membrane proteins are
among the best studied lamin-binding proteins and consist of six alternatively spliced
LAP2 isoforms, four—LAP2B, -y, -6, and -e— in mice derived from a single gene
(Harris et al., 1994). However, only three LAP2 alternatively spliced protein products;
LAPa, B, y have been detected in humans (Harris et al., 1994). LAP2 is polypeptide
which is distributed in the inner nuclear membrane and is tightly associated with the
nuclear lamina and a large amino-terminal domain of LAP2 which is hydrophilic and
exposed to the nucleoplasm (Furukawa et al., 1997). LAP2 specifically binds to B-
type lamins and has a direct role in the assembly of the nuclear envelope at the end
of mitosis (Furukawa et al., 1997). The large nucleoplasmic N-terminus domain of
LAP2 includes two non-overlapping nuclear envelope targeting signals and is
important for targeting LAP2 to the nuclear envelope. These signals are present in
the first half (residues 1-296) and the second half (residues 298-409), respectively
(Furukawa et al., 1997). The nonmembrane-bound isoform LAP2a is localized
throughout the nucleus and has been identified as a specific binding partner of
nucleoplasmic A-type lamins (Dechat et al., 2000). Lap2a contains a unique,

functionally different C terminus 506 amino acids long and the lamin B-binding
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domain in the LAP2pB isoform is absent, leading to the prediction that Lap2a have

different lamin-binding properties (Dechat et al., 2000).

Lap2a together with lamin A complexes bind directly to pRB and are involved in the
pRB activity of E2F/pRB target gene (Wilson and Foisner, 2010). The N-terminal 85
amino acids of LAP2( were found to be sufficient for the interaction with metaphase
and anaphase chromosomes. Amino acids 67-137 in LAP2B3 have been
demonstrated to interact with the chromosomal protein BAF (barrier to
autointegration factor) by yeast two-hybrid screening (Furukawa, 1999).
Furthermore, in vitro amino acids 244 to 296 in the nucleoplasmic domain of LAP2[3
were found to cause nuclear retention of small cytoplasmic proteins and to bind to
single- and double strand DNA cellulose (Furukawa et al., 1997). Lap2p can bind
HA95 which is a chromain protein involved in DNA replication (Dove, 2003; Martins
et al., 2003). LAP2[B binds a ubiquitous transcriptional regulator that is named as
germ cell-less (GCL), which localizes near the INM of the nuclear envelope (Nili et

al., 2001).

1.3.6.5 Lamin B receptor (LBR)

LBR, a 58 kDa protein, also known as p58, is an evolutionary conserved and
developmentally essential integral membrane protein of the interphase nuclear
envelope interacting with chromatin and was initially characterized by virtue of its
ability to associate with nuclear lamin B (Olins et al.,, 2010; Wagner et al., 2004,
Worman et al., 1988). Human LBR contains 615 amino acids and harbours two
significant domains; a hydrophilic N-terminal domain is 208 amino acids, localized in
the nucleoplasm which is interacting with the lamina and the displays consensus

phosphorylation sites for CDK1 (Shaklai et al., 2007). The C-terminal contains 407
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aa with eight predicted transmembrane segments, localized in the nuclear
membrane of nuclear envelope (Worman et al., 1990; Courvalin et al., 1990).The N-
terminus of human LBR which is predicted to harbour a Tudor domain (LBR-TD) is
capable of binding to heterochromatin protein 1 alpha(HP1a),methyl-CpG-binding
protein MeCP2 and B-type lamins (Liokatis et al., 2012; Hirano, 2012). On the other
hand, the C-terminus is involved in the conversion of 7-dehydrocholestrol to
cholesterol (Silve et al., 1998). LBR kinase phosphorylates serine residues of the
RS-rich region of avian LBR (Nikolakaki et al., 1996) . The expression of both Lamin
A/C and LBR in neuronal nuclei is temporarily coordinated in the developing retina in
mice. First, retinal neurons only express LBR and then LamA/C appears and
replaces LBR 10-14 days after the birth of the respective neuronal cell type.
Furthermore, absence of both proteins in postmitotic cells in the eye results in
inversion of the nuclear architecture with heterochromatin relocalizing from the
nuclear envelope to nuclear interior (Solovei et al.,, 2013). LBR and lamin A/C
expression in diverse cell types suggests that peripheral heterochromatin tethers
regulate differentiation in a broad range of tissues or perhaps in all cell types
(Solovei et al.,, 2013). Comparison of Lbr*-, Lmna”’, and WT myoblast
transcriptomes revealed that a sequential temporal usage of LBR and Lamin A/C
tethers during development correlates with their opposite effects on a decrease and
increase of the transcription of muscle specific genes (Solovei et al.,, 2013).
Heterozygous mutations in LBR are known to cause human Pelger- Huét anomaly
which is characterized by abnormal nuclear shape and chromatin organisation in
blood granulocytes (Hoffmann et al., 2002). However, homozygous mutations
correlate with developmental delay, skeletal abnormalities and abnormal sterol

metabolism (Hoffmann et al., 2007).
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1.3.6.6 LINC Complexes

As early as 1982, mechanical links between the plasma membrane and nucleus
were suggested and subsequently supported by research in which mechanical force
applied to the cell surface caused structural reorganization inside the nucleus
(Bissell et al., 1982). This connection was discovered when intermediate filament,
microtubules and cytoskeletal filaments were revealed to be specifically attached at
the nuclear envelope by different types of LINC complexes, which mechanically
couple the nucleoskeleton and cytoskeleton (Meinke, 2015; Mejat and Misteli, 2010;
Crisp et al., 2005). The fundamental unit of LINC complexes comprise of lamin-
binding SUN (Sadl and UNC-84)-domain containing proteins (encoded by human
genes SUN1, SUN2 and SUN3) located in the INM that interact in the NE lumen with
KASH (Klarsicht, ANC-1 and SYNE homology)-domain containing nesprins (nuclear
envelope spectrin- repeat proteins; encoded by human genes spectrin repeat-
containing nuclear envelope 1 (SYNE1), SYNEZ2, nesprin -3 and nesprin -4 )
anchored in the ONM (Figure 1.9)(Mellad et al., 2011; Mejat and Misteli, 2010;
Padmakumar et al., 2005; Crisp et al., 2005). Mammalian SUN1 and SUN2 proteins
were first characterized by bioinformatics analysis as homologues of C. elegans
UNC-84 and later confirmed in screens for NE components (Malone et al., 1999).
The name SUN was based on S.pombe Sadl and D. Melanogaster and each have
two SUN genes: UNC84 and germ-cell specific matefin/SUN1 in C.elegans and
Klaroid respectively and CG6589 in Drosophila (Starr, 2009). To date, in mammals
several SUN genes have been identified; SUN1, SUN2 and testis-specific genes;

SUN3, SPAG4 and SPAGA4L (Table 1.1) (Starr, 2009; Starr and Fischer, 2005).
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SUN1 and SUN2 are widely expressed, while SUN3 expression is restricted to testes
and it is localized in the ER. The expression of SPAG4 protein is restricted to
spermatids, pancreas and testes (Shao et al., 1999). Both SUN1 and SUN2 contain
three transmembrane domains localized in the INM and with their C-terminal SUN
domain crossing the periplasmic space between the INM and ONM. In addition, they
also have a coiled-coil domains that mediates to form SUN1 and SUN2 homo- and
heterodimers and is involved in binding the KASH domain, whereas their exposed
nucleoplasmic N-terminal can interact directly with A-type lamins (Starr, 2009; Tzur
et al., 2006; Haque et al., 2006). Nesprins or NUANCE are prototypical ONM
components of the LINC complexes, constitute a large family of spectrin repeat (SR)
transmemrane proteins. By alternative splicing and transcription initiation of four
independent genes, multiple nesprin isoforms are produced (Warren et al., 2005;
Zhen et al., 2002). In mammals, the Nesprin-1 and -2 genes are alternatively spliced
in order to produce more than 12 protein isoforms and some isoforms lack the KASH
domain and are not membrane localized, however other are localized at the INM
(Starr and Fischer, 2005). Sunl and Sun2 can bind directly to emerin. Indeed, in skin
fibroblasts emerin is required to localize the nesprin-2 giant at the ONM (Randles et
al., 2010). Spectrin repeat domains in INM-localized isoform nesprin-1a are capable
to mediate binding to lamins, emerin and other nesprin-1a molecules (Mislow et al.,
2002). Nesprin-1 and 2 are the largest isoforms and can bind actin, whereas nesprin-
3 binds plectin that binds cytoplasmic intermediate filament and finally nesprin-4
binds kinesin 1, which is a plus-end-directed microtubule-dependent motor, and is
likely to involve in delocalization the Golgi membranes and centrosome away from

the nucleus in epithelial cells (Roux et al., 2009).
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‘LINC” complexes facilitate the regulated, cytoplasmic-motor protein-driven
movement of the entire nucleus to different position in the cell and the movement of
the entire nuclear envelope-attached chromosomes to new locations (Kracklauer et
al., 2013; Starr, 2009; Crisp et al., 2005) and different combinations of SUN- and
KASH-domain proteins mediate distinct functions (Luke et al., 2008) such as the
stiffness of the cytoskeleton (Stewart-Hutchinson et al., 2008). In C. elegans, in order
to recruit the proapoptotic protein CED-4 death signalling to the nuclear envelope

SUN-domain protein matefin/SUNL is required (Tzur et al., 2006).

Deletions in the nesprin-1 or nesprin-2 genes were shown to destroy endogenous
LINC complexes causing failure of nuclei to cluster at neuromuscular junctions and
can result in muscular dystrophy in mice (Puckelwartz et al., 2009). Meiotic
chromosome clustering and homologous recognition requires both matefin/SUN1
and ZYG-12 for chromosome organization as in matefin/SUN1 mutant strain of C.
elegans chromosome reorganization is disrupted in early meiosis (Woglar et al.,
2013; Penkner et al., 2007). Mammalian SUN1 and SUN2 are associated with
telomeres between the leptotene and diplotene stages of meiosis and it was
revealed that SUN-1 knockout mice have both impaired homologous pairing and
impaired NE-telomere association (Ding et al., 2007). Mammalian SUN proteins do
not depend upon A-type lamins in meiosis, whereas in C. elegans the nuclear
migration and nuclear anchoring functions of LINC complexes require B-type lamins
(Lee et al., 2002). However, it is important to note that S.pombe and S. cerevesia do
not have lamins, whereas SUN- and KASH- dependent pathway exist (Starr, 2009).
Horn and colleagues reported that both nesprin-4 and SUN-1 are expressed in

mechanosensory hair cells and they play a significant role in the basal positioning of
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outer hair cells nuclei and also are essential for the maintenance of cell viability.
Moreover, from their experiments, they found that mice deficient in SUN1 displayed

loss of nesprin-4 from the NE of hair cells and therefore showed a pattern of hearing

loss, similar to Nesp4 - mice (Horn et al., 2013).

Table 1.1 Functions of SUN and KASH proteins (Starr, 2009).

SUN proteins

Characteristics and
function(s) at the INM

References

Mammals
Sunl Telomere attachmentin  (Crisp et al., 2006; Ding et
meiosis and al., 2007; Haque et al.,
gametogenesis; 2006;Padmakumar et al.,
nuclear-envelope 2005)
integrity; recruit KASH
proteins
Sun2 Nuclear-envelope (Crisp et al., 2006; Hodzic et
integrity; recruit KASH al., 2004)
proteins
Sun3 Testis specific; ER (Crisp et al., 2006)
localized; unknown
function
Spag4 Testis specific; not at (Shao et al., 1999)
nuclear envelope;
unknown function
C. elegans
UNC-84 Nuclear positioning; (Malone et al., 1999; Starr
recruit ANC-1 and UNC- and Han, 2002; Starr et al.,
83 in somatic cells 2001)
SUN-1 Centrosome (Malone et al.,
(matefin) attachment; apoptosis; 2003; Penkner et al.,

chromosome pairing in
meiosis; recruit ZYG-12

2007; Tzur et al., 2006)

D. melanogaster

and CED-4

Klaroid Recruit Klarsicht in eye  (Kracklauer et al., 2007)
disc; nuclear migration
in eye disc
CG6589 Unknown (Kracklauer et al., 2007)
Dictyostelium
Sun-1 Centrosome (Xiong et al., 2008)
attachment; genome
stability
S. pombe
Sadl Spindle architecture; (Chikashige et al.,
recruit Kmsl 2006; Hagan and
Yanmagida, 1995)
S. cerevisiae
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Mps3

SPB duplication;
attachment of telomeres
to nuclear envelope;

(Conrad et al.,
2008; Jaspersen et al.,
2006; Koszul et al., 2008)

recruit Csm4

KASH proteins Known function(s) at the References
ONM
Mammals
Anchorage of nuclei to (Apel et al., 2000; Zhang et
1) Syne-1 actin filaments al., 2001; Zhang et al.,
(Nesprin-1) 2007)
2)Syne-2 Anchorage of nuclei to (Apel et al., 2000; Zhang et
(Nesprin-2) actin filaments al., 2007; Zhen et al., 2002)
Nesprin-3 Intermediate-filament (Ketema et al.,
interactions with the 2007; Wilhelmsen et al.,
nucleus 2005)
Nesprin-4 Unknown; endocrine (Crisp and Burke, 2008)
specific
C. elegans
ANC-1 Anchorage of nuclei to (Starr and Han, 2002)
actin filaments
UNC-83 Nuclear migration (McGee et al., 2006; Starr et
al., 2001)
ZYG-12 Attachment of (Malone et al., 2003)

centrosomes to nuclei

D. melanogaster

Klarsicht Nuclear migration and (Mosley-Bishop et al.,
centrosome attachment ~ 1999; Patterson et al., 2004)
MSP-300 Muscle development (Rosenberg-Hasson et al.,
(?); nuclear anchorage 1996; Technau and Roth,
(?) 2008; Xie and Fischer,
2008; Yu et al., 2006)
S. pombe
Kms1 Meiotic chromosome (Chikashige et al., 2006; Miki
movement and pairing et al., 2004)
via dynein
Kms2 Meiotic and mitotic (Chikashige et al.,
chromosome movement 2006; King et al., 2008; Miki
et al., 2004)
S. cerevisiae
Csm4 Meiotic actin-driven (Conrad et al., 2008; Koszul

telomere movements
and pairing

et al., 2008)
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Microtubules

Kinesin
Dynein P

Intermediate

Actin filaments

KASH
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SUN
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INM
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Nucleoplasm

Figure 1.9 SUN proteins represented by yellow and red colours as a dimer span the
inner nuclear membrane (INM). KASH proteins represented by blue span the outer
nuclear membrane (ONM). The cytoplasmic domains of KASH proteins interact with
a variety of cytoskeletal components. The nucleoplasmic domains of SUN proteins
interact with lamins or other structural components of the nucleus. SUN proteins
interact with the KASH domain in the perinuclear space in order to form the central
link of a bridge that spans the nuclear envelope, connecting the cytoskeleton to the
nucleoskeleton (Starr, 2011).
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1.4 Higher Order Chromatin Organisation

1.4.1 Euchromatin and heterochromarin

It is becoming increasingly evident that the eukaryotic cell nucleus is a highly
complex organelle in eukaryotes and accommodates much of the genome and the
machinery for its replication, temporal control of gene expression, maintenance and
DNA repair (Bourne et al., 2013; Bridger et al., 2007; Branco and Pombo, 2006;
Parada and Misteli, 2002). The human cell nucleus is ~10 um in diameter and
contains 22 pairs of autosomes and a pair of sex chromosomes consisting of ~2 m
of DNA in total (Sun et al., 2000). For more than a century, scientists have been
investigating the organization of the nucleus (de Wit and de Laat, 2012). The major
chromatin domains are morphologically defined as; euchromatin and
heterochromatin (Tamaru, 2010). Heterochromatin appears highly condensed, and
brightly stained as the cell makes the transition from metaphase to interphase,
whereas, euchromatin is less condensed, gene-rich and decondenses during
interphase (Huisinga et al., 2006; Hsu, 1962; Heitz, 1928). In the eukaryotic cell
nucleus, DNA exists with histone proteins. 147 base pairs (bp) of DNA are wrapped
in 1.7 negatively supercoiled turns around the nucleosome core patrticle consisting of
two H3-H4 and two H2A-H2B histone dimers (Woodcock, 2006; Luger et al., 1997).
10-80 bp linker DNA associated with linker histone H1 separates nucleosomes from
each other and these portions of genomes are typically gene-poor, however not
devoid of genes (Grewal and Elgin, 2002). Heterochromatin and euchromatin have
distinct nucleosome modifications (Tamaru, 2010), with heterochromatin
characterized by hypoacetylation of histones, H3K9me, association with
heterochromatin protein-1(HP1), and DNA cytosine methylation (5mC)(Suzuki and

Bird, 2008; Richards and Elgin, 2002; Jenuwein and Allis, 2001; Bannister et al.,
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2001; Rea et al., 2000; Tschiersch et al., 1994). Whereas euchromatin is typically
enriched in acetylated histones H3, H4 and H3K4 methylation (Noma et al., 2001;
Grunstein, 1998). Pericentromeric and telomeric sequences are predominantly
repetitive DNA sequences, as are satellite sequences and transposable elements,
and are the main targets for heterochromatin formation (Schoeftner and Blasco,
2009; Slotkin and Martienssen, 2007). Heterochromatin Protein 1 (HP1) was first
identified (James et al., 1989) in a screen with monoclonal antibodies as a protein
primarily concentrated in the pericentric heterochromatin and is now known that
H3K9me3 marks deposited by the histone methyltransferase, Su(var)3-9, are
responsible for recruiting this protein to heterochromatin (Lachner et al., 2001). HP1
is highly conserved from S.pombe (Swi6p) to Homo sapiens (HP1a, HP1B3, and
HP1y) (Eissenberg and Elgin, 2000). In Drosphila and mouse, Classical PEV
(position-effect variegation), which can encompass genes that are hundreds of
kilobases from the heterochromatin/euchromatin boundary occurs when a gene is
juxtaposed to heterochromatin and sites buried within repeats could initiate the
propagation of a heterochromatic state (Saksouk et al., 2015; Dimitri and Junakovic,
1999). In addition, HP-1 was found at sites of the transposon arrays in polytene
chromosomes (Fanti et al., 1998). Although artificially tethered HP1 was shown to
silence a transgene without histone methylation and Su (var)3-9 in Drosophila, Suv4-
20h in human cells it was revealed that repression corresponded to methylation of

the targeted region (Li et al., 2003).
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1.5 Genome organisation in the interphase nucleus

In mitosis, chromatin becomes tightly packaged and each individual chromosome
becomes visible as discrete entities known as chromosome territories (Figure 1.10)
(Cremer and Cremer, 2006). The organization of interphase chromosome territories
(CT) was first described by Karl Rabl (C and Z, 1885) and Boveri (Boveri, 1909)
based on their studies of plants with large genomes and Salamander. In 1974,
evidence for the territorial organisation was discovered by Thomas and Christopher
Cremer demonstrating the existence of CT in the interphase of nuclei of Chinese
Hamster Ovary (CHO) cells by laser UV microbeam irradiation of the chromosomes
(Cremer et al., 1974). Cremer et al. demonstrated that UV microbeam induced DNA
repair in only a few chromosomes, suggesting that induced chromosomes may not
entirely undergo decondensation following mitosis (Cremer et al., 1974). In the
following years, the presence of chromosome territories was confirmed using
fluorescence in situ hybridisation techniques employing fluorescently labelled
chromosome paints and the territorial organisation of chromosomes became
accepted scientific dogma (Lichter et al., 1988). Integration of fluoresecenlty tagged
nucleotides into chromatin have been used and indicating that chromosomes have
their own individual areas (Edelmann et al., 2001; Visser and Aten, 1999; Zink et al.,
1998). In 1999, Bickmore and co-workers determined that chromosomes were
radially organised in interphase nuclei of fibroblasts and lymphocytes (Croft et al.,
1999; Bridger et al., 1999) and moreover, they discovered that there is a strong link
between the gene density of a chromosome and its radial location within interphase
nuclei (Gilbert et al., 2004; Bridger and Bickmore, 1998). Interestingly, most

chromosomes appeared to have mainly conserved positions between the two cell

44



Chapter 1: Literature review

types but conversely, several chromosomes demonstrated different positioning

(Cremer et al., 2003).

Figure 1.10 Demonstrates false colour representation of the 23 human
chromosomes in interphase nuclei occupying specific territories during

prometaphase in 3D M-FISH presented fibroblast cells (Bolzer et al., 2005)
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1.5.1 Interphase chromosome position gene-density theory

According to the gene-density theory, chromosomes are dispersed radially within the
nuclear environment according to the density of genes on a chromosome (Figure
1.11) (Croft et al., 1999). Firstly, CT were assessed for the different nuclear
positioning of two similarly sized human chromosomes; 18 and 19 in proliferating
human dermal fibroblasts and lymphoblasts. Chromosomes HSA18 and HSA19
represent two extremes of the human genome. There are a number of reasons why
these two chromosomes make for interesting comparisons: the DNA contents of
chromosomes; HSA18 and HSA19 are quite similar, 86 and 72 Mb, respectively
(Lander et al., 2001; Morton, 1991), nevertheless their gene densities and replication
timing are significantly different: HSA19 is the human chromosome with the highest
gene-density carrying a predicted number of 1930 genes (26.8 per Mb). It comprises
mostly of early replicating chromatin and has a high number of CpG islands with 43
per Mb compared with an average number of 10.5 per Mb in the human genome and
repeats of the Alu family (Craig and Bickmore, 1994; Korenberg and Rykowski,
1988). In addition, replication of most of its DNA starts in the early part of S phase
(Dutrillaux et al., 1976). On the contrary, HSA18 has fewer gene assignments (Cross
et al., 1997), a low CpG island density and high proportion of late replicating
chromatin (Lander et al., 2001). After (2D) and three dimensional (3D) fluorescence
in situ hybridisation (FISH), it was revealed that human chromosome 19 was located
in a more internal region of the nucleus compared with human chromosome 18
which was located close to the nuclear edge lamina in cells (Croft et al., 1999).
Furthermore, Bickmore and colleagues reported that several chromosomes were
organised quite differently in senescent and quiescent conditions (Bridger et al.,

1999). Under serum-starved conditions, HSA18 territories moved from the nuclear
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periphery to a more central position when fibroblasts exit the cell cycle and enter Go.
Under normal culture conditions, this phenomenon was shown to be reversible when
fibroblasts re-entered the cell cycle (Bridger et al., 1999). Whereas, chromosomes 4
and X known as larger chromosomes did not alter their position and remained at the
nuclear edge in quiescent and senescent cells (Meaburn et al., 2005). In addition to
fibroblasts cells, Bickmore and co-workers showed that gene-density theory of
chromosome positioning in nuclei applied to chromosome positioning in
lymphoblasts and dermal fibroblasts for all chromosomes (Boyle et al., 2001). In CT
positioning analysis using 3D-FISH, confocal laser scanning, and 3D-reconstruction
of nuclei indicated that HSA19 territories did not reveal any visible contact with the
nuclear lamina which is in full agreement with the findings reported by Bickmore and
colleagues (Tanabe et al., 2002). On the contrary, HSA18 and HSA19 territories
were positioned towards the two-dimensional (2D) the nuclear centre in the rather
flat-elliptically shaped nuclei of proliferating amniotic fluid cells (Cremer et al., 2001).
After comparative gene mapping, it was revealed that both HSA18 CTs and the
chicken homologous CTs of GGA 2 and Z gene-poor chromosomes found at the
nuclear periphery, whereas both HSA19 CTs and the chicken homologous the gene-
rich microchromosome compartment of GGA 11, 28, and E25C31 found located
towards the centre of the cell nucleus (Tanabe et al., 2002; Habermann et al., 2001).
Furthermore, investigation of four lymphoblastoid cell lines from three species of Old
World monkeys by three-dimensional FISH demonstrated that CT homologous to
HSA 18 were located preferentially close to the nuclear edge, however gene-dense
human 19 homologous CTs were oriented towards the nuclear centre (Tanabe et al.,
2005). The experimental findings of the gene-density-correlated positioning of

human 18 and 19 homologous CTs is evolutionarily conserved in vertebrates from
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chicken to human over a period of more than 300 million years despite major
evolutionary chromosome rearrangements. This remarkable conservation of gene-
density-related positioning contributes further support for functionally relevant higher-
order chromatin architecture (Tanabe et al., 2005; Tanabe et al., 2002). It is believed
that gene-poor chromosomes may be positioned more peripherally than those that

are gene rich because they are more transciptionally inactive (Casolari et al., 2004).

Gene-poor
chromosomes Nuclear lamina
o Gene-rich
chromosomes
. Intermediate
gene content
chromosomes

Nuclear envelope

Nucleolus

Interchromosomal

i Intranuclear lamin
domain compartment tranuclear lamins

Figure 1.11 Cartoon showing gene density based distribution of chromosome
territories in an interphase nucleus.

Nuclear envelope is represented by black double line. Gene-poor chromosomes
(orange) are preferentially positioned at the nuclear periphery and in close-contact
with the nuclear lamina (Green). Gene-rich chromosomes (blue) are located towards
the nuclear interior. The chromosomes with intermediate gene content (red) are
preferentially positioned between the gene-rich and gene-poor chromosomes.
Interchromosomal domain compartments are where most transcription is believed to
occur. Intranuclear lamins (green) can be seen residing throughout the nuclear

interior.
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1.5.2 The Link between Interphase Chromosome Location and Gene

Expression

The nuclear location of a chromosome and/or gene plays a role in regulating specific
gene expression (Bickmore, 2013; Malyavanthama et al., 2010; Malyavantham et al.,
2008). For example, when resting human lymphocytes are activated by
phytohemagglutinin, changes result in the intraorganization of chromosome
territories, both in the degree of intermingling between territories and in their volume.
More importantly, however, the radial positioning of the chromosome territories is
changed. This alteration has been postulated to be a response to an altered
transcriptional program (Branco et al., 2008). Furthermore, during ex vivo stem cell
differentiation into adipocytes, the radial position of important genes involved in
adipogenesis altered dramatically, with genes that become switched on moving from
the nuclear periphery toward the nuclear interior and back again when switched off.
Control genes in this system that were either on or off did not respond to the
adipogenic growth factors and did not change location (Szczerbal et al., 2009). In
this differentiation system, there was little whole chromosome movement, but genes
were looped out from chromosomes into the nuclear interior to associate with the
nuclear structure SC35 speckles (Szczerbal and Bridger, 2010). Other studies have
gone further, to identify where in the nucleus and to what nuclear structures the
genes are targeted. Genes have been found to relocate to structures associated with
active transcription and processing of RNA. Indeed, the activation of gene loci can
involve a repositioning of genes toward areas of the nucleus where RNA polymerase
Il molecules aggregate into superstructures called transcription factories (Osborne et

al.,, 2007). Other studies have shown genes becoming associated with other
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structures. For example, Dundr et al. inserted an artificial U2 snRNA array into the
genome of cells and demonstrated that the array moved toward a stably positioned
Cajal body for transcription through long-range chromosomal relocation. This
movement was inhibited by an actin inhibitor, implying the involvement of actin in
interphase chromosome repositioning (Dundr et al., 2007). Other studies have
shown genes increasingly associated with SC35 domains upon upregulation
(Szczerbal and Bridger, 2010; Brown et al.,, 2008). Most excitingly recent 3C
(Ferraiuolo et al., 2010) and 4C conformation capture experiments have shown that
actively transcribing Hox genes in a cluster are associated with a nuclear
compartment for active transcription and that the nontranscribing genes are all
located at a region where gene silencing occurs (Noordermeer et al., 2011). When
the silenced genes become activated, they then co-compartmentalize with the other
active Hox genes. This strict co-compartmentalization of genes explains the strict co-
linearity rules associated with the Hox gene clusters where position in the cluster is
correlated with the expression zone down the developing embryo. The three-
dimensional (3D) structure of the chromosomes within the territories also plays a
major role in the control of gene expression. Regions of the chromosomes interact
with other regions of the same chromosome, in cis. For example, the locus control
region (LCR) of the B-globin gene cluster acts as an enhancer of the B-globin genes,
although it is more than 50 kb away. However, the LCR is in close physical proximity
to an actively transcribed HBB gene, suggesting a direct regulatory interaction
(Carter et al., 2002; Tolhuis et al., 2002). This looping in 3D forms an active
chromatin hub (ACH) for control of the expression of the B-globin genes (de Laat and

Grosveld, 2003) which dynamically associate with the LCR (Gribnau et al., 1998).
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1.5.3 Telomere structure and function

Telomeres are highly specialized nucleoprotein structures which are located at the
end of linear chromosomes of eukaryotes and some prokaryotes to maintain
chromosome stability (Cech, 2004; Blackburn, 2001; Blackburn, 1992). Telomeres
are responsible to protect the chromosomes against the loss of genetic material,
fusion of fragments of chromosomes and unwanted repair (Blackburn, Greider and
Szostak, 2006; Wong and Slijepcevic, 2004). Furthermore, during mitosis and
meiosis telomeres play a substantial role in genome segregation. Telomeric DNA is
not a linear structure and a T (telomeric)-loop is formed by a number of telomere-
associated proteins and a single stranded part of telomeric DNA (Hohensinner,
Goronzy and Weyand, 2011; Griffith et al., 1999). In mammalian cells, telomere-
associated proteins are; TRF1, TRF2, Rapl, POT1, TIN1 and TIN2 which are known
as protective shelterin complex and can directly or indirectly bind telomeric DNA to
maintain the T-loop structure by capping the telomeres (Galati et al., 2015; Palm and
de Lange, 2008; Liu et al., 2004). Shelterin-associated proteins are known as
TNKS1, TNKS2, SMG6, and TEP1 can affect chromosome end integrity and
dynamics (Salhab et al., 2008). Formation of the T-loop stops the telomere end from
being recognized as a Double Strand Breaks (DSBs) DNA by the DNA repair
machinery thus avoiding DNA damage response activation. Genetic and other
factors strongly influence telomere length (Allsopp et al., 1992; Blackburn, 2000). In
normal human somatic cells a small part of telomeric DNA is lost in each successive
cell division due to the polymerases enzymes involved in copying DNA can not
complete DNA replication, known as the end replication problem (Olovnikov, 1971).
When telomeres become critically short, the protective function of telomeres is

affected and thus DNA damage response is activated leading inhibition of cell
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proliferation referred as cell senescence (O'Sullivan et al., 2002). Different to human
somatic cells which have low telomerase activity, human stem cells (HSCs), germ
cells and cancer cells are exceptional human cell types that maintain telomere length
through expression of telomerase enzyme while continuing to divide (Tian et al.,
2010; Ingram et al., 2004; Bodnar et al., 1997). In 1985, Carol Greider and Elizabeth
Blackburn discovered telomerase, a ribonucleoprotein reverse transcriptase which
was firstly isolated from Tetrahymena thermophilia extracts (Greider and Blackburn,
1989). Subsequently, human telomerase was isolated from cancer cells indicating
that telomerase is required for proliferation of cells towards malignancy (Aubert and
Lansdorp, 2008; Hastie et al., 1990). Telomerase is a multi-subunit holoenzyme that
consists of three components: the unique catalytic reverse transcriptase unit ("nTERT
in humans), the RNA template (hnTERC in humans) and accessory protein of the
nucleolar phosphoprotein dyskerin (Cohen et al., 2007; Cong et al., 2002). Dyskerin
is essential for stable formation of telomerase complex (Cohen et al., 2007). The
RNA subunit of telomererase employs a sequence complementary to a 150-250
nucleotides long single-stranded the G-rich telomeric DNA as a substrate to elongate
the 3’ G-overhang of the telomere in a 5 to 3’ direction via reverse transcriptase
subunit (hTERT) and not require ATP (Xu, 2011; Autexier and Lue, 2006).
Telomeres are physically attached to the nuclear envelope during nuclear
reassembly (Crabbe et al., 2012). In previous works, it was shown that in order to
reorganize chromatin domains after each cell division telomeres can function as a
nuclear envelope tethering point via the shelterin subunit RAP1 to the nuclear
envelope protein SUN1, which is part of the LINC complex is required for attachment
of telomeres to the nuclear envelope in fission yeast and mice (Crabbe et al., 2012,

Kanoh and Ishikawa, 2001).
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1.6 Interaction of the genome with other components of the nuclear
architecture

The movement of chromatin in nuclei appears to be mostly by constrained
diffusion and thus reflects the physical attachment of chromatin to nuclear
compartments, such as the nucleolus, nuclear periphery, or a nuclear matrix (Boyle
et al., 2001; Andrulis et al., 1998). It is evident that nuclear position has a crucial role
for gene regulation and moreover, it has been shown that there is a strong
correlation between transcriptionally silent, late replicating chromatin and a nuclear
peripheral localization in several model systems (Zhang et al., 2012; Boyle et al.,
2001; Andrulis et al., 1998). Chromosomes that contain active nuclear organising
regions (NORs), inactive NORs and also other chromosomes integrate into the
nucleolus and therefore this nuclear compartment is thought to be crucial for spatial
organisation of the genome within the nucleus (Pliss et al., 2015; Sullivan et al.,
2001; Bridger et al., 1999). In genome wide screens, two studies have revealed
many sites throughout the genome that are anchored at nucleoli including
chromosome 17 (van Koningsbruggen et al., 2010) and chromosome 19 (Németh et
al., 2010). It was deciphered in Go synchronized WI38 fibroblasts that one nucleolus
was always associated with more NOR-CT than the other nucleoli leads to a
“‘dominant nucleolus” and several smaller sub-clusters chromosomes that yield their
own nucleoli ( Pliss et al., 2015). These studies demonstrate that the nucleolus is a
major player in anchoring and organising chromosome territories in interphase
nuclei. Studies on mammalian cell nuclei using fluorescence recovery after
photobleaching (FRAP) showed that in time periods of more than 1 hour, chromatin
became immobile over distances higher than 0.4 ym (Chubb et al., 2002). Chubb et

al. demonstrated that nucleoli and the nuclear envelope constrain the motion of
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interphase chromosomes that are located at these nuclear structures. In addition
they demonstrated that the mobility of chromatin not associated with nucleoli or the
nuclear periphery was much less constrained and interaction of nucleolus with
chromatin is likely to have a more profound effect on the regulation of chromatin
dynamics than interactions with any global structures such as a nuclear matrix
(Chubb et al., 2002). Since human chromatin is subject to greater resistance, the
diffusion coefficients for human loci is lower than the diffusion coefficients of other
organisms such as budding yeast. Whereas, as the size of human nucleus is larger
than yeast nucleus, loci are restricted to a much smaller proportion of the total

nuclear volume (Chubb et al., 2002)

1.7 Lamins and Genome Organisation

Lamins are heavily implicated in organising the genome. This has been
demonstrated by in vitro lamins binding directly to chromatin (Taniura et al., 1995).
Further, in the early 1990s, studies on Drosophilia showed that in vivo the
distribution of lamin B coincides with peripherally located chromatin. The Drosophila
lamin DmO as well as Vertebrate A- and B- type lamins can bind DNA sequences
known as matrix-attachment regions (MARS) or scaffold-attachment regions (SARS)
(Lude’rus et al., 1992) . FISH studies revealed that A- and B-type lamins have roles
in genome organization (Gruenbaum and Foisner, 2015; Adam and Goldman, 2012).
Two gene clusters of chromosome 13; 13A and 13B were shown having significant
changes in nuclear localisation moving towards the nuclear interior in LMNA E161K
mutant fibroblasts suggesting a loss of connection with the nuclear lamina.

Furthermore, the region of chromosome 13 having the two gene clusters was
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demonstrated being less compact with chromatin in the LMNA E161K mutant
fibroblasts, however the chromosome 13 volume was shown being smaller
(Mewborn et al., 2010). The dense heterochromatin network is thought to reflect the
association of transcriptionally inactive genes with the nuclear lamina suggesting that
the nuclear membrane and lamina may play an active role in gene repression
(Shaklai et al, 2007). Lamin-associated domains (LADs) are considered to regulate
the interaction of chromatin with the nuclear lamina and LADs are thought to be
transcriptionally repressive (Van Steensel and Dekker, 2010; Guelen et al., 2008
(Van Steensel and Dekker, 2010). Using DNA adenine methylase (Dam) method,
striking alterations in the interactions between chromatin and the nuclear lamina was
elucidated in terminal differentiation (Guelen et al., 2008). Dam method using lamin
B1 in order to map genome-nuclear lamina interactions in progressive stages of the
embryonic stems cells and neural differentiation pathway, Lamin-associated domains
(LADs) were shown to cover almost 40% of the genome in human cells and
moreover, promoters found within LADs generally carried repressive histone marks
suggesting that LADs are repressive (Guelen et al., 2008). 4,052 genes of the
13,798 tested was demonstrated to have reduced expression and only 215 had
enhanced association with the nuclear lamina suggesting that interaction of the
genes with the nuclear lamina was shown as not a result of loss of transcriptional
activity but a more directed and specific process for certain genes (Peric-Hupkes et
al., 2010). Previous work revealed that chromosomes 13 and 18 were found in the
nuclear centre in proliferating laminopathy HDFs, different than normal proliferating
cells that chromosomes 13 and 18 were found at the nuclear periphery (Mehta et al.,

2011).
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It is noteworthy that localization of chromosome in the nucleus can vary considerably
between cell types (Zuleger et al., 2011). Sullivan and colleagues (1999)
demonstrated that Lmna “- mice cardiomyocytes and MEFs cells show a partial loss
of peripheral chromatin integrity associated with blebbing of the NE and lamina and
mis-positioning of centromeric heterochromatin (Sullivan et al., 1999). Furthermore,
both in Lmna” MEFs and in cells obtained from patients suffering from some-type
of laminopathies, gene-poor chromosomosome 18 is positioned away from the
nuclear periphery toward the nuclear interior (Meaburn et al., 2007; Malhas et al.,
2007). Silencing of Lamin B1 expression in HeLa cells leads to formation of NE blebs
that are lamin A/C rich and lamin B2-deficient (Shimi et al., 2008). Euchromatic
chromatin is mainly associated with these NE blebs and consists of gene-rich
chromosome regions. This suggests that A-type lamins are preferentially associated
with high gene density regions of active chromatin. On the other hand, LB1 seems to
be associated with gene-poor regions of chromosomes (Shimi et al., 2008). Lamins
have been shown to play a role in the localization of and function of telomeres and
centromeres (Solovei et al.,, 2004). Lamins interact with chromatin associated
histone proteins and the expression of mutant lamins leads to global changes in the
epigenetic organization of chromatin (Dechat et al., 2008). In cells derived from
patients suffering from various laminopathies such as; HGPS. It has been shown
that abnormalities in chromatin organization are linked to epigenetic changes,
specifically to changes of specific histone methylations known to define
heterochromatin (Martin and Zhang, 2005). Due to expression of mutant lamin
protein, epigenetic marks; H3K9me3 and H3K27me3 were down-regulated and
H4K20me3 was up-regulated (Scaffidi and Misteli, 2005) and moreover, mutant

lamin A cause loss of heterochromatin (Capell and Collins, 2006; Shumaker et al.,
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2006). Analysis of the expression of LEM domain domains in WT retina cells was
shown that no individual LEM domain protein could be the universal mediator of the

Lam A/C-dependent peripheral heterochromatin tether (Solovei et al., 2013).

1.8 Chromosome Movement

It was demonstrated by Simon and colleagues that the mutant lamin A/C tails bound
less well than its wild-type to F-actin and even though F-actin is not present in the
nucleus by phalloidin staining, the presence of some actin in the nucleus was found
in an altered polymeric state (Simon et al., 2010; McDonald et al., 2006). Emerin has
been demonstrated to attach the pointed end of actin filaments at the nuclear lamina
(Holaska et al., 2004). Puckelwarts and colleagues proposed that mechanosensing
defects in LINC complexes lead to aberrant chromosome territories, gene
dysregulation and altered lamin-actin interaction (Puckelwartz et al., 2011). It is
believed that altered lamin-actin interactions cause aberrant chromatin movement
(Puckelwartz et al., 2011). The energy for the movement of telomeres and
chromosomes are generated in the cytoplasm by KASH and SUN proteins
(Chikashige et al., 2007). Chikashige and colleagues discovered meiotic-specific
proteins bgtl and bqt2 which are involved in connection of telomeres to Sadl1 on the
nucleoplasmic face of the INM in yeast (Chikashige et al., 2006). Furthermore, Csm4
is the first KASH protein recognised in budding yeast and it is suggested that
cytoplasmic domain of Csm4 is possibly to associate with a component of the actin

cytoskleton (Bhalla and Dernburg, 2008; Penkner et al., 2007).
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1.9 Laminopathies

In the past decade, our knowledge and interest of the molecular mechanism
underlying human ageing has exploded with the discovery that mutations in the
genes encoding lamins and associated nuclear envelope proteins cause a diverse
range of human diseases (de La Rosa et al., 2013; Vijg and Campisi, 2008).
Consequently, research in clinical genetics has changed the way cell biologists view
the nuclear lamins and nuclear lamina (Worman et al., 2009). Nuclear functions can
easily be perturbed by a wide range of mutations in lamin genes. Many laminopathy
syndromes disrupt only one or a few major tissues derived from mesenchymal origin
including muscle, adipose tissue and neurons, whereas others affect combinations of
tissues (Worman, 2012; Hutchison and Worman, 2004). Remarkably, over 400
discrete disease mutations in the LMNA gene have been so far identified, which
implicate more than a dozen overlapping or distinct named clinical disorders and
these diseases are collectively referred to as “laminopathies” or nuclear
envelopathies and are often characterised by the manifestation of disease (Schreiber
and Kennedy, 2013; Reddy and Comai, 2012; Dauer and Worman, 2009). These
diseases include dilated cardiomyopathy, Emery-dreifuss muscular dystrophy
(EDMD)(Puente et al., 2011; Bione et al., 1994), limb girdle muscular dystrophy 1B
(LGMD1B), familial partial lipodytrophy, Charcot-Marie-Tooth disease type 2
(CMT2B), restrictive dermopathy (RD), Werner’s syndrome, Hutchinson Gilford
Progeria Syndrome(Hennekam, 2006) and other atypical progerias (Gotzmann and

Foisner, 2006; Somech et al., 2005; Capanni et al., 2005; Navarro et al., 2005).
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1.9.1 Hutchinson-Gilford progeria syndrome

The two best-known examples of accelerated ageing syndrome in humans are
Hutchinson-Gilford Progeria syndrome (HGPS), ‘Progeria of childhood’ (Eriksson et
al.,, 2003) and Werner syndrome (WS, ‘Progeria of adult’) (Sinha et al.,, 2014;
Coppede, 2012, Davis et al., 2006). Disruption in lamin expression can lead to a
disease condition termed Hutchinson Gilford Progeria Syndrome (HGPS) (OMIM
176670) and which is a rare but the most severe disease of all laminopathies
(Tsiligiri et al., 2015). HGPS was first described by general practitioner Jonathan
Hutchinson and Hastings Gilford in 1886 and 1904 respectively (Hastings, 1904;
Hutchinson, 1886) and is exceedingly rare sporadic disease with an incidence of 1
per 4-8 million live births, dominantly inherited disease characterized by rapid growth
deceleration in childhood (Rehman et al., 2015; McClintock et al., 2007). According
to data from the progeria research foundation, the total number of known living
children with HGPS was 103 worldwide in 2013 and approximately 140 cases have

been reported in medical history (Monga et al., 2015).

1.9.1.1 Clinical features

Patients with HGPS condition generally appear normal at birth although to some
extent small for gestational age and by approximately 1 year of age develop multiple
clinical abnormalities with striking features that resemble accelerated ageing with
failure to thrive develops, often accompanied by sclerodermatous skin with loss of
subcutaneous fat, osteolysis, alopecia, rapid loss of joint mobility and varied skin
hyperpigmentation (Chu et al., 2014; Wuyts et al., 2005; Goldman et al., 2004;
Brown, 1992). The children also present with prominent scalp veins and clear
fontanelles. Almost all patients have a high-pitched voice and a short stature, and

are under-weight (Gordon et al., 2007). They have a characteristic facial appearance
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with prominent eyes, a beaked nose and facial disproportion due to micrognathia
and a large cranium (Hennekam, 2006; Brown, 1992). The children have a normal to
above-average intelligence. Strokes are very common, at a median age of 9 years,
resulting in seizures and headaches and limb weakness. Other abnormalities
observed in HGPS patients are: dental crowding, conductive progressive hearing
and bilateral sensorineural loss and a complete absence of spermatogenesis
(Monga et al., 2015). Mutation in lamin A appears to affect diverse body sytems
including tongue, heart, liver kidney, stomach, bladder, pancreas, spleen, bone,
skeletal muscle, heart and large and small arteries (Olive et al., 2010; Mazereeuw-
Hautier et al., 2007). The average life expectancy of HGPS patients is around 13.5
years and most frequent cause of demise is heart attack or stroke resulting from

progressive arteriosclerotic disease (Kumar, 2011; Goldman et al., 2004).

Typical clinical features of the ageing, such as malignancy is conspicuously absent
in patients with progeria which is most probably due to shortened life span of the
patients and therefore HGPS is often called “segmental” (Pereira et al., 2008).
However, in 1978, King’s group reported the first case of Osteosarcoma diagnosed

in a patient with HGPS (King et al., 1978).
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1.9.1.2 Genetic basis underlying HGPS
The genetic basics of progeria involving the LMNA gene were described by two

different groups. One methodology was based on clinical overlaps between patients
affected with mandibuloacral dysplasia (MAD), and this disease is one of the
disorders caused by mutations in LMNA and HGPS. This methodology led to
mutational analysis of LMNA in two affected children (De Sandre-Giovannoli et al.,
2003). The other group performed a different methodology which was a whole-
genome scan using microsatellite marker in 12 patients and the aim was looking for
regions of homozygosity (Eriksson et al., 2003). In their experiment, Eriksson’s group
were expecting autosomal recessive inheritance however, surprisingly retrieved two
cases with uniparental isodisomy and also one case in the 1921 region of the
chromosome, a 6-megabase paternal interstitial deletion was identified, leading
towards candidate gene sequencing in the interval (Eriksson et al.,, 2003). Both
studies identified the most common de novo a silent point mutation located in LMNA
gene exon 11 associated with HGPS. The major mutation associated with HGPS is a
heterozygous germline single base-substitution in exon 11 on LMNA gene
c1824C>T, and at the protein level, p. Gly608Gly, (Figure 1.12)(Cao et al., 2007;
Moulson et al., 2007; De Sandre-Giovannoli et al., 2003). Even though, this
heterozygous mutation is predicted to be synonymous at the protein level, in reality,
there is a formation of an aberrant a cryptic splicing donor site that generates a 150-
nucleotide deletion on the mRNA sequence resulting in a truncated pre-lamin A
protein called progerin/LAA5S0 (Wang et al., 2012) lacking 50 amino acids near the
C-terminus (Scaffidi and Misteli, 2006; Goldman et al., 2004). In HGPS, the deletion
of 150 nucleotides due to single base-substitution in exon 11 on LMNA gene
c1824C>T, does not affect the CaaX motif and protein pre-progerin undergoes

normal farnesylation. However, the protein lacks the ZMPSTE24-FACE1 recognition
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site for the final cleavage step, therefore leading to retention of farnesyl group on C-
terminal cysteine in contrast to the transient farnesylation of prelamin A (Figure 1.13)
(Scaffidi and Misteli, 2006; Goldman et al., 2004; Eriksson et al., 2003) . Progerin
acts in a dominant negative manner and therefore transfection of wild type A-type
lamin is not sufficient to rescue the HGPS cellular phenotype (Scaffidi and Misteli,
2005). The toxic accumulation of farnesylated prelamin A at the nuclear membrane
compromises nuclear structure, disrupts the nuclear lamina , leads to herniations
and loss of peripheral heterochromatin giving rise to the formation of grossly
abnormally shaped nuclei (McCord et al., 2013; Goldman et al., 2004). It is believed
that accumulation of farnesylated protein would lead to disruption of lamin—related
functions such as gene expression and DNA replication (Pereira et al., 2008). In
addition to the mutation in codon 608 of exon 11, other LMNA mutations to be
associated with HGPS include: a heterozygous base mutation E145K in exon 2,
GAG > AAG (Eriksson et al., 2003); a heterozygous base mutation within the same
codon, G608S (GGC>AGC)(Eriksson et al., 2003); a de novo missense mutation
S143F(Kirschner et al., 2005); a heterozygous base mutations R527C (Liang et al.,
2009) and R644C (Csoka et al., 2004) on the LMNA gene. Homozygous missense
base mutation has also been identified, K542N on LMNA gene which has an overlap

with MAD (Plasilova et al., 2004).
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Figure 1.12 Representation of the LMNA gene and lamin A protein, correlated by
globular domains and rod domain. The deleted LMNA transcript junction sequence is
shown. The 150-bp deletion extends from G1819 to exon 11 end (Black box) and is
indicated by a black bar in lamin A tail. CAAX, cysteine-aliphatic-aliphatic-any amino
acid. Adapted from (Eriksson et al., 2003).
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Figure 1.13 The formation of mutant farnesylated prelamin A in HGPS. In HGPS,
ZMPSTE24 endoproteinase cannot cleave farnesylated prelamin A, due to lack of
50-amino acid in prelamin A (amino acids 607-656), the site for the second
endoproteolytic cleavage (ZMPSTEZ24). Consequently, no mature lamin A is formed,
and a farnesylated mutant prelamin A (progerin) accumulates in cells. A
representative image of TO6 cells showing nuclear herniations. Lamin A/C is labelled

in red.

64



Chapter 1: Literature review

1.10 Chromosome positioning in Hutchinson-Gilford Progeria Syndrome

The nuclear lamina’s association with genome organisation increased interest in
chromosome positioning in cases of disruption to the nuclear lamina, such as that
seen in HGPS. Nuclear organisation has been shown to be disrupted in cells from
HGPS patients.One study compared the nuclear location of three representative
chromosomes, in three separate HGPS cell lines and control cells (Mehta et al.,
2011). Chromosome 10 had previously been shown to occupy different nuclear
locations in proliferating, quiescent and senescent cells (Mehta et al., 2010; Mehta et
al., 2007). In normal proliferating cells it was found in an intermediate location,
however, in HGPS proliferating fibroblasts it was found at the nuclear periphery. This
is in line with the location observed in control quiescent nuclei. Chromosome 18
moves from the nuclear periphery to the nuclear interior during the transition from
proliferation to non-proliferation, in normal cells. In HGPS cells, chromosome 18 was
found at an interior location during proliferation. This is in line with findings from a
previous study, which found chromosome 18 at the nuclear interior in proliferating
laminopathy cells, including HGPS cells (Meaburn et al., 2007). Complete
reorganisation of the genome was, however, not observed as the X chromosomes
were found at the nuclear periphery in both control and HGPS cells. It was
concluded that HGPS show nuclear organisation patterns similar to that seen in
guiescent normal cell nuclei (Mehta et al., 2011). The association of LMNA mutations
with altered chromosome territories was shown in LMNA mutant fibroblasts as
chromosome 13 was displaced to the nuclear interior in LMNA E161K mutants cells,
whereas chromosome 13 was shown positioning against the nuclear membrane in

LMNA D596N mutant cells (Puckelwartz et al., 2011).
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1.11 Senescence and HGPS

Cellular senescence is a state of irreversible cell cycle arrest, commonly reached by
replicative (e.g., critically short telomeres) or cell stress (e.g., DNA damage)
pathways, and proceeded by signaling of DNA damage response (Campisi, 2005;
Blackburn, 2005, 2000). As the process of cellular senescence is defined as a
gradual accumulation of non-dividing cells throughout the reproductive life span of
culture (Kill et al., 1994), it is a major obstacle to continuous propagation of cell, and
therefore is often regarded as a tumour supressing mechanism (Campisi, 2005).
How cellular senescence promotes age-related diseases and dysfunction remains
one of the important questions in the biology of ageing. The abundance of senescent
cells increases in multiple tissues with chronological ageing and in progeroid
syndromes (Waaijer et al, 2012; Campisi et al., 2011; Burton, 2009). Senescent cells
produce and secrete a variety of candidate signalling molecules, including ROS
(Passos et al., 2010), pro-inflammatory interleukins (Kuilman et al., 2008), TGFb1
(Debacg-Chainiaux et al., 2005) and various IGF-binding proteins (Kim et al., 2007,
Muck et al., 2008) that can all maintain or induce senescence in a cell autonomous
or nonautonomous fashion. Senescence-causing inducers include repeated cell
division and strong mitogenic signals, telomere shortening, DNA damage and
mutations, protein aggregation, and increased ROS (Jeyapalan et al., 2008;
Tchkonia et al., .2010; Weyemi et al.,, 2012). These insults activate the p53 and
pl6INK4a tumor suppressor pathways and potentially other pathways that initiate a
senescence response and this feature was termed as ‘ the senescence associated
secretory phenotype (SASP) (Coppe et al, 2008, 2010b). The SASP is mainly a
DDR (Rodier et al.,, 2009) and the SASP, through the inflammatory, growth-

promoting, and remodeling factors that it produces, can potentially explain how
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senescent cells alter tissue microenvironments, attract immune cells, and, ironically,
induce malignant phenotypes in nearby cells. Proteins that are associated with the
SASP, such as TNF-a, IL-6, matrixmetalloproteinases(MMPSs), monocyte
chemoattractant protein-1 (MCP-1), and IGF binding proteins (IGFBPS), increase in
multiple tissues with chronological ageing ( Freund et al., 2010). The SASP has been
revealed to have potentially both detrimental and beneficial effects, depending upon
the biological environment (Freund et al. 2011). Beneficial aspects appear to consist
of a reinforcement of the anti-tumour cellular growth arrest (Acosta et al. 2008) and a
positive contribution to the clearance of senescent cells by the immune system (Xue
et al. 2007). Deleterious effects consist of the promotion of malignant phenotypes of
adjacent cells and accelerated tumour growth (Coppe et al. 2010; Gonzalez et al.
2015). Furthermore, many SASP factors are pro-inflammatory, hence the increased
accumulation of senescent cells with age (Herbig et al. 2006; Jeyapalan et al. 2007)
may contribute to the low-level chronic inflammation that is a hallmark of aged
mammalian tissues, and provides one route whereby senescent cells can have
detrimental effects in the context of ageing (Brassard et al. 2015; Davis and Kipling
2006; Freund et al. 2011). Cells in a senescent state can remain viable indefinitely in
culture. This is true in most cases in vivo (Michaloglou et al., 2005) as well as in vitro
with a very few exceptions where some senescent tumour cells of liver carcinomas
phagocytose rapidly (Xue et al.,, 2007). Replicative senescence results from the
progressive shortening of telomeres as cells divide throughout life (Bodnar et al.
1998). When the telomeres become critically short, they trigger a DNA damage
response involving activation of p53, which in turn up-regulates the cell-cycle-
inhibitor p21CDKN1 resulting in cell cycle arrest and entry into senescence (Canela

et al., 2007 ; Vaziri and Benchimol, 1996).
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The increased levels of progerin with age in non-HGPS individuals results in the
accumulation of wild-type lamin A at the nuclear periphery (Scaffidi and Misteli
2006). These observations suggest that the mechanisms that lead to aberrant
nuclear morphology and chromatin disorganisation in HGPS may also affect aged
cells. Remarkably, the cryptic splice donor site that produces progerin is activated in
senescent cells (Cao et al. 2011a). Telomere attrition results in the alternative
splicing of several genes including progerin, thus presenting a complex and
synergistic relationship between telomere shortening, progerin and senescence
suggesting that progerin accumulation also impacts cell dysfunction and senescence
in biological ageing (Cao et al. 2011a). In both human and animal studies, prelamin
A accumulation has been shown to occur selectively in the vasculature, and prelamin
A-induced VSMC (Vascular Smooth Muscle Cells) calcification and senescence are
reiterated in animal models of HGPS and in vascular cells differentiated from
induced pluripotent stem cells derived from patients with HGPS (Liu et al., 2013).
Accumulation of Prelamin A was shown in VSMCs with increasing cell passage
number in vitro concommitantly with decreased levels of its processing enzyme
farnesylated proteins-converting enzyme 1 and increased levels of DNA damage.
Furthermore, expression of pre-lamin A in VSMCs was found to increase DNA
damage and to promote premature senescence, suggesting a causal link between its
accumulation and accelerated VSMC ageing (Ragnauth et al., 2010). Examination of
the arteries from young children on dialysis who develop hallmarks of premature
vascular ageing, including arterial stiffening, VSMC loss revealed that calcifying
nodular VSMCs have elevated levels of p16 and increased staining for senescence-
associated B-galactosidase compared with monolayer VSMCs, confirming a link

between prelamin A accumulation, calcification, and senescence both in vitro and in
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vivo. Furthermore, SASP factors were shown abundantly secreted by prelamin A—
expressing VSMCs (Liu et al.,, 2013). The extensive adventitial fibrosis and the
frequent atherosclerotic lesions were shown to be present in the arterial histological
sections of HGPS patients and intimal lesions were mainly fibrotic and acellular,
closely resembling atheromatous lesions in physiological ageing (Olive et al. 2010).
The autopsy of two HGPS patients of age 11 and 20 revealed an important decrease
in VSMCs in the medial layer of the aorta (Stehbens et al. 1999). It was
demonstrated on senescent vascular smooth muscle cells that baseline apoptosis
rates do not change significantly in VSMCs as the fraction of senescent cells within
the culture increases suggests that senescent VSMCs may persist in vivo long
enough to be of physiological significance in the pathogenesis of vascular disease.
However, it has been reported that apoptosis is a feature of advanced
atherosclerosis and this could promote telomere shortening (and thus senescence)
by reducing the number VSMCs capable of replication (Burton et al., 2009; Matthews

et al., 2006).
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1.12 Treatments for Hutchinson-Gilford Progeria Syndrome

1.12.1 Farnesyltransferase inhibitors (FTI)

HGPS is a sporadic autosomal dominant disease and most commonly classical de
novo a point mutation in exon 11 in LMNA gene (c1824C>T) is responsible
pGly608Gly on chromosome 1, this leads to a Gly substitution for a Gly the LMNA
encodes the nuclear intermediate filament proteins lamin A and C (De Sandre-
Giovannoli et al., 2003; Eriksson et al., 2003; Delgado Luengo et al., 2002). Mature
lamin A is produced via a pre-lamin A whose C-terminal cysteine residue is initially
modified by farnesylation and carboxymethylation followed by enzymatic cleavage of
the terminal 15 aminoacids by the ZMPSTE24 endoprotease, releasing the
unfarnsylated mature lamin A. However, due to the point mutation that partially
activates a cryptic splice site in exon 11 of LMNA leads to in-frame deletion of 150
nucleic acids from the lamin A mRNA, since the ZMPSTE24/FACE 1 cleavage site is
missing and therefore a permanently farnesylated and carboxymethylayed
uncleaved truncated lamin A isoform called progerin is accumulated (Wang et al.,

2012; Scaffidi and Misteli, 2006; Eriksson et al., 2003; Goldman et al., 2004).

Farnesyl transferase inhibitors (FTI's) have been employed in order to inhibit
farnesyltransferase enzyme that transfers the farnesyl group onto Ras and other
proteins. FTIs were initially developed as potential anti-cancer agents targeting Ras
function (Basso et al., 2006). Although using of FTls was considered not successful
in cancer treatment, a potential success story exists to use FTIs for the treatment of
Hutchinson—Gilford Progeria syndrome (HGPS). As a treatment for HGPS, FTI's
have been employed to prevent the attachment of a farnesyl group to proteins by

irreversibly binding to the CaaX domain and to prevent the accumulation of progerin

70



Chapter 1: Literature review

at the nuclear envelope and to treat many cellular abnormalities such as nuclear
blebbing (Worman et al., 2010; Glynn and Glover, 2005). In 2007, the collaboration
work of the Progeria Research Foundation with scientists at Children’s Hospital,
Boston and Schering-Plough Research Institute using an open-label, clinical trial with
a single agent named lonafarnib for HGPS patients for 2 years showed the rate of
weight gain over baseline for each patient with multiple secondary endpoints plus
alterations in cardiovascular function (Gordon et al., 2008). Furthermore, FTI
treatment has been used for redistribution of mutant protein from the nuclear
envelope and also restores genome localization after mitosis in Hutchinson Gilford
Progeria Syndrome (HGPS) cells in vitro and in whole organisms (Taimen et al.,
2009). Using a FTI alone had only partial effect on lamin A maturation and due to the
possibility of FTI drugs may cause an alternative post-translational modification of
pre-lamin A which is geranylgeranyltransferase (GGT) that can cause accumulation
of progerin, using a FTI together with geranylgeranyltransferase inhibitor (GGTI)
concurrently results in accumulation of substantially higher levels of normal pre-lamin
A (Mehta et al., 2011; Liu et al., 2010). On the other hand, GGTIl-alone showed no
effect on Lamin A maturation, indicating farnesyltransferase inhibition induces
geranylgeranylation (Liu et al., 2010). Furthermore, pre-lamin A has been shown to
accumulate and be over-expressed in MSC derived from HGPS iPS cells (Blondel et
al., 2014). The Bridger group reported that FTI alone and together with GGTI cause
alteration of the location of chromosome 10 to an intermediate location and also
chromosome 18 was repositioned from an internal location to a peripheral one in
HGPS cell nuclei. However, chromosome X was not repositioned after FTI alone nor
with FTI and GGTI together. By using FTI, the shape of any aberrant, invaginated

nuclei was restored to more smoothened ellipsoid shapes (Mehta et al., 2011).
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FTI treatment has been shown not only to reposition chromosomes but also to
restore the distribution of nuclear motor protein nuclear myosin 18 (NM18) in nuclei
(Mehta et al., 2011). Therefore, by preventing the farnesylation of progerin in HGPS
cells chromosomes locate correctly, possibly because of the correct organization of
NM1B and there is a good indication that lamin A is involved in regulation of
chromosome behaviour through a nuclear motor protein. The Bridger group
demonstrated the nuclear distribution of nuclear myosin 18 (NM1) was aberrant in
proliferating HGPS cells and after the treatment with FTI it was distributed and also
restored to a similar distribution as in proliferating fibroblasts (Mehta et al., 2011).
FTI-277 treatment of HGPS cells has been shown to restore nucleolar antigen
localization (Mehta et al., 2009). Adam and coworkers’ study on normal cells using
FTI treatment demonstrated that after addition of of the drug, within 48-96 hours cells
became senescent, larger and adopted a flattened morphology. Furthermore,
senescence led cells to a decrease in LB1 expression and accumulation of preLB2
was observed in the nuclei of cells (Adam et al., 2013). FTI treatment has been
shown to give rise to the formation of doughnut-shaped nuclei in mice owing to

defect in centrosome separation (Verstraeten et al., 2011).

Evidence of improved cardiovascular status, sensorineural hearing, peripheral
arterial stiffness and echodense common arteries of children with HGPS has been
shown after Lonafarnib (FTI) drug treatment. Although, some children benefitted with
respect to rate of gain weight, some did not benefit or have been affected negatively
with regards to rate of weight gain (Gordon et al., 2012). Mid-and late-passage
HGPS cells treated with FTIs have been shown to cause a substantial reduction in
the fraction of abnormally shaped nuclei, whereas, FTI’'s have been shown not to

have any affects on nuclear shape in healthy control cells. FTI's treatment also
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contributed improvement of wound healing in healthy control cells (Verstraeten et al.,
2008). In both HGPS and healthy control cells, FTI treatment increased the
persistence time of cell migration speed. Moreover, it was shown that blocking lamin
Alprogerin does not have any role on improved wound healing effect (Verstraeten et
al., 2008). Over the 2-year period of the trial of Lonafarnib (SCH66336) - a synthetic
tricyclic derivative of carboxamide with antineoplastic properties, FTI drug treatment
in HGPS patient's revealed improvements in pulse wave velocity, carotid
echodensity, headcahes and seizures. Although a statistically significant
improvement in the rate of weight gain (36%) was obtained after the drug treatment,
the overall poor growth and weight of these patients were not changed (Kieran et al.,

2014).

1.12.2 Combination therapy: statins and aminobisphonates

Pravastatin and zoledronic acid (an aminobisphosphonate), which inhibit the HMG-
CoA reductase and FPP synthatase enzymes of the mevalonate pathway
respectively have been shown to improve longevity in ZMPSTE24 deficient mouse
models (Varela et al. 2008). A 3 drug combination of lonafarnib, pravastatin and
zoledronic acid has been put forward in trial based in the United States at Children's
Hospital Boston (Clinical trial ID: NCT00879034). Administration of recombinant IGF-
1 protein to the ZMPSTE24 (") mice restores the GH/IGF-1 balance and increases

their longevity (Marino et al., 2010).
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1.12.3 Rapamycin

Rapamycin also known as Sirolimus is a macrolide antibiotic that has been shown
to have an impact on a number of biological pathways to extend longevity in
mammals. Mammalian target of rapamycin (mMTOR) is a main cellular target of
rapamycin and a central regulator of cell growth that integrates hormonal signals and
therefore regulates diverse cellular processes (Blagosklonny, 2011; Cao et al.,
2011b). As mTORC exists in two different complexes as mTORC1 and mTORC2,
which control cell growth, rapamycin inhibits mMTORC1 and releases the autophagic
signalling pathway at low concentrations. However, to inhibit mTORC2, a higher
concentration of rapamycin is used (Cao et al., 2011b). Rapamycin has been used
for a variety of clinical applications such as a potential anticancer treatment. The
characteristic hallmarks of HGPS nuclei are; nuclear blebbing, loss of rim structure of
nuclear membrane, punctuate accumulations of progerin in mitotic cytoplasm. Much
is being made of rapamycin drug as a new treatment for HGPS and even normal
ageing (Mendelsohn and Larrick, 2012). Cao et al. study showed that treatment with
rapamycin abolished nuclear blebbing and enhanced the degradation of progerin in
HGPS cells which lead to decreased formation of insoluble progerin aggregates,
therefore increases solubility of lamin A and progerin and also clearance of progerin
in normal fibroblasts and more importantly suppressed senescence in non-HGPS
mammalian cells (Cao et al., 2011b). In their study, Cenni et al, (2011) demonstrated
that after Ramapycin drug treatment progerin levels were substantially reduced and
LAP2a, BAF proteins were restored and distribution pattern of H3KOME3 was
recovered in HGPS cells (Cenni et al., 2011). Automated image analysis of HGPS
cells after rapamycin and RADOO1 drugs treatment revealed a reduction of blebbing,

invaginations and the area of the nucleus (Driscoll et al., 2012). Ibrahim et al., (2014)
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demonstrated that using rapamycin caused reduction of the proliferation of HGPS
cells (Ibrahim et al., 2013). Rapamycin drug treatment has been demonstrated to
reduce insoluble progerin aggregates within the cell nuclei of HGPS fibroblasts
through autophagic degradation and also have a positive outcome on MSC derived
from HGPS iPS cells by reducing the number of progerin expressing cells (Blondel et

al., 2014).

1.12.4 Morpholino oligonucleotides

In 2005, Scaffidi and colleagues designed a modified 25-mer morpholino
oligonucleotide (exonll) antisense complementary to the region containing the
HGPS mutation in exon 11 in order to block the activated cryptic splice site, leading
to reverse the cellular phenotype in HGPS and these studies revealed that the drug
enabled correction of aberrant splicing of a LMNA minigene in HelLa cells and also in
dermal fibroblast and B-lymphocyte cell lines derived from individuals with HGPS
(Scaffidi and Misteli, 2005). Moreover, splicing correction of HGPS cells with exon 11
oligonucleotide corrected the morphological abnormalities of cell nuclei in >90% of
cell, the wild-type lamin A protein was restored and lamin B, LAP2 proteins and
HP1a was restored in ~90% of treated cells (Scaffidi and Misteli, 2005). Importantly,

improvements in nuclear morphology occurred without entering mitosis.
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1.13 Brief Summary

Over the past decade, growing evidence has been accumulated that the nuclear
lamina and large number of NE-associated and interacting proteins are an emerging
class of proteins playing critical roles in genome organization, gene regulation, DNA
replication, cell differentiation, apoptosis and many variety of activities. In past
years, lamins have received most attention owing to increased number of human
diseases asscociated with lamins and lamin-binding proteins to shed light on
common mechanism shared by normal ageing and to decipher pathogenic
mechanisms. HGPS is a rare and segmental progeroid syndrome, leading to death
at an average age of 13 years. In HGPS, it is well known that lamin A does not
function as direct component of DNA repair protein complexes in contrast to other
progeroid conditions such as Werner syndrome. Therefore, different than in these
other syndromes, mutations in lamin A gene of HGPS patients give rise to premature
stem cells exhaustion in order to produce a highly segmental tissue-specific pattern
of premature ageing rather than increased cancer risk (Halaschek-Wiener and
Brooks-Wilson, 2007). However, the main question of how farnesylated pre-lamin A
named progerin to cause DNA damage, perturb DNA repair and lead to genomic
instability remains unanswered. The genome is highly and non-randomly organized
within the interphase nucleus and each chromosome occupies a chromosome
territory. LINC complex of KASH and SUN proteins form a bridge to transfer forces
across the nuclear envelope involved in a variety of cellular processes, including
nuclear anchorage, chromosome movements and the notion that mutations in lamin
proteins lead to alterations in the nuclear-cytoskeletal link. In previous work, it has
been suggested that improper nuclear and chromatin organization lead to

accelerated ageing in HGPS patients. To date, there is no effective treatment for a
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devastating disease HGPS. Nevertheless, aforementioned promising preclinical
findings have recently driven the development of potential therapies which have
entered into clinical trials such as FTI’s in USA and have been shown to restore the
normal nuclear morphology of the cells and to increase average life span of HGPS
patients. Moreover, they might be relevant to many other related progeroid
syndromes. Clearly, the relationship between progeria and normal physiological
ageing still remains to be understood and thus further clinical research will help to
solve the puzzle of molecular mechanisms in lamin-linked pathologies and to
improve potentially therapeutic understanding of many human diseases from cancer
to ageing. This thesis is to investigate aberrant nuclear organisation in progeria cells

and how can be restored with drug treatments.
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2.1 Introduction

2.1.1 The nuclear matrix and its composition

In 1966, the nuclear matrix (NM) was defined as a non-chromatin structure of the
nucleus readily observed in extracted cells using the electron microscope (Fawcett,
1967). In the early 1960s a fibrogranular ribonucleoprotein (RNP) network was
discovered as the principal feature of these non-chromatin nuclear structures
(Smetana et al., 1963). Berezney and Coffney coined the term nuclear matrix which
was previously described a newly isolated nuclear fraction by treating rat liver nuclei
with high salt molarities, non-ionic detergents and DNase | (Berezney and Coffey,
1974). NM constitutes ~1% of the total protein of cells and tissues (Mika and Rost,

2005).

The nuclear matrix is a proteinaceous permanent network of 10-nm core filaments
and a dynamic RNA-protein complex which spans the entire mammalian nucleus
(Nickerson, 2001). NM is thought to be a network of fibrous proteins that comprised
of nuclear lamina inside the cell nucleus and proposed to be a platform for several
significant nuclear activities such as DNA repair and replication, transcription and
regulating gene expression (Anachova et al., 2005; Bissell et al., 1999; Jackson and
Cook, 1985). According to the NM proteome analysis by 2-dimensional gel
electrophoresis, over 400 mammalian proteins have been classified as NM proteins
and 130 of them have a cell-cycle dependent association with the structure (Mika

and Rost, 2005).
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In a mammalian nucleus, it is believed that DNA can be organized into approximately
60,000 chromatin loops, each representing an independent regulatory unit (Berezney
et al.,, 1996). DNA is organized in supercoiled loops attached to the NM by non-
coding sequences after nuclease treatment known as matrix attachment regions
(MARSs) or scaffold attachment region (SAR)(Ottaviani et al., 2008). MARs function
to bring about the domain organization by the anchorage of the loop bases to the
nuclear matrix (Boulikas, 1996). Numerous INM proteins have been shown to be
components of the NM including both A-type and B-type lamins in Hela and rat
hepatocytes (Barboro et al., 2002; Hozak et al., 1995). One study showed emerin to
link to the NM (Squarzoni et al., 1998). Furthermore, other scaffolding proteins such
as NuMA, actin and several actin-binding proteins are constitutents of NM
(Nickerson, 2001; Zeng et al., 1994). Matrin-3 protein has been found in the nuclear
matrix/scaffold “central proteome,” regardless of the method of isolation (Engelke et
al., 2014). It is thought that owing to the effects of diverse variations in procedure of
the nuclear matrix preparation on protein composition and ultrastructure of the
isolated nuclear matrix, it can lead the so-called internal nuclear matrix to be rather
unstable and therefore is not preserved under certain conditions of nuclei
fractionation (Lebkowski and Laemmli, 1982). The aim of this study is to test whether
or not the proposed drugs and combinations of drugs currently used in clinical trials

can restore positioning of chromosomes 18 and X in HGPS fibroblasts.

2.1.3 The isolation and visualization of the inner nuclear matrix

In order to isolate and visualise the the inner NM, a variety of methodologies have

been developed. A detergent, named Triton X-100 is generally used to extract
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plasma and nuclear membranes and this treatment removes the majority of
phospholipids and some cellular and nuclear proteins (Aaronson and Blobel, 1974).
As nuclear matrix is concealed by chromatin structure, nucleases/DNase 1 is
employed to digest nuclei. It is unfortunate that some procedures are not evaluated
for preservation of matrix morphology (He et al., 1990). Berezney and colleagues
employed isolated nuclei with DNase | and then eluted the partially digested
chromatin with 2 M NaCl. The obtained matrix after the treatment retains many
important features including the chromatin loop attachment sites, DNA replication
complexes as well as most of the heterogenous nuclear RNA or hnRNA (Berezney
and Coffey, 1974). On the other hand, Mirkovitch et al., treated cells with a strong
detergent, lithium diiodosalycilate in order to remove partially digested chromatin.
None of these two studies established the morphology of neither the resultant matrix
nor its biochemical completeness. Capco et al., (1982) and Fey et al., (1986)
adopted a different procedure to visualise NM structure by skipping the initial
isolation of nuclei and extracting with nonionic detergent, chromatin is digested with
DNase | to cut chromatin DNA between nucleosomes and removed with low ionic
0.25 M ammonium sulfate. Along with the DNA other soluable proteins are also
removed. Thus yielding a more structurally complete nuclear matrix, without
contaminating chromatin components (Figure 2.1) (Fey et al.,, 1986; Capco et al.,
1982). After high-salt extraction about 70% total nuclear RNA remains and treatment
of the core filament preparation with RNase A for 10 min results in their almost
complete disappearance of core filaments, leaving an empty nuclear shell and the
lamina was unchanged and remains intact by RNase A digestion. Moreover, the
intermediate filaments filling the cytoplasmic space could still be seen to associate to

the empty nuclear lamina. These findings provide evidence that for the overall

81



Chapter 2: The Effects of drug treatments on chromosome 18 and X territory positions and
telomere interactions with the nuclear matrix in primary HGPS fibroblasts

integrity of the filament network, intact RNA is required and RNA is an indispensable
component of the inner nuclear membrane (He et al., 1990). Nickerson et al. (1997)
performed the cross-linking agent named formaldehyde to stabilize the preservation
of ultrastucture of NM prior to removal of chromatin (Nickerson et al., 1997).
Following extensive formaldehyde cross-linking, 93—99% of 3H-labeled DNA along
with its associated histones are removed. Importantly, the visualisation of the nuclear
interior by means of these different protocols showed that the internal NM is indeed
built upon a highly-branched network of filaments approximately 10 nm in diameter

(Wan et al., 1999).

Figure 2.1: The nuclear matrix of a cervical carcinoma cell line was prepared by the
crosslink-stabilized nuclear-matrix procedure-and visualized by resinless section
electron microscopy. The nuclear matrix consists of two parts, the nuclear lamina (L)

and a network of intricately structured fibres connected to the lamina and well
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distributed through the nuclear volume. The matrices of nucleoli (Nu) remain and are
connected to the fibres of the internal nuclear matrix. The structures of three nucleoli
can be seen in this section. Figure reproduced from Nickerson et al., 1997.

2.1.4 The role of the NM in genome organization

The nuclear matrix is considered as a structural basis for compartmentalization and
after extraction of histones, total nuclear DNA remained bound to nuclear matrix,
being organized into topologically closed loops with average size of 50-250 kb in
length (Razin et al., 1996). It is believed that these loops are associated to the NM
through their MARs or SARs (Heng et al., 2004). In the genome, it is estimated that
thousands of MARSs regions are present, however relatively few of them have been
identified (Bode et al., 2000). It was suggested that the nuclear matrix plays a crucial
role in folding of interphase chromosomes (Razin et al., 2014). Moreover, it was also
suggested that DNA loops anchored to the nuclear matrix may represent some
structural and functional domains of the genome (Georgiev et al., 1981).
Remarkably, differentiation (Szczerbal et al., 2009) and cellular state have been
shown to determine positioning of chromosomes (Mehta et al., 2010; Bridger et al.,
1999). Chromosome arrangement is mediated by the NM and it was demonstrated
that extraction of NM leads disruption of these territories (Ma et al., 1999). Studies
have demonstrated that there are not any discrepencies between MARs and SARs
and recently, instead terms “MAR” or “SAR”, the term “S/MAR” is often referred
(Bode et al., 1996). It should be noted that MARs do not have any tissue or species
specific properties and in addition, are present inside genes and exons (Fiorini et al.,
2006). Although, MARs elements do not share homologous nucleotide sequences,

they retain some common properties, including relative enrichment in A/T pairs and
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also the ability to be preferentially integrated in super coiled DNA (Bode et al., 2003).
Using variety of methods, it has been shown that many proteins adhere to MARs
including lamins (Luderus et al., 1994), SATB1 (special ATrich sequence binding 1)
and SAFA/hnRNPU (Fackelmayer et al., 1994). Localization of actively transcribing
genes was shown at the base of loops or very close to them, whereas silent genes
were shown localizing at distal parts of loop. Using a method of DNA loop excision
by DNA topoisomerase Il of the nuclear matrix (Gromova et al., 1995), permanent
sites of DNA attachment to the nuclear matrix were revealed in Xenopus laevis and
rising size of loops during ontogenesis and alteration in specificity of DNA
attachment to the nuclear matrix was also shown (Vassetzky et al., 2000). For the
regulation of the topology of chromatin regions, it has been proposed that MARs and
DNA topoisomerases may function together which lead facilitating transcriptional
process (Bode et al., 1992). It has been considered that nuclear matrix function as a
platform for assembling and positioning of replication (Wilson and Coverley, 2013;
Hozak et al., 1993), transcription factories (Jackson et al., 1998) and splicing
speckles (Spector et al., 1991). Researchers indicated that after removal of most of
the chromatin essentially all identified nuclear compartments are preserved in
isolated nuclear matrix (Mattern et al., 1999; Berezney et al., 1996). In order to
transport of RNA to the cytoplasm, replication and transcription factories are
positioned at the surface of interchromatin channels which seems that during nuclear
matrix isolation, proteins of RNP particles existing inside interchromatin channels
aggregate with formation of a network of filaments, which was termed diffuse matrix
and it was suggested that indeed, the diffuse nuclear matrix is an artifact structure
(Razin and Gromova, 1995; Hozak et al., 1993). It was demonstrated by Gerdes and

colleagues that although transcriptionally inactive sequences have loose interaction
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with the NM structure, transcriptionally active DNA shows tighter interaction with the
NM (Gerdes et al.,, 1994). Similar results were revealed by Croft et al. that gene-
dense human chromosome 19 was shown adopting a more internal position than
gene-poor human chromosome 18 in the nucleus and to be more extensively
interacted with the nuclear matrix (Croft et al., 1999). NM'’s role for the regulation of
DNA repair has been shown as in response to DNA damage, both the level of
tumour-suppressor protein named p53 and binding of p53 to the NM increased
(Jiang et al., 2001). Furthermore, another tumour-suppressor protein retinoblastoma
protein (pRDb) is believed to associate with the NM structure (Mancini et al., 1994). It
has become apparent that A- and B-type lamins and emerin are MAR-binding
proteins and these proteins mediate the NM’s role in organizing the genome and
therefore, mutations in these proteins can lead to the disruption of chromatin
organization and gene expression. Tang et al. have demonstrated that depletion of
lamin B1 from human cells lead loss of integrity of the NM, inhibition of RNA
synthesis and thus reduced RNA polymerase | and Il activity (Tang et al., 2008).
Stabilization of the architecture of interphase chromosome is provided by interaction
of a set of chromosomal domains with the nuclear lamina (Meister and Taddei, 2013;
Guelen et al., 2008) and this stabilization requires long non-coding RNA'’s

associating with nuclear matrix proteins (Hacisuleyman et al., 2014).

2.1.5 Telomeric DNA, nuclear matrix and lamins

Telomeres are essential structures found at the ends of linear eukaryotic
chromosomes comprised of multiple repeats of the hexameric conserved G-rich DNA

sequences TTAGGG and specific binding proteins (Blackburn, 2001; Zakian, 1995;
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Blackburn, 1991). They play a significant role to prevent genomic instability
(O'Sullivan and Karlseder, 2010; Slijepcevic et al., 1996). Telomere binding proteins
function to form a protective structure which ‘caps’ chromosome ends and thereby
protect from being recognized as double-stranded breaks (de Lange, 2005). In vivo
and in vitro, with each cell division telomeres shorten owing to the ‘end replication
problem’ also sporadic losses due to damage or replication errors (Lansdorp, 2005).
Luderus and colleagues have postulated that MARs show affinity to tether to specific
areas of mammalian telomeres and suggested that per kb of telomeric sequence,
there is at least one MAR is present (Luderus et al., 1996). It has been demonstrated
that human telomeres are tethered to the nuclear membrane by their TTAGGG
repeats (de Lange, 1992). Most telomeres avoid the nuclear periphery and are
dispersed throughout the nuclear interior, suggesting a more specific role for
intranuclear lamins in tethering telomeres (Shimi et al., 2008). A repositioning of
telomere localization was observed towards the nuclear periphery with the lack of A-
type lamins, suggesting an active role of A-type lamins in the positioning of

telomeres in the nuclear interior (Gonzales- Syare et al., 2009).

In this chapter, a technique known as Halo-FISH is employed to study the
association of the genome with the nuclear matrix. Although many variations of this
technique exist to examine such genomic associations, majority of methodologies
utilizes detergents such as lithium diiodosalicilate (LIS) or high salt solutions in order
to extract proteins such as histones, non-soluble proteins and DNA not associated
with the nuclear matrix from the nucleus (Elcock and Bridger, 2010; Ma et al., 1999;
Luderus et al., 1996; de Lange, 1992). Once interphase nuclei are permeabilized
and extracted, residual chromatin that is not fixed to an internal structure is released,

forming a halo around a residual nucleus. The residual nucleus consists of the NM
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and NM-associated DNA; however the halo contains extracted DNA. These
structures can be stained with DAPI (4', 6-diamidino-2-phenylindole) to reveal the
residual nucleus and the DNA halo. Performing FISH on these preparations, nhamed
HALO-FISH using telomere specific probes can delineate specific DNA sequences
(Volpi and Bridger, 2008; de Lange, 1992). It is believed that the association of
telomeres with the nuclear matrix is disrupted in Hutchinson-Gilford Progeria
Syndrome (Elcock and Bridger, 2010). It was demonstrated that an interaction
between a telomere-binding protein, TRF-2 and lamin A/C is disrupted in HGPS
which give rise to telomere instability (Wood et al., 2014). To date, there are no
studies looking at the interactions between the genome and the nuclear matrix in
HGPS in the context of proposed drug treatments. To address this gap of
knowledge, this investigation utilises the DNA halo assay to evaluate the efficacy of

these drugs in restoring these interactions.

2.2 Materials and methods

2.2.1 Cell culture

A HGPS cell-line derived from AG01972 (14 years old female primary HGPS) was
obtained from Coriell Cell Repositories (New Jersey, USA). The 2DD normal dermal
fibroblast cell line was used (Bridger et al., 1993). These cell lines were cultured in
T75 tissue culture flasks (Fisher, UK) in Dulbeco’s Modified Eagles Medium (DMEM)
(Invitrogen, UK), with the following additives: 15% foetal bovine serum (FBS)
(Invitrogen), 2% (v/v) streptomycin and penicillin antibiotics (Invitrogen) and 200 mM
L-glutamine (Invitrogen) by Dr. Craig clements. The cells were maintained at 37°C

temperature, in a humidified atmosphere containing 5% CO.. Cells were washed with
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3 ml of versene (NaCl 0.8% (w/v), KCI 0.02% (w/v), Na2HPO4 0.0115% (w/v),
KH2PO4 0.02% (w/v), 0.2% EDTA (w/v) (Sigma Aldrich)). Followed by 3 ml diluted
solution of 0.25 % trypsin (Invitrogen): versene (1:10, v: v) for up to five minutes. As
soon as all the cells were detached from the flasks’ bottoms, the effect of trypsin
solution was neutralized by adding an equal amount of DMEM medium to the dishes.
The final suspension was centrifuged at 300-400 g for 5 minutes. The supernatant
was removed and the pellet of cells was re-suspended in a known volume of fresh
medium.To determine the number of cells in the suspension, a drop of cell
suspension was placed onto a haemocytometer (Neubauer, 1/400 mm?) with a
chamber depth of 0.1 mm and then the total number of the cells was calculated for
the number of cells in the large squares of the haemocytometer under a 10X lens of
a phase contrast light microscope. The total number of the cells was calculated using

the following equation:

Number of cells X Volume of cell suspension X 10 4

Number of Squares

The number of cells counted on the haemocytometer, divided by number of
Haemocytometer’'s large squares where the cells have been counted, the result is
multiplied by the total volume of the suspension and then by 104, the final result
equals the total number of the cells in the suspension. The cells were then seeded in

T75 new flasks at a density of 5 x 105/flask. The volume in each flask was topped up
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to 20 ml using fresh media and the cells incubated at 37°C. To maintain stocks of
cells, 1 million cells were frozen down in medium containing 10% dimethyl
sulphoxide (DMSO) (v/v) (Sigma). These cells were then transferred to -80°C
freezing box overnight and then placed in liquid nitrogen at —170° C until needed.
When required, the cells were defrosted rapidly in a water bath at 37°C and as soon
as the cells were thawed, cells were transferred to a tissue culture flask containing

medium pre-heated at 37°C.

2.2.2. Drug treatments

The drugs used were FTI-277, Pravastatin, Zoledronic acid, Rapamycin, Insulin-like
Growth Factor 1, N-acetyl-L-cysteine and GGTI-2133 and were all obtained from
Sigma Aldrich, UK. Drugs were added to the media and incubated for fixed periods
of time by Dr. Craig Clements, Brunel University. The final concentration and
duration of drug treatments were: 1) untreated AG01972, 2) AG01972 with FTI-277
(2.5 pM for 48 hours) (Mehta et al., 2010), 3) AG01972 with pravastatin (1 uM for 24
hours) (Varela et al., 2008), 4) AG01972 with zoledronic acid (1 puM for 24 hours), 5)
AGO01972 with rapamycin (10 nM for 24 hours) (Cao et al., 2011b), 6) AG01972 with
insulin-like growth factor 1 (50.0 ng/mL for 24 hours) (Marino et al., 2010), 7)
AGO01972 with N-acetyl-L-cysteine (20 uM for one hour) (Richards et al., 2011), 8)
AG01972 with FTI-277 and GGTI-2133 (both 2.5 uM for 48 hours) (Mehta et al.,
2010; Mehta et al., 2009; Kieran et al., 2007), 9) AG01972 with pravastatin and
zoledronic acid (both 1 uM for 24 hours) (Varela et al., 2008) and 10) AG01972 with
FTI-277 (2.5 uM for 24 hours), pravastatin and zoledronic acid (both 1 uM for 24

hours).
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2.2.3 Indirect immunofluorescence

In order to distinguish proliferating cells from non-proliferating cells, 2D- FISH was
combined with indirect immunofluorescence staining for antigen Ki-67. PKi-67 is a
nucleolar antigen that is only present in cells in proliferative cell cycle (Gerdes et al.,
1983). The coverslips from the FISH experiments were removed by placing slides in
1X PBS solution for 30 minutes on a shaker until the coverslips detach. The slides
were incubated 100 pul of rabbit primary anti pKi-67 (DAKO, A0047) ( 1:30 dilution in
1% NCS/PBS v/v)- { a kind gift from Dr. lan Kill, Brunel University, London} and
placed in an humidified chamber either for 2-3 hour at room temperature or overnight
at 4°C, followed by 27 times washes in 1X PBS. Subsequently, 100 ul fluorochrome-
conjugated secondary antibody; the swine anti-rabit (TRITC) antibody (DAKO,
R0156) diluted with 1% FBS in 1X PBS was added to the slides. Cells were
incubated in the dark for either 30 min at 37°C or 1 hour at room temperature. The
cells were washed 27 times in 1X PBS followed by a final wash in double distilled
water. A total of 15ul of Vecta-shield anti- fade mounting medium containing 4’, 6-
diamidino-2-phenylindole (DAPI) (Vector Laboratories) was added to each slide and

the coverslip sealed using rubber cement.

2.2.4 Two-dimensional fluorescence in situ hybridisation (2D- FISH)

2.2.4.1 Cell fixation for FISH

Treated and untreated 1972 HGPS cells were fixed by Dr. Craig Clements. As
described in section 2.2.1, cells were treated with versene and versene/trypsin and

after centrifugation at 300-400g for 5 min, most of the supernatant was removed and
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the cells were re-suspended in the remaining media. A hypotonic solution (0,075 M
KCI) was added dropwise to the cells at room temperature for 15 min in order to
swell the cells and to remove the cytoplasm. Then, the samples were centrifuged at
300g for 5 minutes, most of the supernatant was removed and the cells re-
suspended in the residual solution. A fixative mixture of ice-cold methanol: acetic
acid (3:1, v/v respectively) was freshly prepared and added drop wise to the sample
with constant agitation. The sample was stored at 4°C for at least 1 hour. The
samples were then centrifuged at 300g for five minutes, the supernatant was
removed and the fixing procedure was repeated 4-5 more times. The remaining

samples in the tubes were stored at -20 °C until required.

2.2.4.2 Slide denaturation

The cells were dropped from a height onto humid or damp SuperFrost™ slides, and
then the slides were air dried and observed using the phase contrast to check that
most of the cytoplasm had been eliminated. The cells were then aged at 70 °C for 1
hour or for 2 days at room temperature. The aged slides were passed through an
ethanol row of 70%, 90% and 100% ethanol for 5 min in each solution and then
placed on warm plate to dry. After that the slides were pre-warmed at 70°C for 5
minutes at oven and transferred into a denaturing solution (70% (v/v) formamide, 2X
saline sodium citrate (300mM sodium chloride, 30mM hydrous tri-sodium citrate, pH
7.0) at 70°C for 2 minutes. The slides were immediately plunged into ice-cold 70%
ethanol for 5 min and then again passed through the ethanol row of 90% and 100%
ethanol for 5 min in each solution. Afterwards, the slides were air-dried and kept

warm until hybridization with the probe.
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2.2.4.3 Probe preparation and hybridization

The chromosome templates 18 and X were made in-house by amplifying flow sorted
chromosomes by degenerate oligonucleotide primed polymerase chain reaction
(DOP-PCR). These chromosome templates were labelled with biotin-16-
dUTP(Roche) by DOP-PCR (10 ul of 5x DOP-PCR buffer, 5 pl of dACGTP (2mM), 2
gl of dTTP(2Mm), 10 ul of biotin-16-dUTP, 5 ul of DOP primer(20uM), 1 pl of taq
polymerase(1U/ pl), 12 pl of ddH20, 5 ul of DNA template). The probe mixture was
then prepared by ethanol precipitation of the biotin labelled chromosome paint (8 pl
per slide) with the addition of human Cot 1 DNA (7 pl per slide) (Roche), herring
sperm DNA (3ul per slide), 1/20 the volume of 3 M sodium acetate pH 5 and 2X
volume of 38 ul of ice-cold 100% ethanol (per slide). This mixture was incubated at -
80°C for at least 30 minutes followed by centrifugation at 1000g for 30 minutes at
4°C. The DNA pellet was then washed with ice cold 70% ethanol and centrifuged
again at 1000g for 15 minutes at 4°C. The supernatant was removed and the pellets
were allowed to dry at 50°C on a hot block. The probes were then dissolved in 12yl
(per slide) of hybridisation mix (50% formamide, 10% dextran sulphate, 10% 20X
SSC, 1% Polyoxyethylene sorbitan monoolaurate (Tween 20)) overnight at room
temperature. The probes were denatured at 75°C for 5 minutes and then allowed to
re-anneal at 37°C for at least 10 minutes or up to 2 hours. 12 pls of the probe was
then applied to the slide, covered with pre-warmed 22 x 22 mm coverslip (Fisher)
and sealed with rubber cement (Halfords). The slides were allowed to hybridise with

the probe in a humid chamber at 37°C for at least 18 hours.
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2.2.4.4 Post-hybridisation washes

The rubber cement was removed and the slides were washed three times for 5
minutes each in buffer A (50% v/v formamide, 2X SSC, pH 7.0) preheated at 45°C
and then slides were then washed three times for 5 minutes each in buffer B (0.1X
SSC, pH 7.0) preheated at 60°C but placed in 45°C water bath and then slides were
transferred to 4X SSC at room temperature. The slides were then incubated with a
100uls blocking solution (4% bovine serum albumin; BSA, w/v) for 10 min at room
temperature. In order to detect the biotin labelled probes, each slide was incubated
in 100uls of 1:200 diluted streptavidin- Cyanine (Cy3) (Amersham Life Science Ltd)
at room temperature for 1 hour. The slides were then washed in a 4X SSC solution
containing 0.05% Tween 20 in the dark at 42°C for 15 minutes with three changes of

the solution. Afterwards, slides were mounted in in Vectashield.

2.2.4.5 Microscopy and data analysis

All slides were examined using 100X Plan Fluoropar oil immersion lens (Leica) on an
Olympus BX41 fluorescence microscope. pKi-67 positive nuclei were selected
randomly as per the experiment by following a rectangular scan pattern and grey-
scale images of these nuclei with the DAPI signal pseudocoloured in blue were
captured and biotin-streptavidin signal pseudocoloured in green. At least 50 images
per slide were captured by Smart Capture 3.00 software and converted into TIFF or
PICT format. In order to analyse the images, the images were passed through a
simple erosion analysis script using IPLab Spectrum software. The script (used with

a kind permission of Prof. Wendy Bickmore and Dr. Paul Perry, University of
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Edinburgh) was devised to divide each captured nucleus into 5 concentric shells of
equal area, the first shell starting at the periphery of the nucleus going to the interior
of the nucleus (5th shell) (Figure 2.2). The script measures the pixel signal intensity
of DAPI and the chromosome probe in these five shells and puts the data obtained
into a table. The background from the FISH signal was removed by subtracting the
mean pixel intensity within the segmented nucleus. In erosion analysis, the
percentage chromosome signal intensity measurement per shell was divided by the
percentage DNA signal intensity measurement of the same shell in order to
normalise the data Shell 1 represents the nuclear periphery and shell 5 the nuclear
interior. The normalized proportion of probe was calculated in all 5 shells for at least
50 nuclei. Histograms and standard error bars were plotted using these data. Finally,

statistical analyses were performed using the two-tailed student t-tests.

Figure 2.2: Erosion analysis for positioning of chromosome territories.
Representative image of erosion analysis script by IP lab software. Shell 5 shows
nuclear interior and shell 1 shows nuclear periphery (Croft et al., 1999).

Chromosomes (green), DAPI (blue).
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2.2.5 DNA Halo preparations

DNA Halo was performed by Dr. Craig Clements. Cells were grown for two days on
SuperFrost® slides (Fisher, UK) in QuadriPERM™ (Sarstedt, Germany) chambers,
at a starting density of 1 x 10° and treated as described previously on the day after
seeding. The medium was removed and the slides were washed 3 times with 1 X
PBS. Slides were then placed in Coplin jars, on ice, containing CSK buffer (10 mM
Pipes pH 7.8, 100 mM NacCl, 0.3 M sucrose, 3 mM MgCI2, 0.5% (v/v) Triton-X 100)
for 15 minutes. The slides were then washed again three times in 1X PBS. The
slides were placed in extraction buffer (2 M NaCl, 10 mM Pipes pH 6.8, 10 mM
EDTA, 0.1% (w/v) digitonin, 0.05 mM (v/v) spermine, and 0.125 mM (v/v)
spermidine) for 4 minutes. The slides were then rinsed consecutively in 10 x PBS, 5
x PBS, 2 x PBS and 1 x PBS, for 1 minute each. The slides were then taken through
an ethanol series of 10%, 30%, 70% and 95% (v/v), respectively. The slides were

then air dried and stored at 4°C.

2.2.6 Telomere PNA FISH

In order to detect telomeres on the DNA halo preparations, a telomere PNA
FISH/Cy3 kit (Dako) was used following a protocol under the manufacturer’s
instructions. Unless otherwise stated, the protocol was performed at room
temperature. The DNA halo slides were immersed in PBS (pH 7.0) for 15 min with
agitation. After that the samples were treated with 4% formaldehyde for 2 minutes
and washed in PBS three times for 5 minutes each. To remove unwanted proteins,
slides were then immersed and incubated in Coplin jars including preheated 37°C
pre-treatment solution for 10 minutes; a total of 500 ul of pepsin (10 % pepsin;

Sigma) was mixed with 50 ml of acidified dH20 of pH 2 (49.5 ml of deionized water
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added to 0.5 ml HCI) and then added to 50 ml PBS and subsequently washed twice
with PBS for 5 minutes each. The slides were fixed again with 4% formaldehyde for
2 minutes. The samples were washed two times with PBS for 2 minutes each on the
shaking platform. The slides were taken through ethanol series consisting of 70%,
85% and 95% (v/v) ethanol for 5 minutes at each concentration by putting 1 ml on

each slide and then air dried at room temperature.

2.2.6.1 Hybridization

20 ul of a Cy3 labelled Oligonucleotide PNA (CCCTAA) 3, complementary to
telomeres was added to slides. The slides were then placed on a heating block
preheated 70-75°C for 2 minutes. Slides were removed from the heating block and

incubated in a dark humidified chamber for 2 hours to allow hybridisation.

2.2.6.2 Post-hybridisation washes

The samples were washed twice for 15 minutes in 70% formamide solution in the
dark without shaking, followed by washing the slides three times with PBS for 5
minutes each time on the shaker. The halos were then dehydrated in ethanol series
(70%, 90%, and 100%) for 5 minutes each by putting 1 ml of ethanol on each slide.
Once the slides were air-dried, a total of 15ul of Vecta-shield was added to each
slide and the coverslip sealed using rubber cement and the probe was allowed to
hybridise on the slide. All slides were examined using 100X oil immersion lens on an
Olympus BX41 fluorescence microscope. Fifty images of cell nuclei for each
condition were captured at 100X magnification using Smart Capture 3.00 software

(Digital Scientific, Cambridge, UK) and were merged as DAPI and CY3. The

96



Chapter 2: The Effects of drug treatments on chromosome 18 and X territory positions and
telomere interactions with the nuclear matrix in primary HGPS fibroblasts
proportion of telomeres within the residual nucleus for each treatment were counted

and were expressed as a percentage of the total telomeres.

2.2.7 Statistical analysis

Values were expressed as averages + SEM, and n represents the number of cells
analysed. Individual treatments were compared using either two-tailed unpaired t-
tests or one-way ANOVAs with Tukey’s post-hoc multiple comparison tests where
appropriate, and significance was taken as P < 0.05. The level of significance is

indicated as: * P <0.05, ** P <0.01, ** P <0.001 and **** P < 0.0001.

2.3 Results

2.3.1 Drug treatments alter chromosome territory positions in HGPS

fibroblasts

Chromosome 18 positioning

2D-FISH was performed on cells derived from HGPS human dermal fibroblast cell
line- AG01972, using whole chromosome paints for chromosome 18. In order to
analyse proliferative cells, positive anti Ki-67 staining of cells taken as a marker for
proliferation. Figure 2.3 displays representative images for chromosome 18
positioning within HGPS fibroblasts with and without drug treatments. Chromosome
18 territories were predominantly found in the interior of the nucleus (shell 5) in
untreated HGPS fibroblasts (Figure 2.4-A) with a value of 1.38 * signal (%)/ DAPI
(%) (n=55). Of the drug treatments studied, two resulted in a significant reduction in
the signal (%)/ DAPI (%) ratio for chromosome 18 in shell 5 compared to untreated

HGPS fibroblasts. These were FTI-277 + GGTI-2133 (Figure 2.4-F) and FTI-277 +
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pravastatin + zoledronic acid (Figure 2.4-B) with signal (%)/ DAPI (%) ratios of 0.58 £
0.11 (p<0.001, n=47) and 0.48 + 0.11 (p<0.001, n=46) respectively. Treatment of
HGPS cells with FPZ and N-acetyl resulted in significant increase in the signal (%)/
DAPI (%) ratio for chromosome 18 in shell 2 and shell 4 respectively. FPZ treated
cells with signal (%)/ DAPI (%) ratio of 1.51 + 0.134 (p < 0.001, n=48) and N-acetyl

treated cells with signal (%)/ DAPI (%) ratio of 1.22 + 0.12 (p < 0.01, n=50).

Untreated FTI-277 Pravastatin Zoledronic acid Rapamycin

IGF-1 N-acetyl-L-cysteine FTI + GGTI Pz FPZ

Figure 2.3 Representative images of the position of chromosome 18 within HGPS
fibroblast nuclei before and after drug treatments. HGPS fibroblasts derived from
laminopathy patient were subjected to 2D-FISH using probes specific to
chromosome 18. Whole chromosome painting probes were labelled with biotin and
detected using streptavidin conjugated to FITC (green) and the nuclei were
counterstained with DAPI (blue). Ki-67 staining is not shown in the

images.Magnification: X100 and scale bar =5 um.
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Figure 2.4 Histograms displaying the position of human chromosome 18 territories
with Ki-67 positive in HGPS cells before and after drug treatments. Standard 2D-
FISH assay was performed and at least 50 digital images were analysed. Erosion
analyses were performed by ascertaining the distribution of the mean proportion of
hybridisation signal per chromosome (%), normalised by the percentage of DAPI
signal, over five concentric shells of equal area from the nuclear periphery to centre.
The x-axis displays the shells from 1-5 (left to right), with 1 being the most peripheral
shell and 5 being the most internal shell. The y-axis shows signal (%)/ DAPI (%),
from O to 1.6 with 0.2 increments.The standard error bars representing the standard
error of mean (SEM) were plotted for each shell for each graph (* P < 0.05, ** P <
0.01, *** P <0.001).

Chromosome X positioning

2D-FISH was performed on cells derived from HGPS human dermal fibroblast cell
line- AG01972, using whole chromosome paints for chromosome X. In order to
analyse proliferative cells, positive anti Ki-67 staining of cells taken as a marker for
proliferation. Figure 2.5 shows representative images for chromosome X positioning
within HGPS fibroblasts with and without drug treatments. Chromosome X territories
were predominantly found close to the periphery of the nucleus (shell 2) in untreated
HGPS fibroblasts (Figure 2.6-A) with a value of 1.31 + 0.17 signals (%)/ DAPI (%).
The signal (%)/ DAPI (%) ratios of the remaining shells are relatively lower. Of the
drug treatments studied, none significantly changed the signal (%)/ DAPI (%) ratio
for the modal shell 4. However, two of the treatments resulted in a very significant
reduction in the signal (%)/ DAPI (%) ratio for chromosome X in shell 5 compared to
untreated HGPS fibroblasts. These were FTI-277 (Figure 2.6-D) and FTI-277 +
GGTI-2133 (Figure 2.6-C) with signal (%)/ DAPI (%) ratios of 0.29 = 0.08 (p<0.01,

n=50), and 0.15 + 0.05 (p<0.001, n=50) respectively. Four of the treatments resulted
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in a significant reduction in the signal (%)/ DAPI (%) ratio for chromosome X in shell
5 compared to untreated HGPS fibroblasts. These were IGF-1 (Figure 2.6-E),
Pravastatin (Figure 2.6-F), Zoledronic acid (Figure 2.6-1) and N-acetyl (Figure 2.6-J)
with signal (%)/ DAPI (%) ratios of 0.41 + 0.1 (P< 0.05, n=50), 0.37 + 0.09 (P<0.05,
n=50), 0.33 £ 0.08 (P< 0.05, n=50) and 0.36 + 0.1 (P<0.05, n=50) respectively.
Three other drug treatments resulted in a very significant increase the signal (%)/
DAPI (%) ratio for chromosome X in shell 1 compared to untreated HGPS
fibroblasts. These were FTI-277 (Figure 2.6-D), FTI-277 + pravastatin + zoledronic
acid (Figure 2.6-B), FTI-227 + GGTI (Figure 2.6-C) with signal (%)/ DAPI (%) ratios
of 2.04 + 0.21 (p<0.001, n=50), 2.05 + 0.29 (p<0.001, n=49), 1.86 + 0.22(P< 0.01,
n=50) respectively. Taken together, these data suggest that certain drug
combinations (especially those involving FTI-277) can also influence the position of

chromosome X towards the nuclear periphery within the HGPS nuclei.
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Untreated FTI-277 Pravastatin Zoledronic acid Rapamycin

IGF-1 N-acetyl-L-Cysteine FTI + GGTI Pz FPZ

Figure 2.5 Representative images of the position of chromosome X within HGPS
fibroblast nuclei before and after drug treatments. HGPS fibroblasts derived from
laminopathy patient were subjected to 2D-FISH using probes specific to
chromosome X. Whole chromosome painting probes were labelled with biotin and
detected using streptavidin conjugated to FITC (green) and the nuclei were
counterstained with DAPI (blue). Ki-67 staining is not shown in the images.

Magnification = x100.Scale bars =5 ym
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Figure 2.6 Histograms displaying the position of human chromosome X territories
with ki-67 positive in HGPS cells before and after drug treatments. Standard 2D-
FISH assay was performed and at least 50 digital images were analysed. Erosion
analyses were performed by ascertaining the distribution of the mean proportion of
hybridisation signal per chromosome (%), normalised by the percentage of DAPI
signal, over five concentric shells of equal area from the nuclear periphery to centre.
The x-axis displays the shells from 1-5 (left to right), with 1 being the most peripheral
shell and 5 being the most internal shell. The y-axis shows signal (%)/ DAPI (%),
from O to 2.5 with 0.2 increments. The standard error bars representing the standard
error of mean (SEM) were plotted for each shell for each graph. Significant
differences before and after the drug treatments are denoted by stars (* P < 0.05, **
P <0.01, ™ P <0.001).

2.3.2 The proportion of telomeres within the residual nuclei of DNA Halo’s

Figure 2.7 displays representative images for telomere positioning within HGPS and
normal 2DD DNA Halos with and without drug treatments. Table 2.1 summarizes the
percentage of interior telomeres in untreated and drug treated 2DD and 1972 HGPS
cells. The mean proportion of telomeres with the residual nucleus exhibited by
untreated 2DD fibroblasts was 93.9 + 0.5% (n=31) (Figure 2.8-A). For AG01972
fibroblasts (Figure 2.8-A), the proportion of interior telomeres is 80.0 + 2.0% (n=22),
which is significantly less than the control 2DD. Upon treatment with FTI-277 (Figure
2.8-A), the mean proportion of interior telomeres is increased to 87.9 + 1.0% (n=37),
which is significantly greater than untreated AG01972 fibroblasts (80.0 + 2.0%,
p<0.0001, n=22). The mean proportion of interior telomeres in FTI-277 treated
AGO01972 fibroblasts remained significantly reduced compared to control 2DD
fibroblasts (93.9 + 0.5%, p<0.001, n=31). Upon treatment with pravastatin (Figure

2.8-B), the mean proportion of interior telomeres is increased to 93.2 + 0.4% (n=49),
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which is significantly greater than untreated AGO01972 fibroblasts. The mean
proportion of interior telomeres in pravastatin treated AG01972 fibroblasts was not
significantly different compared to control 2DD fibroblasts (93.9 + 0.5%, n=31). Upon
treatment with zoledronic acid (Figure 2.8-C), the mean proportion of interior
telomeres is increased to 92.8 £ 1.0% (n=37), which is significantly greater than
untreated AG01972 fibroblasts (80.0 £ 2.0%, p<0.0001, n=22). The mean proportion
of interior telomeres in zoledronic acid treated AGO01972 fibroblasts was not
significantly different compared to control 2DD fibroblasts (93.9 + 0.5%, n=31). Upon
treatment with rapamycin (Figure 2.8-D), the mean proportion of interior telomeres is
to 76.0 + 1.0% (n=45), which is not significantly different from untreated AG01972
fibroblasts (80.0 + 2.0%, p>0.05, n=22). Upon treatment with N-acetyl-L-cysteine
(Figure 2.8-E), the mean proportion of interior telomeres is increased to 92.4 + 0.7%
(n=51), which is significantly greater than untreated AG01972 fibroblasts. Upon
combination treatment with FTI-277 and GGTI-2133 (Figure 2.8-F), the mean
proportion of interior telomeres is increased to 96.1 + 0.5% (n=46), which is
significantly greater than untreated AG01972 fibroblasts and again similar to control
cells. Upon combination treatment with pravastatin and zoledronic acid (Figure 2.8-
G), the mean proportion of interior telomeres is increased to 93.6 + 0.5% (n=48),
which is significantly greater than untreated AG01972 fibroblasts (80.0 + 2.0%,
p<0.0001, n=22). The mean proportion of interior telomeres in pravastatin and
zoledronic acid treated AG01972 fibroblasts was not significantly different compared
to control 2DD fibroblasts. Upon combination treatment with FTI-277, pravastatin and
zoledronic acid (Figure 2.8-H), the mean proportion of interior telomeres is increased
to 92.3 + 0.8% (n=38), again significantly greater than untreated AG01972 fibroblasts

and similar to control cells. Taken together, pravastatin, zoledronic acid, N-Acetyl-L-
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cystein and FTI alone and combination of drugs; FTI together with GGTI, FTI
together with pravastatin and zoledronic acid, pravastatin together with zoledronic
acid are able to to rescue the association of telomeres in DNA halos to the nuclear
matrix. However, taken together, these data suggest that rapamycin does not affect

any changes.

2DD Untreated AG01972 Untreated FTI-277 Pravastatin Zoledronic acid
. -
.
Rapamycin N-acetyl-L-Cysteine FTI + GGTI PZ FPZ

Figure 2.7 Representative images of telomere position of DNA halo preparations of
normal and HGPS fibroblasts with and without drug treatment. Images of fixed 2DD
and AG01972 DNA halos stained with both DAPI and Cy3 telomeric PNA probes
were captured at 100X magnification. Results for the treatments are shown as a)
2DD untreated, b) AGO1972 untreated, c) FTI-277 (2.5 uM for 24 hours), d)
pravastatin (1 uM for 24 hours), e) zoledronic acid (1 uM for 24 hours), f) rapamycin
(10 nM for 24 hours), g) N-acetyl-L-cysteine (20 uM for one hour), h) FTI-277 and
GGTI-2133 (both 2.5 uM for 24 hours), 1) pravastatin and zoledronic acid (both 1 uM
for 24 hours) and J) FTI-277 (2.5 pM for 24 hours), pravastatin and zoledronic acid
(both 1 uM for 24 hours). Magnification = X100.Scale bar =5 pm.
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Figure 2.8 Analysis of telomere position of DNA halo preparations of normal and
HGPS fibroblasts with and without drug treatment. Results for the treatments are
shown as a) 2DD with zoledronic acid (1 uM for 24 hours), b) FTI-277 (2.5 uM for 24
hours), ¢) pravastatin (1 uM for 24 hours), d) zoledronic acid (1 uM for 24 hours), e)

107



Chapter 2: The Effects of drug treatments on chromosome 18 and X territory positions and
telomere interactions with the nuclear matrix in primary HGPS fibroblasts

rapamycin (10 nM for 24 hours), f) N-acetyl-L-cysteine (20 uM for one hour), g) FTI-
277 and GGTI-2133 (both 2.5 puM for 24 hours), h) pravastatin and zoledronic acid
(both 1 pM for 24 hours) and i) FTI-277 (2.5 uM for 24 hours), pravastatin and
zoledronic acid (both 1 uM for 24 hours). The proportion of interior telomeres is
expressed as a percentage of the total number of telomeres present. Error bars
represent + SEM. Significant differences are denoted by stars (* P < 0.05, ** P <
0.01, *™* P <0.001, *** P < 0.0001). n.s= not significant.

Table 2.1: The percentage of telomeres associated with nuclear matrix in untreated
and treated cells.

Interior telomeres

2DD untreated 94
AG01972 untreated 80
AGO01972 + FTI-277 88
AGO01972 + Pravastatin 93
AGO1972 +Zoledronic acid 93
AGO01972 + Rapamycin 76
AGO01972 + N-acetyl-L-cysteine 92
AGO01972 + FG 96
AG01972 + PZ 94
AGO01972 + FPZ 92

2.4 Discussion and conclusion

2.4.1 Positioning of chromosomes 18 and X before and after drug treatments in
HGPS cells

Gene-rich chromosomes positioned towards the nuclear interior and gene-poor
chromosomes towards the nuclear periphery. It has been postulated that nuclear
lamina proteins play a role in genome behaviour and stability therefore we wanted to
investigate whether whole chromosomes territories of 18 and X would alter their
behaviour in HDF cells with mutation in A-type lamin. Chromosome 18 and X are

known as gene-poor chromosomes to be positioned at the nuclear periphery
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adjacent to the nuclear lamina in control cells. FISH provides a powerful tool to
visualize the localization of specific chromosomes within interphase nuclei (Volpi and
Bridger, 2008). In order to assess only proliferative cells we used anti-pKi-67
antibody as a proliferation marker. Interestingly, it was shown using 4-HNE as a
marker for senescent cells in mouse liver cells that senescent cells induced a
bystander effect that spreads DNA damage and eventually induces cell senescence
in primary checkpoint-competent cells in vitro and possibly in vivo ( Nelson et al.,
2012). In previous studies, it has been demonstrated that in the nuclei of proliferating
HDFs, interphase chromosome positioning is altered from patients diagnosed with
classical HGPS (Mehta et al., 2011). In this study, we employed a number of drugs
to assess if they could restore chromosome positioning in AG01972 HGPS cells to
normal. A positioning of chromosome 18 was shown becoming located more
internally in nonproliferating normal human dermal fibroblasts. However, positioning
of chromosome X displayed little change at the nuclear periphery both in proliferating
and nonproliferating normal HDFs (Meaburn et al., 2007). Meaburn et al. (2007)
demonstrated that chromosomes 18 located in the nuclear interior in proliferating
laminopathy cells (Meaburn et al., 2007). Mehta et al. (2011) demonstrated that
chromosome 18 is located in an interior position in interphase nuclei of senescent
HGPS cells and it was revealed that after treatment with FTI-277 alone and together
with GGTI-2147, chromosome 18 was repositioned from an internal location to a
peripheral one (Mehta et al., 2011). We also demonstrated that chromosome 18
occupies an interior location in proliferating untreated HGPS nuclei. Using a
combination of drugs; FTI-277 + GGTI-2133 and FTI-277 + pravastatin + zoledronic
acid resulted in relocation of chromosome 18 from nuclear interior to nuclear

periphery within Ki-67 positive interphase nuclei. Treatment of HGPS cells with a
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FTI only showed that chromosome 18 moved towards intermediate location which
suggests GGTI is needed to remove geranyl moieties from the lamin. Using other
drug treatments; pravastatin, zoledronic acid, rapamycin, insulin-like growth factor 1,
N-acetyl-L-cysteine resulted in relocation of chromosome 18 from nuclear interior to
an intermediate location in Ki-67 positive interphase nuclei. Since whole
chromosome 18s are moved upon treatment, it can be suggested that drugs affect
somehow the binding of mutant lamin A or lamin binding proteins with chromosome
18. Taken together, these data suggest that combinations of drugs are able to
restore the position of chromosome 18 from an interior position to one that is closer

to the nuclear periphery.

Meaburn and colleagues (2007) showed that the X chromosome remains at the
periphery in all proliferating laminopathy cells analysed (Meaburn et al., 2007).
Mehta et al. (2011) demonstrated that chromosome X localizes to the nuclear
periphery in senescent HGPS cells and it was shown that the X chromosome did not
change nuclear position after FTI-277 treatment alone nor with FTI-277 and GGTI-
2147 together (Mehta et al., 2011). We demonstrated that chromosome X occupies a
peripheral location in proliferating untreated HGPS nuclei. Using combinations of
drugs; FTI-277 + pravastatin + zoledronic acid and FTI-277 together with GGTI-2133
resulted in relocation of chromosome X more towards periphery within Ki-67 positive
interphase nuclei. Furthermore, with FTI alone chromosome X moved more towards
periphery as well. Remarkably, chromosome X was not repositioned after rapamycin
treatment alone. In line with our results, it was revealed that chromosomes 18 and X
are positioned away from the nuclear periphery in proliferating mutant LMNA HDF

cells (Meaburn et al., 2007). It is noteworthy that in proliferating LMNA mutated HDF
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cells both chromosome 18 and X mimic their position in non-proliferating control cells

(Mehta et al., 2007).

2.4.2 Telomere anchorage by the NM in normal and HGPS fibroblasts before

and after drug treatment in the DNA halo assay

Telomeres are shortened with each cell division due to the end replication problem;
once telomere length reaches a critical length, the cells enter replicative senescence
(Stewart and Weinberg, 2006). It has been demonstrated that such eroded
telomeres trigger DNA damage checkpoint responses which in turn leads to this
irreversible G1/S cell cycle arrest (d’Adda di Fagagna et al., 2003). In light of these
facts, we thought it pertinent to examine and compare telomere interactions with the
NM in control (2DD) and typical HGPS (AG01972) HDFs by coupling the DNA halo
preparation with telomere PNA FISH (Bridger and Lichter, 1999), using combination
of drug treatments. We have demonstrated that telomere anchorage with the NM in
AGO01972 HGPS cell line, which produces a mutant form of lamin A (progerin) is
severely perturbed. More than 20% of telomeres were found outside the residual
nucleus. De Vos et al., (2010) reported that in HDF mu/mut cells, telomere mobility is
higher and less confined compared with normal fibroblasts. However, intriguingly in
their experiments, it was exhibited that telomere movement appeared more restricted
in HGPS cells (De Vos et al., 2010). Remarkably, treatment of HGPS cells with FTI
is able to increase telomere mobility (De Vos et al., 2010). It is known that progeria
cells have shorter telomeres (Allsopp et al., 1992) and chromosomal aberrations in
the setting of telomere dysfunction were shown to be triggered by progerin
expression in HGPS cells (Benson et al., 2010). Jegou’s group (2009) showed that

shorter telomeres have increased telomere mobility in a telomerase negative human
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cell line (Jegou et al., 2009) and in line with our findings which has demonstrated
that telomere binding to the NM is reduced in HGPS cells. Gonzales-Suarez et al.
(2009) demonstrated that the accumulation of farnesylated lamin A is concomitant
with a migration of telomeres towards the nuclear periphery (Gonzalo-Suaraz,
Redwood and Gonzalo, 2009). Raz et al. (2008) reported that association of
telomeric repeats with lamina intranuclear structure is increased in cells expressing
lamin mutants (Raz et al., 2008). It can be suggested that for the correct localization
of telomeres within the nucleus, intranuclear lamins play a vital role (De Vos et al.,
2010). Whereas, telomere-NM interactions in control cell line (2DD) reveal that
approximately 93-94% of telomeres were found within the residual nucleus. The
results are also in agreement with earlier study which shows that at least 80% of
telomeric DNA is attached to this structure (de Lange, 1992). The findings also
confirm previous HALO-FISH experiments using telomere-specific probes (Luderus
et al., 1996). Zoledronic acid treated 2DD cells showed that 95-96% of telomeres
were found within the residual nucleus which does not change statistically the
telomere location. From this study, it is clear that FTI-277, pravastatin, Zoledronic
acid, N-acetyl-L-cysteine and all three combination treatments; FG, PZ, FPZ, have a
positive effect on anchoring the genome to the nuclear matrix in AG01972 cell line.
On the contrary, rapamycin treated AG01972 cells give rise to the reduction of
anchorage of telomeres to the nuclear matrix having approximately 76-77% of
telomeres which does not show any significant difference compared with untreated

AGO01972 cells.

In our study we employed a NM extraction followed by telomere PNA FISH to
analyse telomere-NM anchorage in HGPS AG01972 cell line harbouring G608G

LMNA mutation. Our findings indicate that telomere binding to the NM is reduced in
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untreated AGO1972 cell line. In contrast, Raz et al. (2009) group examined HGPS
cell line harbouring R133L and R220Q LMNA mutations employing chromatin
immunoprecitation (ChiP) and quantitative PCR, whereas De Vos et al. (2010)
examined HGPS cell line harbouring G608C LMNA mutation which produces the
same progerin molecule as G608G, employing transfection biology. These two
studies’ findings revealed that telomere binding to the NM is augmented. Therefore,
it can be suggested that using different methodologies and also different mutations in
LMNA are likely to give rise to have distinct telomere-nuclear matrix anchorage

results.
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Chapter 3: Characterisation of hTERT normal and HGPS fibroblast

cell lines

Manuscript in Preparation: M. U. Bikkul, G. Bourne, E. Makarov, R. Faragher, C.
Parris, I. R. Kill and J. M. Bridger
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3.1 Introduction

A gradually decreasing fraction of proliferating cells give rise to the limited lifespan of
human fibroblasts in culture (Kill and Shall, 1990). This technical barrier causes an
important obstacle to carry out research on cells. Furthermore, a previous study
demonstrated that HGPS fibroblasts had a reduced lifespan in culture by measuring
population doublings than a control group of fibroblast cultures (Tollefsbol and
Cohen, 1984). HGPS cells are known to become senescent more rapidly compared
to normal fibroblast cells (Bridger and Kill, 2004). In our study to overcome this
obstacle and have continuous HGPS cells, we employed normal and HGPS human
fibroblast cell lines infected with a defective retrovirus encoding human telomerase
reverse transcriptase to extend the life span of cell. In other words, cells were
immortalised (hTERT) (Wallis et al., 2004). The genes for the human telomerase
RNA component-hTR and the catalytic subunit-hTERT were cloned in 1995 and
1997 respectively and sufficient to activate telomerase in vitro (Kilian et al., 1997,
Weinrich et al.,, 1997; Feng et al., 1995). Although hTR is present in most adult
human cells, hTERT is involved in regulation of telomerase activity (Counter et al.,
1998; Kilian et al., 1997; Feng et al., 1995). Normal human somatic cells have limited
proliferative lifespan due to lack of telomerase activity leading progressively lose
telomeric DNA with each round of cell division and onset of cell sensescence(Harley
et al., 1990). In order to prevent entry of the normal telomerase-negative cells into
senescence, it was shown that introduction of hTERT into cells in vitro can lead to an
extension of the life-span (Bodnar et al., 1998). Typical progeria cell line, TO6 has

the classical de novo single base substitution, a C>T [Gly608Gly (G608G)] in exon
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11 of the Lamin A gene (LMNA) (De Sandre-Giovannoli et al., 2003). Atypical

progeria cell line, TO8 has an unknown mutation (Wallis et al., 2004).

The aim of the study within this chapter is to characterise hTERT immortalised
normal, typical and atypical HGPS cells. Therefore cell growth, percentage of
fraction of proliferating cells, PCNA analysis, nuclear shape, and cell movement of
our cells were assessed to compare the differences. Furthermore, lamin A/C,

vimentin and progerin proteins were evaluated.

3.2 Materials and methods

3.2.1 Cell Culture

In collaboration with Gemma Bourne, cell culture was performed. hTERT (Human
Telomerase Reverse Transcriptase) Human dermal fibroblasts immortalised cell
lines: NB1T, TO6 and TO8 have been employed in our experiments. NB1 (normal 8
year old boy) primary cell line was immortalised named NB1T and kindly provided by
Dr. Chris Parris, Brunel University, London. AG06297 ( typical 8 year old boy)
progeria cell line and AG08466( atypical 8 year old female) progeria fibroblast cell
line were immortalised, named TO6 and TO8 respectively and kindly provided by
Prof. Richard Faragher, The University of Brighton (Wallis et al., 2004). All cell lines
became approximately 80% confluent in three days, therefore these cells were
harvested and passaged twice every week. All cell lines have been cultured as

described in section 2.2.1.
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3.2.2 Serum responsive test and immunostaining

In collaboration with Gemma Bourne, serum responsive test was performed. NB1T,
TO06 and TO8 cell lines were cultured for 1 week. Firstly, these cell lines were cultured
in DMEM with the following additives: 0.5 % FBS (Gibco), 2% (v/v) penicillin and
streptomycin(P/S) antibiotics (Gibco) and 200 mM L-glutamine (Gibco) in 90 mm of
petri dishes for 4 days and the medium was refreshed with 0,5 % medium including
FBS and P/S each day and then the amount of serum was increased from 0.5 % to
15% for the rest of the 2 days experiment. All cell lines were stained with Ki-67
during the 1 week experiment as described in the indirect immunofluorescence

section 3.2.3.

3.2.3 Indirect Immunofluorescence

3.2.3.1 Fixation

NB1T, TO6, TO8 cell lines were reseeded into 35 mm petri dishes containing 13 mm
circular coverslips and once cell lines reached 80% confluency, the cells were
washed three times with 1X phosphate buffered saline (PBS) (NaCl 0.8% (w/v), KCI
0.02% (w/v), NazHPO4 0.0115% (w/v), KH2PO4 0.02% (w/v). The cells were then
fixed with 3.7 % formaldehyde (w/v) for 7 minutes at room temperature followed by
another three washes in 1X PBS. Subsequently, cells were treated with ice-cold
methanol-acetone (M:A=1:1, v/v) for 4 minutes at room temperature and then
methanol-acetone was removed and the coverslips dried for 7 minutes and

subsequently the coverslips were rinsed three times with 1X PBS. The cells were
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treated with PBS/ FBS mixture (1:500 dilution) at room temperature for 10 minutes

and then transferred to an humidified chamber.

3.2.3.2 Antibody staining

Firstly, the cells were incubated with 10 pl of primary antibody as shown in table 3.1,
diluted in 1% (v/v) FBS in 1X PBS, placed in an humidified chamber either for 1 hour
at room temperature or overnight at 4°C and washed 27 times in 1X PBS followed by
incubation in 10 ul fluorochrome-conjugated secondary antibody as shown in table
3.2, diluted with 1% FBS in 1X PBS. Cells were incubated in the dark for either 30
min at 37°C or 1 hour at room temperature. The cells were washed 27 times in 1X
PBS followed with a final wash in double distilled water and coverslips were mounted

with mowiol mountant medium containing DAPI counterstain.

Table-3.1: List of primary antibodies used with their appropriate dilution according to

manufacturers’ instructions.

Primary antibodies Dilution factors
Goat anti-lamin A 1:50
(Abcam ab8980-1)
Mouse anti-lamin A/C 1:100
(NCL-LAM-AC)
Mouse anti-progerin ( Enzo Life 1:50
Sciences, ALX-804-662-R200)
Mouse anti-PCNA 1:10
(Immunoconcepts-2037)
Rabbit anti-ki67 1:30
(DAKO A0047)
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Table-3.2: List of secondary antibodies used with their appropriate dilution factor

according to manufacturer’s instructions.

Secondary antibody Dilution factor

Goat anti-mouse (FITC)- Sigma- 1:64

F9006

Goat anti-mouse (TRITC)- Sigma- T- 1:30

5393

Rabbit anti-goat (FITC)- Sigma- F- 1:50

7367

Swine anti-rabbit (TRITC)- Dako 1:25

R0156

3.2.3.3 Image acquisition

All immunostained slides were observed and visualised using 40X or 100X
objectives on the Axioplan Zeiss fluorescence microscope. To take images with the
100X objective, ‘Immersol 518F immersion oil was used. In order to capture
fluorescence images, ‘The Progress’ software was used in high resolution of 1290 x
572 VGA and live images in low resolution of 644 x 490 VGA and exposure time was
set manually as 80 miliseconds. Images were stored in TIFF format and analysed

using ‘Image J’ software.
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3.2.4 Nuclear shape analysis of NB1T, TO6 and TO8 cell lines

In collaboration with Gemma Bourne, nuclear shape analysis was performed.
Randomly selected DAPI stained nuclei (250) for each cell line were captured and
analysed by ‘Image J' software and converted into TIFF format. The parameters
used for the analysis were: Area, perimeter, aspect ratio (major axis/minor axis) and
circularity. The raw data obtained from the image analysis software were transferred
to a Microsoft Excel worksheet for further analysis. Overlapping nuclei from the
results of excel were excluded. Averages and standard deviation were calculated for
all parameters. Different attributes of shape such as circularity and aspect ratio were

calculated using the formulas below.

Circularity= (41 x Area) / (perimeter) ?

Aspect ratio= Major axis / minor axis

3.2.5 Cell movement analysis of NB1T, TO6 and TO8 cell lines

In collaboration with Gemma Bourne and Dr. lan Kill (Brunel University, London),
cell movement analysis was performed. Live fluorescence microscopy was employed
to track the movements of individual cells. Petri dishes were placed into the
designated mobile incubator to keep the cells alive. CO2 gas was supplied and

temperature was set at 37°C. 180 images were captured automatically in a total of 8
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hours for each NB1T, TO6 and TO08 cell lines with "Axiovision". The parameters of
tracking were adjusted to 5 minutes time interval and 0.67 um distance calibration. In
order to analyse the movements of cell lines, ‘Image J' software was used. The
format of the images was changed to TIFF format and then image section and stack
section was chosen to convert the images to video stack. The parameters of
drawings were adjusted to dot size; 5 and line width; 3. Subsequently ‘add track’
section was chosen to commence our cell movement analysis. All the results were

transferred to a Microsoft Excel worksheet for further analysis.

3.2.6 Electrophoresis and western blotting

In collaboration with Gemma Bourne and Dr. lan Kill (Brunel University, London)
electrophoresis and western blotting experiments were performed. NB1T, TO6, TO8
fibroblast cell lines were cultured for 72 hours. Cell numbers for each cell line were
calculated by routine cell culture. One petri dish was used for each cell line and each
dish was washed 3 times with 1X PBS and afterwards to lyse the cells 16 pl of 3X
SDS sample buffer per 106 number of cells was used (100mM Tris-HCL pH6.8 (w/v),
4% SDS (v/v), 0.2% Bromophenol blue (v/v), 20% glycerol, 0.2 % B-mercaptoethanol
(v/v) for each cell line. The samples were boiled at 100°C for 3 minutes and stored at
-20°C until needed. Before use, cells in 3X sample buffer were defrosted on ice and
then boiled for 3 minutes at 100°C and placed on ice. Cells were loaded onto mini-
protean 4-20% Tris glycin (Bio-rad) gels at a concentration of 2 x 10° per well in 1X
SDS-PAGE running buffer (25mM Tris, 192 mM glycine, 0,1 % SDS (W/V) at 100V
until the dye front reached the reference line. “Precision Plus Protein™ All Blue
Prestained Protein Standards” (Bio-Rad) was used to detect protein size. Proteins

were then electrophoretically transferred onto nitrocellulose membrane (Amersham
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Hybond —Cextra, Amersham Biosciences) in 1X transfer buffer (50 mM Tris, 380 mM
glycine, 20% methanol (v/v)) for 1 hour at 100 V. Membranes were incubated in
blocking solution (4%(w/v)) dried milk powder (Marvel) in 1X transfer buffer overnight
at 4°C followed by incubation in primary antibodies in 1% FBS/PBS for 1 hour at 4°C,
table 3.3. Following two washes for 5 minutes in 1X TBS-Tween 20(50mM Tris pH
7.4, 150 mM NacCl, 0.1 % Tween 20(v/v)) and then membranes were incubated in
horseradish peroxidase (HRP) or alkaline phosphatase conjugated secondary
antibodies (table 3.4) for 1 hour at room temperature. 1X TBS-Tween 20 washes
were then repeated and membranes were then subjected to antibody detection. In
order to detect horse radish peroxidase conjugated secondary antibody,
chemiluminiscent solution (Solution A: 5 ml Tris pH 8.0, 22 pl courmic acid, 50 pl
luminol, Solution B: 5 ml Tris pH 8.0, 3 pl 20% H202) were mixed and membranes
were incubated in solution for 5 minutes in the dark. In order to detect alkaline
phosphatase conjugated secondary antibodies, "Fast red" tablets (Sigma) were
dissolved in 10 ml of deionized water then membranes were incubated in the
solution until the expected bands appeared on the membrane. Excess reagent was
drained and the blot was covered in clear cling film and exposed to UV light by using

Bio-rad imaging software.
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Table-3.3: List of primary antibodies used with their appropriate dilution factor

according to manufacturer’s instructions for western blotting.

Primary Antibodies Dilution factors

1:200
Mouse anti-lamin A/C(NCL-LAM-AC)

1:200
Goat anti-Vimentin(Sigma V-4630)

Table-3.4: List of secondary antibodies used with their appropriate dilution

factor according to manufacturer’s instructions for Westernblotting.

Secondary Antibodies Dilution factors
1:160,000
Rabbit anti-mouse peroxidase Sigma-
A9044
Rabbit anti-goat Vimentin alkaline 1: 30.000

Phosphotase Sigma — A8025

3.2.7 Reverse Transcriptase Polymerase Chain Reaction (RT-PCR)

3.2.7.1 RNA purification

RT-PCR was performed in collaboration with Gemma Bourne and Dr. Makarov
(Brunel University, London). RNA purification was performed using NucleoSpin®

RNA L mammalian total RNA kit (Macherey- Nagel). All cell lines; NB1T, TO6 and
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TO8 were cultured in 90 mm dishes for at least 3 days after seeding, after which the
cells were washed with sterile 1X PBS with three changes of the buffer. The cells
were lysed and RNases inactivated by incubation in a mixture containing 1.8 ml lysis
buffer(buffer RA1) and 18 ul B-mercaptoethanol(B-ME) for no longer than 2 minutes
with constant agitation by vortexing. The lysate was applied to a NucleoSpin®Filter L
placed in a collection tube and sample was centrifuged for 10 min at 4,500 g.
Therefore, the sample was homogenized by removal of residual insoluble material
and simultaneous reduction of lysate viscosity. The nucleoSpin® Filter L was
discarded and 1.8 ml ethanol (70%) was added to the lysate to isolate RNA from
purified samples in a tube and mixed by vortexing 2 x 5 seconds. The lysate-ethanol
mixture (maximal 3.8 ml) was loaded onto a Nucleospin® RNA L column and was
centrifuged for 3 min at 4,500 g. 2.2 ml Membrane Desalting Buffer (MDB) was
added to the Nucleospin®RNA L column and was centrifuged for 3 min at 4,500 g
and flow-through was discarded. In a sterile microcentrifuge tube, DNase reaction
mixture was prepared (235 pl reaction buffer for rDNase and 25 pl reconstituted
rDNase were mixed) per Nucleospin®RNA L column and mixed thoroughly but
gently. Isolated RNA from each sample was maintained on ice at all times. DNase
reaction mixture (250 pl) was applied directly onto the centre of the silica membrane
and was incubated at room temperature for 15 min. The washing consists of three
steps: 1) Buffer RA3 (2.6ml) was added to the Nucleospin®RNA L column and was
incubated at room temperature for 2 min. Subsequently, the sample was centrifuged
3 min at 4,500 g and then the supernatant was discarded and the column was
placed back into the collection tube. 2) Buffer RA3 (2.6ml) was added to the
Nucleospin®RNA L column and then, it was centrifuged 3 min at 4,500 g. 3) Buffer

RA3 (2.6ml) was added to the Nucleospin®RNA L column and subsequently it was
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centrifuged for 5 min at 4,500 g to dry the membrane completely. The column was
placed into a fresh collection tube. RNase-free H20 (500 pl) was pipetted directly
onto the centre of the silica membrane and was incubated for 2 min at room
temperature and was centrifuged for 3 min at 4,500 g. In order to quantify the RNA,
the nano-drop was employed. Firstly, one drop of RNase free H20 was dropped onto
the point and the blank option was selected and afterwards, the point was wiped with
tissue and subsequently, samples were dropped onto the point for the quantification
sequentially. Purified RNA isolated from each sample was stored at -80°C until

further use.

3.2.7.2 cDNA and Reverse Transcriptase Polymerase Chain Reaction(RT-PCR)

First strand cDNA synthesis was performed using Superscript™ Il reverse
transcriptase kit (Invitrogen). 1 pg of RNA (2, 9 ul RNA + 7,1ul H20, in total 10 pl
RNA) from each NB1T, TO6 and TO8 cell lines and purified RNA samples of TO6 and
TO8 cell lines was incubated with 50 ng (2 ul) random oligo primers for 40 sec at
90°C and taken out and kept in room temperature for few minutes. Further, 5X first-
strand buffer (250mM Tris-HCL (pH 8.3), 375 mM KCL, 15 mM MgClz) and 0.1 mM
(1,5 ul) DTT, 0.5 yl RNAout and in the last part, 1 pl RT SuperScript™ Il reverse
transcriptase enzyme was then added to the above mixture and then the
constituents were then incubated at 50°C for 1 hour. cDNA synthesised was then

stored at -20°C until use.

In order to amplify the gene of interest, cDNA synthesised was subjected to a
PCR procedure using enzyme KAPAHIFI DNA polymerase (KAPA biosystems). Two
sets of PCR reactions were set: 1- ) wild type lamin A and progerin and 2- ) internal

control actin gene (Table-3.5). For each reaction, PCR reaction mixture containing
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cDNA from the above reaction, 36 ul H20, 5ul of 10 X KAPAHiIFi reaction buffer, 1 pl
(10 uM) dNTP mix, 2.5 pl (10 uM) final concentration each of gene specific forward
and reverse primers and 1U(1pl) of KAPAHIiFi DNA polymerase enzyme was
prepared. The components were then vortexed and subjected to PCR amplification
procedure. In the first set of PCR reactions, the DNA was denatured at 94°C for 2
minutes followed by 30 cycles at 94°C for 20 seconds, primer specific annealing
temperature at 62°C for 30 seconds and 72°C for 30 second, the final cycle was
followed by 68°C extension for 5 minutes. In the second set of PCR reactions, the
DNA was denatured at 94°C for 2 minutes followed by 30 cycles at 94°C for 20
seconds, primer specific annealing temperature at 65°C for 30 seconds and 72°C for
30 second, the final cycle was followed by 68°C extension for 5 minutes. PCR
products were then run on 2 % agarose gel and the band size for each product was

verified with the expected band size.

Table-3.5: The list of forward and reverse primers for lamin A and ACTN4 genes

are displayed in the table below:

Primer name Primer sequence 5’—> 3’

Lamin A (F) Ex10. f1 (annealing | GAAGTGGCCATGCGCAAGCTG
at the beginning of Exon 10)

Lamin A (R) Ex12 .r2 (annealing | GGTGAGGAGGACGCAGGAAG
at the Exon 12 in about 50
nucleated downstream of the

Lamin A stop codon)

ACTN4 (F) Ex7.f1 TGTAAAACGACGGCCAGT

ACTN4 (R) Ex9.r1 CAGGAAACAGCTATGACC
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3.2.8 Statistical analysis
Values are expressed as averages + SEM, and n represents the number of cells

analysed. Two-tailed unpaired t-tests used as statistical analysis. The probability-
value (p-value) are denoted by stars (* P < 0.05, ** P < 0.01, *** P < 0.001, **** P <

0.0001).

3.3 Results

3.3.1 Population doubling curve

We compared the growth of 1 normal (NB1T) and 2 HGPS (T06 and TO08)
immortalised dermal fibroblasts for 50 days. Cells were split twice a week during the
experiments and therefore over confluent cell appearance was not observed
throughout the experiments. Cell growth was measured at each passage by

calculation of population doublings (PD) using the following formula;

PD=3.32 x (log H- log S)

Where log H= logarithm of the number of the cells harvested

Log S= logarithm of the number of cells seeded on first day of passage.

Accumulated population doubling (APD) for control and HGPS cells were then

plotted (y-axis) against days in culture (x-axis) (figure 3.1).
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Accumulated population doublings for control(NB1T) and HGPS
HDFs

50

as L

40 /

35 /

30

25 / - NB1T
20 / / —— 706

15 / / Tog
10 / f——_/

APD

0 3 7 10 14 21 25 29 32 36 39 43 46 50

Days in culture

Figure 3.1: Growth rate of control and HGPS fibroblasts in culture. HGPS and
control cells were cultured in 15% FBS and passaged twice weekly. The number of
cells harvested and the number of cells seeded were recorded at each passage.
Cell growth was measured by calculation of accumulated population doublings
(APD). In the above graph APD (y-axis) was plotted against days in culture (x-axis).

Shown in Figure 3.1, the data revealed that NB1T and TO8 cells have higher
growth rate than TO06 cell line in 50 days of culture even though all cell lines were
immortalised. Control and HGPS fibroblasts were stained with pKi-67 proliferation
marker at each passage indicating the fraction of proliferating cells within the
culture (Figure 3.2). NB1T and TO08 cells have higher proliferation level compared

to TO6 cell line.
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Figure 3.2: The fraction of pKi-67 positive cells against APD. NB1T, T0O6 and T08
cell lines were fixed with methanol: acetone and stained with pKi-67 antibody at
various time points in the culture. The data were obtained from 3 coverslips for
each immunostaining of cell line and at least randomly selected 250 nuclei were
scored. The fraction of pKi-67 positive cells (y-axis) has been plotted against APD
(x-axis) to see the change in fraction of cells showing pKi-67 expression over time
in culture. Average number of Ki-67 stained nuclei for each cell line is; NB1T:98.3,
T06: 89 and T08: 95.1. One way ANOVA statistical analysis used as statistical

analysis. Significance was taken as P < 0.05 (p< 0.001).

3.3.2 Nuclear shape analysis

In order to identify if there are any differences in proliferating NB1T, TO6 and
TO8 cell lines in terms of nuclear shape, nuclear shape analysis was carried out for
four different parameters. These parameters were: area, perimeter, circularity and
aspect ratio. The aspect ratio of nucleus denotes the ratio of the major axis to the
minor axis.The cells were fed with fresh DMEM medium containing 15% FBS and

grown at 37°C. To visualize the nuclei, DAPI staining of the nuclear DNA was
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performed. Fluorescence images of 250 randomly selected nuclei per cell line were
taken with Axioplan Zeiss fluorescence microscope at 100 X magnification (Figure
3.3). The raw data obtained from Image J analysis of the nuclei were transferred to
an Excel worksheet where data analysis tools have been utilized to compare the
resulting means of each studied parameter(Figure 3.4- A,B,C,D). In terms of area
frequency of cells, NB1T, TO6 and TO8 cell lines have the highest percentage of
nuclei with 3000 pixels. In the perimeter parameter analysis of cells, Both NB1T and
TO8 cells have the highest percentage of nuclei with 250 pixels. On the other hand,
TO6 cells have the highest percentage of nuclei with 200 pixels. In the circularity
parameter analysis of cells, TO6 and TO08 cell lines have the similar percentage of
nuclei with 0.85 pixels. Furthermore, TO8 cells are more circular compared to NB1T
and TO06 cells. In the aspect ratio analysis of cells, all cell lines have the highest
aspect ratio with 1.3 in pixels. Figure 3.5 displays average nuclear shape analysis
using four different parameters for NB1T, TO6 and TO8 cell lines. The mean area of
the nuclei in NB1T immortalised fibroblasts was 3663.08 + 57.3 in pixels (n=250). In
typical progeria fibroblasts (T06), the mean area was 2703.70 + 44.05 (n=250) lower
than NB1T fibroblast results (p<0.001). In atypical progeria fibroblasts (T08), the
mean area of the nuclei was 3743.99 + 47.82(n=250) similar to NB1T fibroblasts
results. TO8 cells have larger nuclei overall because of higher chromosome number
in TO8 cells as described in chapter-5. The mean perimeter of the nucleus in NB1T
and TO8 immortalised fibroblasts was quite similar; 235.33 + 1.92 (n=250) and
235.92 £ 1.55 (n= 250) respectively in pixels. In terms of TO6 immortalised fibroblast
the result was 203.16 + 1.61 (n=250) lower than the two other cell lines
(p<0.001).The mean circularity of the nucleus in NB1T immortalised fibroblasts was

0.806 = 0.002 in pixels (n=250). In TO6, the mean circularity of the nucleus was
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0.805 = 0.0027 (n=250). Whereas in T08, the result was 0.829 + 0.0019 (n=250)
higher than the two other cell types (p<0.001). The mean aspect ratio of the nucleus
in NB1T immortalised fibroblasts was 1.32 + 0.007 in pixels (n=250). In TO6 the
mean aspect ratio was 1.35 + 0.009 similar to NB1T fibroblasts results. However, in
TO8 the result was 1.24 + 0.008 lower than the two other cell types (p<0.01). In figure
3.6-A, B, C of scatter graphs, comparative results of parameters were shown. In
figure 3.6-A comparative result of area v aspect ratio illustrates different range of
pixels compared to other parameter comparison results. However, NB1T, TO6 and
TO8 cells have very similar aspect ratio v circularity pixels than other results (Figure

3.6-B).

NB1T TO6 TO8

Figure 3.3: Representative gray scale images NB1T, TO6 and TO8 fibroblasts.

Mgnification 40X. Scale bar: 5 pm.
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Nuclear shape analysis of NB1T, TO6 and TO8 cells.
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Figure 3.4: Nuclear shape analysis of NB1T, TO6 and TO8 cells. At least randomly
selected 250 DAPI stained nuclei were scored from 3 slides for each cell line. Bin
number was chosen for each perimeter frequency results and percentage of
frequency was measured. In the graphs, the X- axis illustrates parameter in pixels
and Y-axis shows % of frequency. In the charts of A, B, C and D, nuclear shape
parameters of area, perimeter, circularity and aspect ratio were shown for NB1, T06
and TO8 cells.
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Nuclear shape analysis using four different parameters
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Figure 3.5: Average nuclear shape results using four different parameters for NB1T,
TO6 and TO8 cell lines. At least randomly selected 250 DAPI stained nuclei were
scored from 3 slides for each cell line. Standard error bars have been plotted.

Significant differences are denoted by star (* P <0.05, ** P <0.01, ** P < 0.001).
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Figure 3.6: In the scatter graphs of A, B and C the parameters were compared with

each other by plotting all parameters against the other.
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3.3.3 Cell movement analysis

The cell movement analysis was performed by tracking 30 randomly selected cells
for each cell line; NB1T, TO6 and TO8 over an 8 hour duration (Figure 3.7-A, B, C).
Cell movement results showed that NB1T cells had the highest average
displacement at 109.2 (medial, angular, leftward, and anterior). Another index of
directedness of cell movement is meandering. The meandering of cells was obtained
as the displacement between the beginning and final points on each the track
divided by the total length of the random path. TO8 cells have the lowest meandering
at 0.19. The average distance of TO8 cells are higher than both NB1T and TO6 cells

(Table 3.6).

A

NB1T Cell Movement Analysis for 8 hours

I

Y Axb Coordinate Ditanoce

600

X Axis Co-ordinate Distance
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TO6 Cell Movement Analysis for 8 hours

Y Axb Coordimte Ditanox

X Axis Co-ordinate Distance

TO8 Cell Movement Analysis for 8 hours

Y Axb Coordimte Ditanxe
‘.

X Axis Co-ordinate Distance

Figure 3.7: In these graphs, three distinct movements for NB1T (A), TO6 (B) and
TO8 (C) fibroblasts for 8 hours can be seen. Each line represents one cell
movement. Small black circles show end point for each cell. The outermost large
black circle represents average distance moved. The innermost red circle represents

average distance moved from the starting position.
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Table 3.6: lllustrates average distance, average displacement and ratio meandering
of each cell line. Ratio meanderings were obtained by average displacement/
average distance and NB1T cells had the highest ratio meanderings. Distance unit is
in um. The level of significance is indicated as: * P < 0.05, ** P < 0.01, *** P < 0.001
and **** P < 0.0001.

NB1T 238.2 + 25.38 () 109.2£ 188  0.31 £ 0.03
106 159.6 £ 18.01 66.61 13.4 0.28 £ 0.037 (4
T08 316.99 £ 23.1(»*) 881 11.49 (4 0.19 £ 0.02

3.3.4 Indirect Immunofluorescence

3.3.4.1 Presence and Distribution of Lamin A,C and Progerin proteins

Antibody staining was performed to identify the presence of specific proteins in the
fibroblast cell lines. The nuclei had a smooth surface and a normal ellipsoidal shape
in control NB1T cells (Figure 3.8A-b). On the other hand, misshapen nuclei were
observed in TO6 and TO8 cells with herniations and invaginations at the nuclear
periphery (Figure 3.8A-e, h). In terms of lamin A staining distribution within nuclei,
TO6 cells predominantly exhibited higher proportion of cells where rim and speckles
(21%) were observed together compared to NB1T(4%) and T08 (6%) cells (Figure
3.9-A). Lamin A staining in NB1T (Figure 3.8A-a) and TO08 (Figure 3.8A-g) cells
exhibited higher proportion of cells where rim and speckles (96 % and 94 %
respectively) was observed relative to TO6 (89%) (Figure 3.8 A-D). Lamin A/C
staining appeared as thicker nuclear rim in TO6 cells than other cells (Figure 3.8B-d),
whereas lamin A/C staining appeared as rim and speckles in the nucleoplasm in

NB1T and TO8 cells (Figure 3.8B-a and Figure 3.8B-g respectively). Using an
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antibody specific for progerin, it was revealed that there was no rim staining in of the
cells (Figure 3.8-B). Both NB1T and T08 cells exhibited progerin staining in 4% of
the cells as small punctuate spots suggesting that progerin is also expressed by cells
derived from healthy individuals (Figure 3.9-B). TO6 cells exhibited 86% negative

staining, 6% a few speckles and 8% small punctuates (Figure 3.9-B).

Lamin A DAPI Merge

NBIT

T06

T08

NBIT

T06

T08
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Progerin DAPI Merge

NB1T

T06

T08

Figure 3.8: Immunodetection of Lamin A (A), Lamin A/C (B) and progerin(C) in
NB1T, TO6 and TO8 cells in green. Nuclei were counterstained with DAPI. White
arrows indicate the formation of invagination. Magnification = X100. Scale bars= 5

um.
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Pattern analysis of Lamin A immunostaining
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Figure 3.9: Lamin A (A) and progerin (B) staining pattern analysis of NB1T, TO6 and
TO8 cells. N represents number of experiments analysed. Error bars represent
standard error of mean (SEM). Significant differences are denoted by star (* P <
0.05, ** P <0.01, *™* P <0.001).
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3.3.4.2 Proliferation of Cells

In order to discriminate between proliferating and nonproliferating nuclei, PCNA and
Ki-67 indirect immunostaining was employed to detect Ki-67 antigen. Proliferating
nuclear antigen (PCNA), the auxiliary protein of DNA polymerase delta as an
indispensable component of the eukaryotic chromosomal DNA replisome appears to
have distinctive nuclear distrubutions in S-phase (Maga and Hubscher, 2003;
Hutchison and Kill, 1989). Two populations of PCNA exist in nuclei as a soluble form
and an insoluble form (Kill et al., 1991) and it is believed that the soluble form is not
involved in DNA replication (Kill et al., 1991). A nuclear antigen pKi-67 was firstly
discovered by virtue of its reactivity with ki-67 monoclonal antibody (Gerdes et al.,
1983) and the antigen is only detected in proliferating cells (Kill et al., 1994). Ki-67
antibodies have been widely employed to evaluate proliferative indices in cancer
cells (Luporsi et al., 2012). Although the function of ki-67 is not known yet, there are
a number of suggested roles including an involvement with in ribosomal biogenesis
and protection of chromosomes from inappropriate contacts with components of
mitotic surrondings (Bridger et al., 1998; Hernandez-Verdun and Gautier, 1994).
During mitosis pKi-67 is found coating all chromosomes, during Gi phase it
accumulates in nuclear foci and during late Gi1, S and G2 phase it localizes within
nucleoli (Bridger et al., 1998). Ki-67 staining results showed different patterns in
nuclei. Ki-67 staining was restricted to discrete small foci in pattern | and in another
pattern Il; Ki-67 was restricted to nucleoli (Figure 3.10). We examined the distribution
of PCNA in 250 nuclei in each cell line. Methanol/acetone was used as the fixative of
our cells. A bright punctuate pattern was distinct from negatively stained nuclei and

therefore represents S phase nuclei. In our experiments, the patterns of PCNA
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staining in individual nuclei were classified into three types (Figure 3.11). A regular
granular pattern was observerd over the whole of the nucleus (Figure 3.11-a).
Punctuated staining but with more significant fluorescence foci over the perinuclear
region (Figure 3.11-d) and a few large brightly staining granules (Figure 3.11-g).
Three different PCNA patterns were found in NB1T, TO6 and TO8 cell lines (Figure
3.12). Figure 3.13 displays PCNA positive-negative immunostaining analysis. The
patterns of PCNA staining were classified in four types. In type 1, very few foci of
PCNA staining were observed; in type 2, a regular granular pattern was observed
over the whole of the nucleus; in type 3, the staining was again punctuated but with
more significant fluorescence was observed over the perinuclear region; and in type
4, fluorescence was observed in a smaller number of large brightly staining granules

(Kill et al., 1991).
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Figure 3.10: Immunodetection of Ki-67 in NB1T, TO6 and TO8 nuclei in red. White
arrow shows restriction of Ki-67 to nucleoli. Magnification = X100. DAPI in blue.

Scale bars=5 um
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PCNA DAPI Merge

NB1T

TO6

TO8

Figure 3.11: Immunodetection of PCNA in NB1T, TO6 and TO8 nuclei in red. Panels
a, d, g illustrate the three different patterns of staining that were observed, described
as a regular granular pattern (a), a predominant prenuclear pattern (d) and a few
large granules (g). In order to reveal DNA, DAPI was used. Magnification = X100.

Scale bars= 10um.
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PCNA staining pattern analysis
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Figure 3.12: PCNA staining pattern analysis shows that there are three types of
patterns in NB1T, TO6 and T08 cell lines: a regular granular pattern, a predominat
perinuclear pattern and a few large granules. N represents number of experiments
analysed. Error bars represent standard error of mean (SEM). Significant differences
are denoted by star (* P <0.05, ** P <0.01, *** P <0.001).
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Figure 3.13: PCNA positive-negative staining analysis of NB1T, TO6 and TO8 cells.
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3.3.5 Electrophoresis and Westernblotting

The proteins from NB1T, T06, TO8 cell lines were separated on 4-20% SDS-PAGE
gels and electrophoretically transferred onto a nitrocellulose membrane. Protein
expression levels of lamin A, lamin C were then assessed by incubating the
membranes with anti- lamin A/C antibody. Lamin A and Lamin C bands appeared on
the gel for all cell lines. However, progerin protein was not detected on the gel for
TO6 cell line (Figure 3.14). Rf (distance the fragment has moved from origin to the
reference point) against log MW was plotted for lamin A/C in Figure 3.15 for all cell
lines. Vimentin protein was detected by using alkaline phosphatase conjugated
secondary antibody (Figure 3.16). Rf (distance the fragment has moved from origin
to the reference point) against log MW was plotted for vimentin in Figure 3.17 for all
cell lines. The relative density values of lamin A for NB1T, T06 and TO8 cells are 1,
0.74 and 1 for NB1T, T06 and TO8 cells respectively. The relative density values of

Lamin C for NB1T, TO6 and TO8 cells are 0.46, 1 and 0.41 respectively.
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Figure 3.14: Western blotting of NB1T, TO6 and T08 cells. All samples of cultured
cell lines were loaded equally, 2 x 10° cells per lane. Molecular weight (MW) of
Lamin A: 73 Kilodalton (kDa) and Lamin C: 68 kDa appeared on the gel for NB1T
and TO8 cells respectively. Molecular weight (MW) of Lamin A: 74 Kilodalton (kDa)
and Lamin C: 69 kDa appeared on the gel for T06 cell.
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Figure 3.15: Rf( distance the fragment has moved from origin to the reference
point) value was plotted on the graph for Lamin A/C for NB1T, TO8 cells(A) and T0O6

cell(B).

148



Chapter 3: Characterisation of hTERT cell lines

-

(s} o0
o

o o
= = =

Vimentin

Figure 3.16: All samples of cultured cell lines were loaded equally, 2 x 10°cells per
lane. Molecular weight (MW) of vimentin: 49 kilodalton (kDa) for NB1T, TO6 and TO8

cell lines. Vimentin protein was detected using “fast red”.
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Figure 3.17 Rf (Distance the fragment has moved from origin to the reference point)

value was plotted on the graph for Vimentin for NB1T, TO6 and T08 cell lines.
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3.3.6 RT-PCR of Lamin A and Progerin

An RT-PCR experiment was carried out to see if progerin exists as mRNA in
classical progeria TO6 cells. Lamin A, progerin and actin primers were used to
perform the RT-PCR experiment and then PCR products were then separated on a 2

% agarose gel (Figure 3.18).

PCR-1 PCR-2
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Figure 3.18. Two sets of PCR reactions were performed. PCR-1 reaction for Lamin

A, and progerin detection and PCR-2 was for house-keeping B-actin. Wild type

Lamin A: 441bp, Progerin: 291 bp and house-keeping ACTN4 gene: 260 bp.
Hyperladder™ I1 50 bp.
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In figure 3.18, NBI1T, T06, TO8 cell lines were used. The expected band
representing Lamin A gene appeared on the gel for NB1T cell line. Two bands
representing Lamin A and progerin gene appeared for TO6 cell line on the agarose
gel. Although one band respresenting Lamin A gene appeared on the gel, progerin
gene did not appear on the agarose gel for TO8 cell line. House-keeping ACTN4

gene was detected in all lanes.

3.3.7 Serum responsive test and immunostaining

Ki-67 is used as a proliferation marker. Therefore anti-Ki67 immunostaining was
performed to see different proliferation level between 15% and 0.5% serum treated
in NB1T, TO6 and TO8 cell lines. Percentage of Ki-67 positive cells against days in

culture was plotted in the graph for all cell lines (Figure 3.19).
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Figure 3.19. Percentage of Ki-67 positive cells for each cell line. First 4 days of the
experiment serum were 0.5% and from day 4 to day 6, the percentage of serum was

increased from 0.5% to 15%. Standard error bars have been plotted.
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The percentage of Ki-67 positive staining reduced dramatically between day 2 and
day 4 in all cell lines. Therefore it was a good indication that reduced serum caused
low cell proliferation or quiescence for all cell lines. When serum was added at day 4,
the percentage of Ki-67 positive staining has risen over 80% after 2 days for all cell

lines, because of the increased serum percentage.

3.4 Discussion

In somatic cells, due to lack of telomerase, gradual telomere loss and ultimate
senescence is inescapable. The hTERT method enables cells to be immortalised
and therefore persistent telomerase expression occurs (Cao et al., 2011a). With
regards to the immortalised fibroblast cell line work, Wallis and colleagues showed
that forced expression of hTERT, following retroviral infection of HGPS cornea
fibroblasts confers telomerase activity and they showed that of the 15 independently
isolated clones from the three donors, five failed to immortalise and eventually
ceased proliferation and became senescent after an extended lifespan period of only
10-20 population doublings in almost 80 days in culture, in spite of the restoration of
telomerase activity (Wallis et al., 2004). The reason for clonal HGPS cells becoming
senescent is due to insufficient telomerase activity to maintain telomere length or

excessive growth arrests (Wallis et al., 2004).

In our hTERT HGPS skin fibroblast cell growth experiments, increasing numbers of
population doublings were observed for immortalised NB1T and TO8 cells lines.
Despite numbers of population doublings of typical progeria cell (TO6) were lower

compared to NB1T and TO8, TO6 cell line has not become senescent over 5 months
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of on-going cell culture. Previous studies by Kill & Bridger have shown that in HGPS
cell cultures, the fraction of proliferating cells was conserved at relatively high levels
compared with normal fibroblast cultures at the same APD level. Whereas a
remarkable difference between the growth of normal and HGPS fibroblasts was the
rapid decline in proliferating cells observed towards the end of the HGPS culture’s
life span (Bridger and Kill, 2004). This catastrophe was not observed in the
immortalised cells in our hands. Furthermore, it was proposed that in HGPS
individuals, mutations in the lamin A gene results in deregulation of growth control,
hyperproliferation and increased rates of apoptosis and thus there is premature loss
of functional ‘young’ cells and a concomitant premature accumulation of senescent

cells (Bridger and Kill, 2004).

One of the hallmarks of HGPS is the abnormal nuclear shape known as blebbing,
herniations and invaginations. Formation of nuclear blebbing due to accumulation of
progerin on the nuclear membrane has been the main morphological feature to
identify HGPS cell lines and has been used to determine the effectiveness of
treatments for HGPS. Characterization of nuclear morphological features of HGPS
cells may provide insights into mechanisms of HGPS as well as in cellular
development (Cao et al., 2011a). From the nuclear shape analysis of area, NB1T
and TO06 nuclei showed quite similar results. Observations of cells revealed that, both
typical and atypical progeria nuclei were more circular than the control cells and from
the perimeter results, TO6 and TO8 nuclei had a smaller perimeter than the control
cells. Based on circularity analysis TO8 nuclei were rounder than TO6 and the control
group. HGPS nuclei were characterized by multiple small blebs due to accumulation
of truncated lamin A protein on the nuclear membrane, which caused the nuclei to be

smaller and rounder.
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Cells bind to a surface, extracellular matrix or another cell using cells adhesion
molecules such as selectins and cadherins and this process is known as cell
adhesion (Gumbiner, 1996). The role of actin polymerization in generating protrusive
forces is well established in the lamellipodium, a protruding sheet of membrane at
the leading edge of migrating cells (Charras and Brieher, 2016). According to our cell
movement analysies, TO6 cells had the shortest movement distance than the other
cells and there might be variety of reasons for this. However, it is possible that TO6

cells have more resilient cell surface adhesion.

To determine the distribution of a range of selected proteins in our cells lines,
immunostaining was performed. Performing lamin A/C staining antibody which binds
to N-terminal of lamin A/C and progerin proteins, not only enabled us to observe the
distribution of lamin a/c and progerin in both classical and unclassical progeria cells
and to compare the staining with normal fibroblast cell lines. The results of lamin A/C
staining recapitulate that both typical and atypical HGPS cells between passage
number 22 and 32 were characterized by a thick lamina and in relation to our study,
Goldman and colleagues demonstrated that classical HGPS cells had misshapen or
lobulated nuclei with apparent increase in thickness and prominence of the lamina in
parallel with nuclear shape changes. However, they stated that control nuclei were
never as severely misshapen as those seen in the majority of HGPS cells between
passages 13 and 26 (Goldman et al., 2004). These results, along with the data
presented in this study, indicate that in our control cell line, lamin A and lamin A/C
staining appeared as nuclear rim with a few misshapen nuclei. Our progerin indirect
immunostaining analysis showed that none of our cells exhibited rim staining but with

TO6 cells have the highest proportion of positive staining in speckles. It is noteworthy
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that both NB1T and TO8 cells showed some foci of progerin adding to evidence that

progerin is also expressed in normal cells.

In proliferating cells, the Ki-67 antigen (pKi-67) is detected in all phases of the cell
division cycle (Kill, 1996). In our results, Ki-67 staining was restricted to discrete
small foci and in another pattern Ki-67 was restricted to nucleoli. Kill (1996) reported
that the ki-67 antigen is detected at a large number of discrete foci throughout the
nucleoplasm during early G1. During S-phase and G2, Ki-67 antigen is located in the
nucleolus and the antigen is present on all chromosomes during mitosis (Kill, 1996).
Therefore, based on our numbers the vast majority of our cell lines were
proliferating. It is known that active DNA synthesis occurs at sites of PCNA
localisation (Zuber et al., 1989). It was revealed that the DNA replication elongation
factor PCNA adheres directly to nuclear lamins via their highly conserved Ig-fold
motif (Shumaker et al., 2008). In Xenopus, the initiation phase of DNA replication
was shown not to be affected by the presence of truncated lamins (Mancini et al.,
1994; Ozaki et al., 1994). Moreover, the importance of the interaction between
lamins and PCNA early in nuclear assembly was demonsrated in X. laevis extracts
that the reduction of PCNA resulted in the formation of small nuclei with abnormal
envelopes that were unable to replicate their DNA (Mattock et al., 2001). Kill et al.,
(1991) demonstrated that following release of hydroxyurea (HU) from HDF cells, four
different patterns of PCNA staining that were observed; a few foci, a regular granular
pattern, a predominant perinuclear pattern and a few large granules (Kill et al.,
1991). The patterns of PCNA in our immortalised cell lines were investigated and
found that there are 3 different PCNA patterns exist; a regular granular pattern, a
predominant perinuclear pattern and a few large granules. Kill et al. (1991)

demonstrated using biotin-11-dUTP that PCNA accumulates at the sites of active
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DNA synthesis in a pre-initiation complex up to fifteen minutes prior to replication
starts (Kill et al., 1991). It has been shown that in G2 of somatic cell cycle PCNA
fluorescence disappears (Celis and Celis, 1985). It is important to note that such
DNA replication patterns are dependent upon the method of fixation. In agreement
with Kennedy et al. (2000) study, we demonstrated that all our immortalised cells
have dispersed pattern with sites distributed throughout the nucleus and there was
no pattern of a few foci in cells (Kennedy et al., 2000) which suggests that the

distribution of PCNA findings are correlated with the period of S-phase rather than
Gi/Early S-phase. It was suggested that alterations in the nuclear organisation of

DNA replication occur due to immortalisation (Kennedy et al., 2000). In immortalised
Lamin A/C-deficient cells, it was shown that the cells enter S phase early with regard
to the time spent in Gi1 suggesting that Lamin A/C proteins may be essential for
function of Rb (Johnson et al., 2004). Progerin accumulates in cultured HGPS cells
as an indication of cellular age (Goldman et al., 2004). The increased amout of
progerin correlates with the progressive alterations in nuclear shape as nuclear
herniation and blebbing (Goldman et al., 2004). Yang et al., (2005) showed using in
vitro mouse models that progerin was located mainly around the nuclear membrane,
whereas following FTI drug treatment the protein was mislocalized to the
nucleoplasm.Furthermore, the treatment was shown ameliorating the phenotype by
reducing nuclear blebbing (Yang et al., 2005). Our progerin indirect immunostaining
analysis showed that none of our cells exhibits rim staining only pattern and
furthermore, TO6 cells have higher proportion of positive staining than other cells.
McClintock et al. and Cao et al. demonstrated the expression of progerin protein in

HGPS cells (Cao et al., 2011a; McClintock et al., 2007). Moreover, it was shown that
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progerin mMRNA was supressed due to the forced elongation of telomeres in human

immortalised cells (Cao et al., 2011a).

With regards to the western blot results, lamin A and C proteins were expressed
in all cell lines. However there was not any expression of progerin protein seen in the
TO6 cell line. Moreover, the expression of lamin A protein was less in T06 cell line.
The reduced expression of lamin A protein is possibly due to reduced lamin A
transcription. We assume that the undetected progerin in our TO6 HGPS cell lines
might be due to proteosomal degradation of the progerin which might be activated by
immortalization of cells by hTERT. It was demonstrated that upon sulforaphane
(SFN) treatment of HGPS cells, progerin signals were reduced compared with
treated control cells. Furthermore, stimulation of proteasome activity and autophagy
by employing SFN was revealed in normal and HGPS cells (Gabriel et al., 2014).
Because of the widespread use of fibroblasts in tissue culture, vimentin is often
taken as a model of intermediate filament behaviour (Eriksson et al., 2009). From the
western blot results, we can conclude that vimentin protein is expressed in all normal
and progeria cells. Because of undetected progerin protein in progeria cell lines, RT-
PCR experiment was carried out and in this study, we have shown that both lamin A
and progerin transcripts are present in TO6 progeria cells. This is in agreement with
findings from an earlier study (Rodriguez et al., 2009), which showed the presence of
lamin A and progerin in HGPS cells. With regards to serum responsive results, it was
confirmed that in parallel with reduced serum level, the observed Ki-67 positive
proliferation marker reduced in all cell lines sharing all the hTERT cells were serum

responsive.
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3.5 Conclusion

In summary, the hTERT immortalised normal and progeria fibroblasts removed the
complication of a limited proliferative life span in culture and greatly facilitate the
analysis of HGPS cells. Findings from our results indicate that observed thickening
of the nuclear membrane due to accumulation of progerin is concurrent with aberrant

nuclear morphology.
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Chapter 4: Presence and distribution of lamin and lamin associated

proteins in hTERT normal and HGPS fibroblast cell lines
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4.1 Introduction

Other than A- and B- type lamin interactions, there are functionally diverse proteins
that are known to interact with the nuclear lamins at the nuclear periphery and
internally and these include LAP2 (Lamina-Associated Polypeptides 2)(Laguri et al.,
2001), emerin (Cai et al., 2007), LBR (Lamin B receptor)(Olins et al., 2010) and LINC
(Linker of Nucleoskeleton and Cytoskeleton) complexes(Mejat and Misteli, 2010) and
BAF(Barrier-to Autointegration Factor)(Margalit et al., 2007). The nucleoporin 153
(Nup153) is located at the NPC nuclear basket where it interacts with the nuclear
lamina playing a vital role in the organization of the NE and in so doing ultimately
impacts the architecture of cytoskeletal and mechanical properties of the cell (Zhou

and Panté, 2010).

The correct location of lamins and their binding proteins is important for nuclear
shape and integrity. In cultured LMNA” mice fibroblasts, abnormal nuclear shapes
was revealed with a reduction of lamin B, LAP23, NUP153 in nuclear blebs (Sullivan
et al., 1999). Depletion of NUP153 caused formation of multiple lobes or membrane
invaginations crossing the nuclei, as well as a punctuate distribution of lamin A/C
(Zhou et al.,, 2010). Furthermore, depletion of NUP153 was shown to alter the
localization of SUN1 and resulted in rearrangement of the cytoskeleton (Zhou et al.,
2010). Liu and colleagues, 2007 exhibited that SUN1, but not SUNZ2, was
concentrated at NPC in Hela Lmna - cells (Liu et al., 2007). Even though proteomic
analysis had not provided any evidence that SUN1 is an instrinsic part of the NPC.
The association of loss of SUN1 and an altered distribution of NPC was correlated in
Hela cells leading to aggregation of NPC (Liu et al., 2007). Moreover, it was shown
that alteration of NPC distribution is specific to SUN1 as depletion of SUN2 did not

change the distribution of NPC (Liu et al., 2007).
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In cells derived from Familial Partial Lipodystrophy (FPLD), the interaction between
NUP153 and lamin A is disrupted owing to Ig-fold mutations, such as the R482W
mutation (Al-Haboubi et al., 2011). Furthermore, reduction of Nup153 was elicited in
cells from a FPLD patient. Tang and colleagues (2008) showed that reduction of the
expression of the nuclear lamin B1 using RNAI resulted in specific inhibition of RNA
synthesis (Tang et al., 2008). In human LMNA, mutations that result in progeria
induce an abnormal thickening of the lamina and a loss of peripheral
heterochromatin (Shumaker et al, 2006). Farnesylated prelamin A is toxic to multiple
tissues and is responsible for all of the disease phenotypes associated with HGPS
(Gordon et al., 2007). Evidence of progerin toxicity was reported involving Zmpste24-
deficient (Zmpste24--) mice and also half-normal levels of prelamin A (Zmpste24--
Lmna*-) and analysis showed that prelamin A levels significantly reduced by 50%
which led to fewer misshapen nuclei in Zmpste24--Lmna*~ compared to Zmpste24-
= mice (Fong et al., 2004). Previous study showed using the GFP fusion pre-lamin A
mutant R419C protein in HelLa cells that mostly cytoplasmic aggregates being
positive after anti-prelamin A immunofluorescence analysis, due to the mutant
protein having less CaaX processable substrate whereas, no positive pre-lamin A
staining was detected in wild type HeLa cells( Kiel et al., 2014). Furthermore, it was
observed that the nuclear import of Head Rod (HR)-preLaAWT was as efficient as
that of matured HR-LaAWT after lovastatin treatment suggesting that cytoplasmic
maturation is not an essential prerequisite for efficient nuclear import of HR-
preLaAWT (Kiel et al., 2014). Disrupted localization and the reduction of lamin B and
LAP2 proteins were demonstrated in HGPS cells (Goldman et. al, 2004). Moreover,
disruption of pRB-mediated entrance to S-phase was shown and progerin protein
was shown interfering with mitosis (Cao et al. 2007). During mitosis, progerin was
found to be distributed in cytoplasmic aggregates in HGPS cells.
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A report revealed that increasing lamin A and lamin C expressions associated with
cell and tissue stiffness (Swift et al., 2013). Inhibition of DNA replication by depletion
of B-type lamins was shown in Lmnb1 22 mice (Malhas et al., 2007). Silencing of
Lamin Bl expression was shown to give rise to a substantial reduction of cell
proliferation in U-2-OS cells (Butin-Israeli et al., 2015). In order to knock down the
LMNB1 using lentiviral expression of targeted shRNA in proliferating cells, it was
exhibited that lamin Bl protein levels substantially decreased and within two
passages cells became senescent (Shah et al., 2013). Malhas et al, (2007), found
that gene-poor chromose 18 is positioned at the nuclear periphery in three
independent wild type and in negative isoprenylcysteine carboxyl methyltransferase
mouse cells (ICMT”). However, it was revealed that chromosome 18 altering its
position from periphery to central in both deleted LMNB (LMNB1 *) and ras
converting enzyme 1(Rcel 7) cells, suggesting that carboxymethylation is not
important for the stability of lamin B1 and in the maintenance of chromosome 18
positioning and thus farnesylated and proteolyzed lamin B1 plays an impfortant role
to anchor chromosome 18 to the periphery leading expression of a group of genes
on this chromosome (Malhas et al., 2007). LB1 is important to maintain nucler shape
and organize the structures of the LA/C and LB2 meshworks and the B-type lamins
have a role to position nuclear pore complexes within the lamina (Shimi et al., 2008).
It was demonstrated in knock-in mice that expression of non-farnesylatable lamin B2
seems to develop in a normal manner, whereas lamin B1 that cannot be farnesylated
resulting in severe loss in neuronal development and perinatal death (Jung et al.,
2013). Lamin B1-deficient cells were shown having spontaneously rotating nuclei,
suggesting loss of nuclear anchoring and thus lamin B1 and B2 are crucial for

neuronal migration during brain development (Jung et al., 2013).
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In HGPS cells, loss of heterochromatin from the nuclear periphery occurs (Goldman
et al, 2004). In C. elegans, downregulation of Ce-BAF cause defects in chromosome
segregation (Zheng et al., 2000). In almost all LAP2 isoforms, the C-terminal regions
contain the lamin binding domain (Furukawa et al., 1998) and LAP2a is more
distantly related amongst all other LAP2 isoforms (Dechat et al., 1998). The
disruption of the LAP23-HA95 was shown to induce protesome-mediated proteolysis
of replication factor Cdc6 and thus inhibition of replication (Martins et al., 2003). The
impact of microinjection of the lamin-binding region of rat LAP2p into early G1 stage
was shown to affect nuclear growth and to inhibit entry of HeLa cells into S-phase
(Yang et al., 1997). Introduction of fragments containing the C-terminal chromatin-
linked region of LAP2a lead inhibition of assembly of lamins around chromosomes
(Vicek et al., 2002). In LMNA knock-out fibroblasts, the nuclear anchorage of Rb via
lamin A/C / LAP2a is destabilized (Johnson et al., 2004). In some cells of the lamin
A/C knockout mouse, emerin did not localize to the nuclear membrane (Sullivan et
al., 1999). Intriguingly, it was shown in LmnatC®Cc0 mice that expression of only
lamin C but lack of lamin A and prelamin A caused slight changes in nuclear shape
and cells exhibited normal emerin localization (Fong et al., 2006). Elimination of
emerin in mice causes nuclei to become fragile (Ozawa et al., 2006) and also to
increase autophagic degradation of structurally aberrant regions of the nucleus (Park
et al., 2009). It was shown by using electron microscopy that physical damage to
skeletal muscle nuclei in EDMD also detachment of membrane from lamina
(Squarzoni et al., 1998). Moreover, emerin was shown not localising to the nuclear
membrane in some cells in the lamin A/C knockout mouse (Sullivan et al., 1999).
Solovei and coworkers also revealed LBR and Lamin A/C staining in 39 species of
diurnal and nocturnal mammals and found that neither lamin A/C nor LBR were
expressed in mammals with inverted rod nuclei. However, either the LBR or Lamin

163



Chapter 4: Presence and distribution of lamin
associated proteins in hTERT normal and HGPS fibroblast cell lines

A/C was shown to be expressed in mammals with a conventional chromatin pattern
(Solovei et al., 2013). Mice carrying a native (Lbr °©) and a transgenic (Lbr GT/CT)
mutation showed advanced inversion and also absence of Lamin A/C in rod cells
(Solovei et al., 2013). Also, analysis of the expression of LEM domain proteins in WT
retinas showed that both LAP2 and Manl are present in rod at all phases of
differentiation, however Lem2 were found not to be expressed in rods at any stage.In
contrast, emerin was found to be expressed in young rod cells but as inversion
progressed it became silenced. Interestingly, analysis of adult 6-month-old Emd
mice showed that neither nuclear inversion nor persistent LBR expression present in

any cell type (Solovei et al., 2013).

LINC complexes protein of SUN1 was shown not to depend on the presence of
lamins to localize and anchor in human nuclei (Hasan et al., 2006). However, two
domains; the N-terminal 299 amino acid and the C-terminal amino acids 500-723 are
essential for proper nuclear rim localization of SUN1. Downregulation of lamin A/C
and B1 revealed that there was no difference in the localization pattern of SUN1
compared to control cells (Hasan et al., 2006). In mammalian somatic cells of Lmna -
-, it was shown that distribution of SUN2 was not affected having a rim-like pattern
encompassing NE (Schmitt et al., 2007). Mattioli and colleagues revealed that
overexpression of farnesylated prelamin A in HEK293 human myoblast cells resulted
in a remarkable increase of SUN1 and SUN2 staining at the nuclear envelope
(Mattioli et al., 2011). In Lmna - and Sunl 7 mice, it was demonstrated that rather
than expected severe results than that seen for Lmna * mice, mice improves in
terms of body weight and also pathological phenotype (Chen et al., 2012). Progeria
patients’ cells nuclei appeared as having defected morphologies and blebs between

the INM and ONM which is similar to those observed in other cell lines in which
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interactions between SUN and KASH proteins were perturbed (Kandert et al., 2007).
In HGPS cells, it was shown that SUN1 formed punctate aggregates with lamin A in
metaphase and an uneven distribution of SUN 1 and lamin A during telophases
(Chen et al., 2014). In primary spermatocytes from leptotene to diplotenes stages of
myosis, telomere-FISH signals overlapped with those of anti- SUN1, indicating
colocalization of SUN1 with telomeres and throughout the clustering-dissolution
process telomeres were found to attach SUN1. Furthermore, in SUN1 “ mice
littermates, almost all cells exhibited a zygotene-like SYCP3 staining and the
telomeres positioned in the nucleoplasm, showing that SUN1 is essential in order to
anchor telomeres at the NE (Ding et al., 2007). KASH and SUN proteins were shown
to be involved in chromosome movement via meiotic-specific proteins of Bqtl and
Bqt2 to connect telomeres to Sadl on the nucleoplasmic face of the INM in fission
yeast (Chikashige et al., 2006). The loss of heterochromatin during the ageing
process was first proposed by Villeponteau (1997), causing the derepression of
silenced genes and leading to aberrant gene expression patterns (Villeponteau,
1997). Goldman et al., (2004) reported loss of peripheral heterochromatin in HGPS
fibroblasts (Goldman et al., 2004). A reduction in fluorescence instensity and
delocalisation for HP1a was shown in HGPS cells (Tsurumi and Li, 2012; Shumaker
et al., 2006). The accumulation of pre-lamin A in cells affects localization of HP1a
and only non-farnesylated intranuclear pre-lamin A gives rise to bright fluorescent
nucleoplasmic foci appearance and shown partly overlapping with pre-lamin A
aggregates suggesting that farnesylated pre-lamin A might affect the stability of the

complex (Lattanzi et al., 2007).

Post-translational modifications (PTMs) are vital biochemical events involved in the

regulation of different cellular functions and can occur via the specific effect of a
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modification at a single residue or via collective effects over various sites going
through the same or distinct modificationsb (Nussinov et al., 2012). Enzymes directly
change the chemical structure of the proteins and these enzymes can be proteases,
transferases (kinases, acetyltransferases, and methyltransferases) (Lothrop et al.,
2013). The common protein modifications contain phosphorylation, acetylation,
glycosylation, ubiquitination and methylation (Karve and Cheema, 2011). Moreover,
numerous comprehensive studies have shown extensive interactions between
different pairs of PTMs such as phosphorylation- acetylation (van Noort et al., 2012)
and acetylation- ubiquitylation (Danielsen et al., 2011). Proteolysis is an irreversible
PTM process involves the break down of higly-specific hydrolysis of peptide and
isopeptide bonds of a protein by a protease which generates new N and C termini.
These cleveage events result in entirely altered protein function and they regulate a
vast array of biological processes including DNA replication, cell cycle progression,
and cell proliferation along with pathological processes such as inflammation, cancer
and cardiovascular disease (Rogers and Overall, 2013). Nuclear lamins are
regulated by PTMs and farnesylation of nuclear A- and B-type lamins is a type of
prenylation involving modification of proteins with lipid intermediates that function in
the cholesterol biosynthesis pathway (Snider and Omary, 2014). Farnesyltransferase
(FTase) transiently farnesylates lamin A in the maturation process of lamin A and
zinc metalloproteinase Ste24 homologue (ZMPSTE24) is involved in the removal of
15 tail domain residues, including farnesylated Cys to complete full maturation of
lamin A. However, progerin does not undergo this last step due to missing of the
ZMPSTEZ24 internal cleavage site and as a consequence becomes permanently
associated with the inner nuclear membrane (Burke et al, 2013). In terms of B-type

lamins, they are processed in a similar way to lamin A/C but they do not undergo the
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last cleavage step and as a result they permanently retain their farnesyl lipid anchor

(Winter-Vann and Casey, 2005).

From literature, it is apparent that nuclear lamin protein network and lamin-
associated proteins play an important role to maintain correct nuclear functions and
mechanical integrity of cells. Furthermore, perturbions of these proteins cause
severe nuclear defects and diseases. The aim of this chapter is to understand the
presence and distribution of nuclear envelope proteins within the immortalised HGPS
cell lines. To the best of my knowledge, this study is the first study to assess the
signal intensity of nuclear lamins and lamin associated proteins in hTERT HGPS
cells. To address this gap of knowledge, | have assessed and analysed the
distribution and presence of nuclear envelope proteins including nuclear lamins
(lamins A/C, B1, and B2), lamin B receptor (LBR), lamin binding proteins; LAP2,
emerin, NUP153 and LINC complex proteins; SUN1 and SUNZ2 in immortalised
normal (NB1T) and immortalised HGPS cell lines and compared their localisation to
normal fibroblast cell line (NB1) wusing indirectimmunofluorescence and

immunoblotting.

4.1.1 The effects of Lovastatin in HGPS

In the pathology of HGPS, permanently farnesylated lamin A is considered to be the
main underlying mechanism and (FTIs) are of great importance to target this
mechanism (Snider and Omary, 2014). It was demonstrated in in vitro and in vivo
studies that using FTIs can correct the abnormal structure of the nuclear envelope
caused by mutations in lamin A (Fong et al., 2006a). The lovastatin drug treatment of

HGPS cells caused reduction of the lamin A level. Furthermore lovastatin together
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with the histone deacetylase (HDAC) inhibitor TSA drug treatment was shown to
abolish the accumulation of progerin in HGPS cells (Columbaro et al., 2005).
Swarmy and colleagues, (2002) have shown that Lamin B levels were greatly
augmented in colon cancer cells with lovastatin treatment and it was shown that

apoptosis was not induced at low dose levels (Swamy et al., 2002).

The data in this chapter show that there is an issue with LB1 and LBR associating
with the nuclear envelope in TO6 and TO8 cell lines respectively. Thus, it was
decided to treat TO6 and TO8 cell lines with lovastatin to see if nuclear structure
could be improved. Furthermore, pre-lamin A and HP1a immunofluorescence were
assessed in lovastatin treated cells. Finally, we found by performing indirect
immunostaining that LINC complex protein of SUN1 was missing at the nuclear
membrane of both TO6 and TO8 cells. However, SUN1 protein was detected at the
nuclear membrane of both NB1 and NBI1T cells. Furthermore, western blotting
results revealed that SUN1 protein is missing in TO6 cells, however, a small fraction
appeared in TO8 cells. In terms of SUN2 protein, both indirect immunostaining and

western blotting experiments revealed presence of protein in all cells.

4.2 Materials and Methods

4.2.1 Cell culture

As per chapter 2, section 2.2.1. , NB1 and hTERT human dermal fibroblasts

immortalised cell lines: NB1T, TO6 and TO8 have been cultured.
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4.2.2 Treatment with Lovastatin

The cells were treated with lovastatin (Sigma- Aldrich) which was dissolved in 100%

ethanol at final concentration of 12 um for 48 hours, (Appendices).

4.2.3 Indirect Immunofluorescence

4.2.3.1 Fixation

As per chapter 3, section 3.2.3.1. In order to carry out costaining experiments, cells
were fixed with paraformaldehyde (PFA) 4% (w/v) (Sigma-Aldrich) for 4 minutes at
room temperature (RT) followed by 3 washes in 1x PBS and then fixed cells were
treated with 1% (v/v) Triton X 100 (Sigma-Aldrich) detergent in PBS for 10 minutes at

RT and the washed again 3 times with 1X PBS.

4.2.3.2 Antibody staining

As per chapter 3, section 3.2.3.2

The primary antibodies used were; mouse anti-lamin A/C (diluted 1:100, NCL-LAM-
AC), mouse anti-lamin Bl (diluted 1:50, Abcam- ab8982), rabbit anti-lamin B2
(diluted 1:250, Abcam-ab151735), mouse anti- emerin (diluted 1:30, NCL-emerin),
mouse anti-LAP2 (diluted 1:100, Abcam- ab66588), rabbit anti- LBR( diluted 1:500,
Abcam- ab32535, mouse anti- NUP153( diluted 1:1000, Abcam- ab24700)-{ a kind
gift from Dr. Paola Vagnarelli, Brunel Univeristy, London}, rabbit anti -SUN1( diluted
1:100, Abcam-ab124770), rabbit anti-SUN2(diluted 1:50, Abcam-ab124916), goat
anti-Pre-lamin A( diluted 1:50, sc-6214), mouse-anti HP1a(diluted 1:500, MAB3584),

Rabbit anti-ki67( diluted 1:30, DAKO A0047).
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The diluted secondary antibodies were; goat anti-mouse (TRITC) (diluted 1:30,
Sigma- T-5393), goat anti-mouse (FITC) (diluted 1:64, Sigma-F9006), Swine anti-
rabbit (TRITC) (diluted 1:25, Dako R0156), Rabbit anti-goat (FITC) (diluted 1:50

Sigma- F-7367).

4.2.3.3 Image acquisition

As per chapter 3, section 3.2.3.3. All images were taken at similar exposures within

an experiment for each antibody.

4.2.4 Nuclear membrane and nuclei signal intensity analysis

In order to analyse a range of nuclear membrane and nuclei immunostaining results,
Image J software was used. In the analysis of the nuclear membrane
immunostaining the following steps were applied; the original image was converted
to a gray scale image and then converted to binary images by clicking the following
sections; process, binary and make binary. In order to make sure that the unit of
length is pixels, the following steps were applied; analyse and set scale. Afterwards,
the image was adjusted with threshold only covering the whole nucleus by activating
the following sections; image, adjust and then threshold. Afterwards, the image was
processed and filtered by activating the following sections; process, filters and
minimum and 2 pixels were written in the space for radius. The processed image and
the original image converted to the binary image were opened concomitantly. In
order to obtain only the nuclear edge immunostaining the next step was performed
by activating the following sections; process, image calculator, difference and then

apply. The final process was performed by activating the following sections; analyse
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and then analyse patrticles. The options for display results, clear results and exclude
on edges were all activated and ok button was clicked and number written in the
area section was considered as intensity of signal. At least 50 images were used to
assess the nuclear membrane signal intesity of all our cell lines. The schematic
figure (Figure 4.1) summarizes the application of nuclear membrane signal intensity

analysis.
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Figure 4.1 The Schematic image showing how to analyze nuclear membrane protein

signal intensity by using Image J software.
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In the analysis of nuclear only, the following steps were applied; the original image
was converted to the gray scale image according to specific colour of secondary
antibody and then converted to the mask image by activating the following sections;
process, binary, convert to mask. In order to make sure that the unit of length is
pixels, the following steps were applied; “analyse and set scale.” Afterwards, the
image was adjusted with a threshold covering the whole nucleus by activating the
following sections; image, adjust and then threshold. In order to obtain only the
nuclei immunostaining, the next step was performed by clicking the following
sections; analyse and then analyse particles. 255-infinity in pixels written in the size
option was detected. The options for display results, clear results and exclude on
edges were all ticked. Finally, ok button was activated and the number written in the
area section was considered as intensity of signal. At least 50 images were used to

assess the nuclei signal intesity of all our cell lines.

4.2.5 Western blotting

As per chapter 3, section 3.2.6.

The primary antibodies used were; mouse anti-lamin B1 (diluted 1:500, Abcam-
ab8982), rabbit anti- LBR (diluted 1:500, Abcam- ab32535), rabbit anti -SUN1
(diluted 1:1000, Abcam-ab124770), rabbit anti-SUN2 (diluted 1:1000, Abcam-
ab124916), mouse anti- a-tubulin (diluted 1:4000, Sigma Aldrich-T5168- {a kind gift

from Dr. Ines Castro, Brunel University, London}.

The diluted infrared secondary antibodies used for western blotting were; Goat
(polyclonal) anti-mouse (diluted 1:15000, LI-COR 926-32210) {a kind gift from Dr.

Ines Castro, Brunel University, London}, Donkey (polyclonal) anti-rabbit (diluted
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1:15000, LI-COR 926-32213) {a kind gift from Dr. Ines Castro, Brunel University,
London}, Goat anti-human (diluted 1:15000, LI-COR 926-32232) {a kind gift from Dr.

Ines Castro, Brunel University, London}.

4.2.6 Western blotting protein quantification

In order to analyse and quantify the levels of a range of proteins, Image J software
was employed. The relative density values were calculated by dividing the percent

value in each row by the percent value of the control protein bands.

4.2.7 Whole exome sequencing

WES was performed at UCL Institute of Child Health as a service using Nextera
Rapid Capture Exome Kit (lllumina, FC-140-1001). The sequence data from
AG08466 HGPS sample was trimmed down to generate 101 bp and 76 bp, pair-end
data sets. Down-sampled subsets of the AG08466 exomes were generated by
random selection using the Picard DownsampleSam script and then included in
separate BAM files. All sequencing reads were aligned to the human hgl9 GENOME
using the Burrow-Wheeler Aligner (BWA). The bioinformatics pipeline for data

analysis decribed below (Figure 4.2).
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Nextera
RCE Kit
Prepared Exome Libraries

Hiseq e ————
: 2500 Sequenced 150 bp Reads
Generated 101 bp and 76 bp
REET S
HAS —_—
(BWA) Aligned Three Read-Lengths to
Reference Genome
: Called Variants and indels
C Picard HAS & Analyzed Effects of Read-Length
VCF-Tools on Covarage and Variant Calling

Figure 4.2 Analytical pipeline for WES. Left panel shows program used for each

step. Right panel shows analysis steps. Nextera Rapid capture Exome libraries were
pooled and sequenced on a Hiseq 2500 System as 2 x 150 bp reads. Reads were
trimmed to 101 bp AND 76 BP with Hiseq Analysis software (HAS) and aligned to
the reference genome with the Burrows-Wheeler Aligner (BWA). Varient calling and
indel realignment were performed with Genome Analysis Tool Kit (GATK). Effect of
read length on mean coverage, variant calling, and enrichment performance were

analysed with Picard CalculateHsMetrics14 and HAS.

4.2.8 Statistical analysis

Values are expressed as averages + SEM, and n represents the number of cells
analysed. Two-tailed unpaired t-tests used as statistical analysis. Significance was
taken as P < 0.05. The level of significance is indicated as: * P < 0.05, ** P < 0.01,

**+ P <0.001 and **** P < 0.0001.
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4.3 Results

4.3.1 Distribution and signal intensity analysis of lamins and lamin binding

proteins by indirect immunofluorescence

Lamin and lamin binding proteins are candidates for the mutation in TO8 cells. Thus,
in this study, | aim to assess and gain insight into the distribution and signal intensity
of lamins and lamin binding proteins in human normal fibroblast NB1, immortalised
normal fibroblast NB1T and immortalised typical TO6 and atypical TO8 HGPS cell
lines. This was determined by indirect immunofluorescence using a range of
antibodies. The cell lines were fixed with methanol: acetone (1:1). In each cell line,

for each antibody 50 individual nuclei were scored to analyse signal intensity.
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Figure 4.3: Different distributions of nuclear lamins and lamin binding proteins.
Representative images of nuclear lamins and lamin binding proteins; Lamin
A/C(A)(red), Lamin B1(B)(red), Lamin B2(C)(red), Lamin B receptor(D)(red),
Emerin(E)(red), LAP2 (F)(red), SUN1(G)(red), SUN2(H)(red) and NUP153(l)(red) in
NB1, NB1T, TO6 and TO8 cells. The nucleus is counter-stained with DAPI to reveal
the DNA (blue). Magnification = X100. Scale bars=5 pm.
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Figure 4.4 Graph displays nuclear membrane signal intensity analysis of lamins and
lamin binding proteins; Lamin A/C(A), Lamin B1(B), Lamin B2(C), Lamin B
receptor(D), Emerin(E), LAP2 (F), SUN1(G), SUN2(H) and NUP153(l) in NB1, NB1T,
TO6 and TO08 cells.(A) Statistical analysis of nuclear membrane signal intensity
analysis using the Student’s t-test. Green shading indicates no significant difference
between the populations, yellow shading depicts a p value < 0.05 and red shading
represents p-value <0.01. There is no detected signal intensity at the NE of SUN-1 in
T06, TO8 cells and no detected signal intensity of Lamin B1 in TO6 cells. (B)
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Figure 4.5 Graph displays nuclei signal intensity analysis of lamins and lamin
binding proteins; Lamin A/C(A), Lamin B1(B), Lamin B2(C), Lamin B receptor(D),
Emerin(E), LAP2 (F), SUN1(G), SUN2(H) and NUP153(l) in NB1, NB1T, T06 and
TO8 cells.(A) Statistical analysis of nuclear membrane signal intensity analysis using
the Student’s t-test. Green shading indicates no significant difference between the
populations, yellow shading depicts a p value < 0.05 and red shading represents p-
value <0.01. There is no detected signal intensity of SUN-1 in TO6, TO8 cells and no
detected signal intensity of Lamin B1 in TO6 cells. (B)
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Table 4.1: The percentages of nuclear membrane signal intensity of lamins and

lamin binding proteins.

NB1 NB1T TO6 TO8

Lamin A/C 4.64 +0.28 434 +0.17 432 +0.12 5.01+0.14
Lamin B1 7.06 £0.71 7.23+£0.35 0+0 459 +0.41
Lamin B2 6.89 + 0.62 4.35+0.18 4.33+0.18 4.35+0.16
LBR 471+0.4 6.18 £0.73 3.29+0.6 0.72 +0.09
Emerin 5.04 +0.43 4.06 +0.16 3.99+0.22 4.91 +0.26
Lap?2 5.5+0.25 6.16 £ 0.64 5.4+.04 5.67 +0.32
SUN1 8.76 + 0.52 9.19+£0.89 0+0 0+0

SUN2 8.96 +0.71 16.08 £ 0.82 9.14 £ 0.65 7.53 £0.38
NUP153 5.69+0.3 7.71 +0.63 13.27 +1.16 20.09 +1.76
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Table 4.2: The percentages of nuclear signal intensity of lamins and lamin binding

proteins.

NB1 NB1T TO6 T08
Lamin A/C 74.15 + 2.33 74.72 £ 1.35 79.66 *2.26 65.17 + 0.8
Lamin B1 61.85 + 3.73 3741 +1.7 00 42.1+1.31
Lamin B2 72.58 + 5.89 91.5+3.35 91.17 +£2.99 98.25+241
LBR 28.67 + 2.68 28.33 £ 3.29 23.28+2.74 8.46 + 3.11
Emerin 11475+ 5.33 | 101.08+4.21 | 90.9+£3.94 101.18 + 3.73
Lap2 61.9+1.05 70.46 £ 2.14 67.9+1.21 62.1+1.11
SUN1 79.8 £ 2.15 89.66 + 2.79 00 0+0
SUN2 55.6 £ 2.25 78.7+1.28 57.72 £1.02 62.48 £1.13
NUP153 7421 +1.78 77.3+1.21 69.92 £ 0.84 68.79 £ 0.89

The pattern of lamin A/C distribution is a rim staining at the nuclear membrane and a
few small foci in the nucleoplasm of NB1, NB1T and T08 cells. In TO6 cells lamin A/C
shows a thicker rim staining around the nuclear membrane for T06 cells (Figure 4.3-
A). In addititon, the numbers of intranuclear spots were observed to be lower in TO6
cells relative to other cells. The mean nuclear membrane signal intensity of lamin
A/C in NB1 cells is 4.64 £ 0.28 (n=50), which is not significantly different compared
to immortalised normal NB1T fibroblasts (4.34 + 0.17, p< 0.05, n=50), immortalised
typical TO6 fibroblasts (4.32 = 0.12, p<0.05, n=50) and immortalised atypical TO8
fibroblasts (5.01 = 0.14, p<0.05, n=50) (Figure 4.4-A). On the other hand, statistical
results reveal that the nuclear membrane signal intensity of Lamin A/C in TO08
fibroblasts

Is significantly greater than both NB1T and TO06 fibroblasts

(p<0.001)(Figure 4.4-A,B). The pattern of lamin B1 staining in both NB1 and NB1T
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cells appeared as rim staining. However, in TO6 and TO8 cells, the loss of lamin B1
at the nuclear edge is apparent (Figure 4.3-B). Specifically, there is a complete loss
of rim staining of lamin Blin TO6 fibroblasts which give rise no detection of signal at
the nuclear envelope compared with controls (Figure 4.4-B). Further, nuclei of TO6
cells do display a few speckles of LB1 in the nucleoplasm (Figure 4.5-A). In TO8
fibroblasts, Lamin B1 staining shows an aberrant rim distribution in addition to many
spots throughout the nucleoplasm. The mean nuclear membrane signal intensity of
Lamin B1 in NB1 cells is 7.86 = 0.71 (n=50), which is not significantly different
compared to NB1T fibroblasts (7.23 £ 0.35, p>0.05, n=50), whereas it is significantly
greater than TO6 fibroblasts (0, p<0.001, n=50) and TO8 fibroblasts (4.59 + 0.41,
p<0.001, n=50) (Figure 4.4-A, B). The lamin B2 displays a normal distribution in the
nuclei of NB1 and NB1T cells, with some internal speckles; whereas T0O6 and T08
cells show a patrtial loss of lamin B2 staining in the nuclear interior. Furthermore, TO6
and TO8 cells exhibit significantly higher number of speckles in the nucleoplasm
(Figure 4.3-C). The mean nuclear membrane signal intensity of Lamin B2 in NB1
fibroblasts is 6.89 + 0.62 (n=50), which is significantly greater than NB1T (4.35 +
0.18, p<0.001, n=50), TO6 (4.33 + 0.18, p<0.001, n=50) and TO8 (4.35 + 0.16,
p<0.001 n=50) fibroblasts (Figure 4.4-A, B). The distribution of LBR is at the nuclear
rim staining in all cell lines. However, T08 cells display a partial loss and a faint rim
staining compared to other cell lines (Figure 4.3-D). The mean nuclear membrane
signal intensity of LBR in NB1 fibroblasts is 4.71 = 0.4 (n=50), which is not
significantly different than NB1T fibroblasts (6.18 + 0.73, p>0.05, n=50). However, it
is significanty different from TO06 fibroblasts (3.29 + 0.6, p< 0.05, n=50) and
significantly greater than TOS8 fibroblasts (0.72 £ 0.09, p < 0.001, n=50) (Figure 4.4-A,
B). Emerin is normally distributed at the nuclear rim in all cells and can be seen in
internal foci as well (Figure 4.3-E). The mean nuclear membrane signal intensity of
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emerin in NB1 fibroblasts is 5.04 + 0.43 (n=50), which is not significantly different
than NBLT fibroblasts (4.06 + 0.16, p > 0.05, n=50), TO6 fibroblasts (3.99 + 0.22,
p>0.05, n=50) and TO08 fibroblasts (4.91 + 0.26, p >0.05, n=50) (Figure 4.4-A, B). The
distribution of LAP2 is also at the nuclear rim and a homogenous nucleoplasmic
distribution of many small spots in all the cell lines.However, NB1T cells seem to
display more spots than other cell lines (Figure 4.3-F). The mean nuclear membrane
signal intensity of LAP2 in NB1 fibroblasts is 5.5 + 0.25, n=50, which is not
significantly different compared to NB1T fibroblasts (6.16 + 0.64, p >0.05, n=50), T06
fibroblasts (5.4 £ 0.4, p> 0.05, n=50) and TO8 fibroblasts (5.67 + 0.32, p >0.05, n=50)
(Figure 4.4-A, B). SUNL1 is normally distributed at the nuclear rim in both NB1 and
NBL1T cells and can be seen as a few speckles as well. However, TO6 and T08 cells
show aberrant distribution of SUN1 with it being found in the nucleoplasm with many
speckles and no nuclear rim staining (Figure 4.3-G). The mean nuclear membrane
signal intensity of SUN1 in NB1 fibroblasts is 8.76 + 0.52, n=50, which is not
significantly different than NB1T fibroblasts (9.19 + 0.89, p > 0.05, n=50). However,
significantly greater than both TO6 fibroblasts (0 £ 0, p < 0.01, n=50) and TO08
fibroblasts (0 + 0, p < 0.01, n=50) (Figure 4.4-A, B). SUN2 is distributed at the
nuclear rim and as a few speckles in the nucleoplasma in all cells. In addition to that,
TO8 cells display less nuclear membrane staining compared to other cell lines
(Figure 4.3-H). The mean nuclear membrane signal intensity of SUN2 in NB1
fibroblasts is 8.96 = 0.71, n=50, which was significantly different compared to NB1T
fibroblasts (16.08 + 0.82, p < 0.05, n=50), whereas not significantly different than
TOG6 fibroblasts (9.14 £ 0.65, p>0.05, n=50) and TO08 fibroblasts (7.53 + 0.38, p> 0.05,
n=50) (Figure 4.4-A, B). The distribution of NUP153 exhibits a rim staining around
the nuclei in all cell lines. Intriguingly, TO8 cells display intense nuclear envelope
staining compared to other cell lines (Figure 4.3-1). The mean nuclear envelope
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signal intensity of NUP153 in NB1 fibroblasts was 5.69 = 0.3, n=50, which is
significantly smaller than NB1T fibroblasts (7.71 + 0.63, p< 0.01, n=50), T06
fibroblasts (13.27 £ 1.16, p< 0.01, n=50) and TO08 fibroblasts (20.9 + 1.76, p< 0.01,
n=50) (Figure 4.4-A, B). Table-4.1 displays the percentages of nuclear membrane

signal intensity of proteins in each of cell lines.

The mean nuclear signal intensity of Lamin A/C in NB1 cells is 74.15 + 2.33, n=50,
which is not significantly different than NB1T fibroblasts (74.72 £ 1.35, p>0.05, n=50)
and TO6 fibroblasts (79.66 + 2.26, p> 0.05, n=50) whereas significantly greater than
TO8 fibroblasts (65.17 £ 0.8, p < 0.01, n=50) (Figure 4.5-A, B). The mean nuclear
signal intensity of Lamin B1 in NB1 cells is 61.85 = 3.78, n=50, which is significantly
greater than NB1T fibroblasts (37.41 + 1.7, p<0.01, n=50), TO6 fibroblasts (0 £ O,
p<0.01, n=50) and TO8 fibroblasts (42.1 + 1.31, p<0.01, n=50) (Figure 4.5-A, B). The
mean nuclei signal intensity of Lamin B2 in NB1 fibroblasts is 72.58 + 5.89, n=50,
which is significantly smaller than NB1T fibroblasts 91.5 + 3.35, p<0.01, n=50), TO6
fibroblasts (91.17 + 2.99, p<0.01, n=50) and TO08 fibroblasts (98.5 + 2.41, p< 0.01,
n=50) (Figure 4.5-A, B).The mean nuclear signal intensity of lamin B receptor in NB1
fibroblasts is 28.67 + 2.68, n=50 , which is not significantly different than NB1T
fibroblasts (28.33 + 3.29, p> 0.05, n=50) and TO06 fibroblasts (23.28 + 2.74, p>0.05,
n=50). However, significantly greater than TO08 fibroblasts (8.46 + 3.11, p<0.01,
n=50) (Figure 4.5-A, B). The mean nuclear signal intensity of emerin in NB1
fibroblasts is 114.75 = 5.33, n=50, which is significantly different than NB1T
fibroblasts (101.08 + 4.21, p<0.05, n=50) and T08 fibroblasts (101.18 + 3.73, p<0.05,
n=50) and significantly greater than T06 fibroblasts (90.9 + 3.94, p<0.01, n=50)
(Figure 4.5-A, B). The mean nuclear signal intensity of LAP2 in NB1 fibroblasts is

61.9 + 1.05, n=50, which is significantly smaller than NB1T (70.46 + 2.14, P<0.01,
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n=50) and TO6 fibroblasts (67.9 + 1.21, p<0.01, n=50) and not significantly different
than TO8 fibroblasts (62.1 £ 1.11, p>0.05, n=50) (Figure 4.5-A, B). The mean nuclei
signal intensity of SUN1 in NB1 fibroblasts is 79.8 + 2.15, p<0.01, n=50), which is
significantly greater than T06 (0 £ 0, p<0.01, n=50) and TO08 (0 £ 0, p<0.01, n=50)
fibroblasts. However, significantly smaller than NB1T fibroblasts (89.66 + 2.79,
P<0.05, n=50) (Figure 4.5-A, B). The mean nuclei signal intensity of SUN2 in NB1
fibroblasts is 55.6 + 2.25, n=50, which is significantly greater than NB1T (78.7 + 1.28,
P<0.01, n=50) and TO08 fibroblasts (62.48 + 1.13, p<0.01, n=50) and not significantly
different than TO6 fibroblasts (57.72 £ 1.02, p<0.05, n=50) (Figure 4.5-A, B). The
mean nuclei signal intensity of NUP153 in NB1 fibroblasts is 74.21 + 1.78, n=50,
which is not significantly different than NB1T fibroblasts (77.3 + 1.21, p>0.05, n=50)
whereas, significantly different than T06 (69.92 + 0.84, p<0.05, n=50) and
significantly greater than TO8 fibroblasts (68.79 + 0.89, p<0.01, n=50) (Figure 4.5-A,
B). Table-4.2 displays the percentages of nuclear signal intensity of proteins in each

of cell lines.
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Figure 4.6 SUN1 (A) and LBR (B) immunostaining pattern analysis of NB1, NB1T,
TO6 and TO8 cells. N represents number of experiments analysed. These
percentages were calculated by counting at least 200 cells for each cell line. The
cells were fixed with metahanol: aceton, 1:1.
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Figure 4.6-A and B displays the percentages of SUN1 and LBR staining pattern
analysis for NB1, NB1T, T06 and T08 cells. Full rim SUN1 staining was found in high
percentages in NB1 (100%) and NB1T (91.4%) cells. However, no rim SUNL1
staining was found in high percentages in T06 (100%) and T0O8 (100%) cells. LBR
staining of cells demonstrate that NB1 cells (57.5) have higher percentage of bright
staining than other cells whereas dull LBR staining was found in higher percentage

in TO8 cells (100%).
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Figure 4.7 NB1, NB1T, TO6 and TO8 cells were immunostained by using antibodies
directed against Lamin B1 and SUN2 (A) and NUP153 and SUN (B). Enlargements
(x 5) of the overlay areas indicated by white boxes are shown as a, b, ¢, and d. The
nucleus is counter-stained with DAPI to reveal the DNA. Magnification = X100. Scale

bars=5 pm.

Co-staining analysis of LB1 and SUN2 showed that LB1 colocalizes with SUN2 at
the NE in NB1, NB1Tand T08 cells. However, it was confirmed that LB1 staining is
disrupted in TO6 cells (Figure 4.7-A). Co-staining analysis of NUP153 and SUN2
exhibited that NUP153 colocalizes with SUN2 at the NE in all cell lines. Furthermore,

it was confirmed that NUP153 is overexpressed in TO8 cells (Figure 4.7-B).

4.3.2 Western blotting

In order to determine if the aberrations seen in immunofluorescence were due to
truncated proteins, western blotting was performed for Lamin B1, LBR, SUN1 and
SUN2 proteins. Data were obtained by performing triplicate independent western
blots. The size and amount of the proteins were examined, with the aim of confirming
that if these proteins are normally expressed in cells. Using NB1T, TO6 and TO8,
whole cell lysates were sampled. The western blots results can be seen in Figure
4.8. Where lamin B1 was detected, a single band was present for NB1T and TO8
cells at a molecular weight of 68 kDa. In agreement with the immunofluorescence
staining, no Lamin B1 band was detected in TO6 cells. The relative density values of
Lamin B1 for NB1T, TO6 and TO8 cells are; 0.938,0 and 1 respectively. SUN1 was
detected in NB1T and TO08 cells at a molecular weight of 100 kDa with a very faint
band for SUN1 was detectable in TO8 extracts. In line with immunofluorescence
staining results, no SUN1 band was detected for TO6 cells. The relative density
values of SUN1 for NB1T, TO6 and TO8 cells are 1, 0 and 0.078 respectively. NB1T,
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TO6 and TO8 cell lines stained SUN2 with the expected single band with molecular
weight of 80 kDa. The relative density values of SUN2 for NB1T, TO6 and T08 cells
are 0.87, 0.93, and 1 respectively. LBR band was detected in all cell lines. In
agreement with the immunostaining results, a smaller fraction LBR was detected in
TO8 cells with the relative density values of 0.372. The relative density values
representing the signal intensity values for NB1T and TO6 cell lines were 0.674 and
1.048 respectively. a-tubulin was used to normalize the levels of protein detected by
confirming that protein loading is the same across the gel. The representative image
showing the loading control protein a-tubulin with molecular weight of 58 kDa was
detected along with Lamin B1. a-tubulin detected in cells with the relative density
values representing the signal intensity for NB1T, TO6 and T08 cell are 0.97, 0.95,

and 1 respectively.

NB1T TO6 TO8

Figure 4.8 Samples of cultured immortalised NB1T control and immortalised typical
(TO6) and atypical (T08) cell lines in SDS sample buffer were resolved on 10% SDS-
PAGE gels, and anti-Lamin B1, anti-SUN1 and anti-SUN2 and LBR antibodies were
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used to identify Lamin B1, SUN1, SUN2 and LBR. All samples were loaded equally,

2 x 10° cells per lane. a-tubulin was used to normalize the level of proteins.

4.3.3 Whole exome sequencing

Atypical AG08466 cells were previously described as been derived from a HGPS
patient having progeria on the Coriell website. Furthermore, it was decribed as
mother, father and sister of the patient are not affected. Nonetheless, according to
Nicolas Levy’s group AGO84466 cells do not harbour a LMNA the G608 mutation at
exon 11 (Personal communication, Dr. N. Levy), suggesting that the genetic cause of
HGPS occurred in either another gene or other genes. Therefore, we do not think, it
is a classical mutation and we hypothesise that mutations might be found in genes
that encode related nuclear envelope proteins. Previous report noted that AG08466
cells were elucidated as having a greater growth potential and a reduced number of
fractions of morphologically abnormal nuclei such as; blebs, herniations (Bridger
and Kill, 2004). As decribed in Godwin L. S., study (2010), investigation on exome
sequencing of the candidate genes; ZMPSTEZ2, LAP2 and EMD revealed that these
genes are unlikely to harbour the mutation in AG08466 cells either. It has been
reported that about 85 % of all mutations related with Mendelian diseases occur in
exome boundaries (Wang et al., 2013). In order to determine if the aberrant
distribution of proteins were associated with a mutation, whole-exome sequencing
(WES) was performed by UCL genomics, London to identify varients associated with
HGPS. WES is unbiased and comprehensive technique, which has been employed
in the clinical setting to detect pathogenic variation, to enrich characterisation of
genomic architecture and for a variety of diseases to discover the underlying genetic

origin of disease on a research basis (Picoraro and Chung, 2015). Based on my
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findings from immunostaining and western blotting on T08 cells (immortalised
AGO08466 cell), there are 3 candidate genes which might harbour the mutation and
resulted in the clinical phenotype shown by HGPS patients. These genes are; LMB1,
LBR and UNCB84A. From the nextera rapid capture exome data provided by UCL
genomics for AG08466 HGPS cells, we revealed that 2457589 position of promoter

region is missing on LMNB2 gene located on chromosome 19.

4.3.3 Lovastain treatment and restoration of Pre-lamin A and HP1la in AG08466

cells

Statins or the HMG-CoA reductase inhibitors have been used in order to decrease
the cholesterol levels in the serum and to inhibit mevalonate biosynthesis pathways
by hampering the enzyme named 3-hydroxy-3-methylglutarylcoenzyme A( HMG-
CoA) reductase (Tsiligiri et al., 2015). Lovastatin is a statin that interferes on this
pathway. NB1T, TO6 and TO08 cells were treated with lovastatin, at concentration of
12 pm for 48 hours. It was demonstrated by Corcos and Le Jossic-Corcos, 2013 and
Ahmed M.M.H, 2013 that in terms of proliferation of the cells, this concentration is
the best concentration of drug to use (Corcos and Le Jossic-corcos, 2013).
Lovastatin treatment was shown to increase expression of lamin B1 and LBR genes
in cancer cells (Hassan Ahmed, 2013). The cells were treated with different
lovastatin concentrations (0 pM, 12 uM) for 48 hours. The distributions of post
treatment of Pre-lamin A, LBR and HP1a, Lamin B1 in NB1T, TO6 and TO8 cells
were assessed in triplicate. In the control NB1T cells, pre-lamin A is processed
rapidly and thus there was no positive staining for pre-lamin A. However, the
untreated TO8 cells displayed prelamin A as a weak rim staining in addition to
internal speckles suggesting that in HGPS fibroblasts, pre-lamin A is accumulating at

foci within the nucleoplasm but also additionally at the nuclear rim (Figure 4.9-A).
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However, following lovastatin treatment both NB1T and TO8 cells displayed a strong
nuclear rim of pre-lamin A at the NE with in addition internal foci (Figure 4.9-A). In
order to confirm that using 12 pum concentration of drug is not harmful and whether it
caused growth arrest, cells were stained with Ki-67. The proportion of cells exhibiting
Ki-67 positive staining upon drug treatment in NB1T and TO8 were 70.6% and 73%
respectively, which indicates that the chosen concentraton of drug did affect
proliferation (Figure 4.9-B). Taken together the data generated by these analyses
reveal that lovastatin inhibits the farnesylation of lamin A in NB1T and TO08 cells
allowing increased pre-lamin A staining at the nuclear envelope, with internal foci.
Interestingly, it was found that lovastatin treatment caused complete absence of LBR
nuclear membrane staining in both NB1T and TO08 cells and cytoplasmic aggregation
(Figure 4.10-A). HP1a was dramatically reduced in TO8 cells compared to normal
NBL1T cells and but following lovastatin treatment, the staining of HP1a strikingly was
increased in TO8 cells. However, following drug treatment no change was seen in
NBL1T cells (Figure 4.10-B). Lamin B1 immunostaining of NB1T cells following drug
treatment was significantly decreased at NE staining and accumulation of internal
foci. Furthermore, we found that drug treatment of TO6 cells did not cause any

alterations of lamin B1 staining(Figure 4.10-C).
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Figure 4.9 The presence and distribution of Pre-lamin A in NB1T, TO6 and T08 cell
lines before and after treatment with Lovastatin at 12 pum for 48 hours were
determined by indirect immunofluorescence. NBI1T and TO08 cells were
immunostained with Pre-lamin A along with Ki-67 (A). A graph shows percentage of
Ki-67 positive staining before and after the drug treatment (B). The nucleus is
counter-stained with DAPI to reveal the DNA. Error bars represent standard error of
mean (SEM). The level of significance is indicated as: * P < 0.05. Magnification =
X100. Scale bars= 10 pm.
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Lamin B1 DAPI Merge

Figure 4.10 The presence and distribution LBR, HP1a and LB1 proteins in NB1T,
TO6 and TO8 cell lines before and after treatment with Lovastatin at 12 yum for 48

T06 no drug NB1T drug NB1T no drug

TO6 drug

hours were determined by indirect immunofluorescence. NB1T and TO08 cells were
immunostained with LBR (A). NB1T and TO8 cells were immunostained with HP1a
(B). NB1T and TO06 cells were immunostained with LB1 (C). The nucleus is counter-
stained with DAPI to reveal the DNA. Magnification = X100. Scale bars= 10 ym.
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4.4 Discussion

The architecture of cell nuclei is often changed in HGPS cells. Alterations in nuclear
structures could severely affect gene expression and normal function of the cells.
The aim of this chapter was to assess and compare the distribution and presence of
lamin and lamin associated proteins in hTERT immortalised HGPS fibroblasts with
immortalised control NB1T fiboblasts. | found that some of the lamin binding
proteins, nuclear pore protein (NUP153) and chromatin binding protein of
heterochromatin protein 1 a( HP1a) and also ‘LINC’ (Linker of Nucleoskeleton and
Cytoskeleton) complexes are altered in the immortalised typical (T06) and atypical
(TO8) HGPS cells. Western blotting results confirmed my findings obtained from
immunostaining nuclear membrane and nuclei signal intensity analysis of Lamin B1,

SUNL1, SUN2 and LBR proteins.

Mutations occurred in human LMNA gene cause abnormal thickening of the nuclear
lamina (Goldman et al., 2004). My nuclear membrane signal intensity analysis of
Lamin A/C data presented here demonstrates that TO8 atypical progeria cells have
the highest signal intensity. However, the nucleoplasm signal intensity analysis
revealed that TO8 cells have the lowest signal intensity. It was observed from the
microscopic images that both TO6 and T08 progeria cells have an apparent thicker
lamin A/C staining around the nuclei. Lamins are known to assemble into a dense
network in the nuclear lamina. However, Lamins A and C are also can be found in
the nuclear interior (Adam and Goldman, 2012). In the nucleoplasm of NB1 and
NB1T cells, more spots of lamin A/C were detected than in TO6 and TO8 progeria
cells. In my all analysed cells, all cells apart from TO6 exhibited Lamin B1 a rim
staining around the nucleus. Furthermore, low nuclear membrane signal intensity

was detected with many spots found throughout the nucleoplasm in TO8 cells.
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Scaffidi and Mistelli, (2005) showed the reduction of LB1 in HGPS cells. The
nucleoplasmic B-type lamins could form a polymer network structure that provides a
scaffold to interact with A-type lamins and also other unknown factors. Even though
B-type lamins are known to play a prominent role in nuclear structure and stability
and mainly in cells devoid of A-type lamins, in cells expression of both types of
lamin levels of A-type lamins correlate more strongly with nuclear stiffness compared
to B type lamins(Swift et al., 2013) .The mutant Lamin B1 expression in mice was
shown to die at birth (Harborth et al., 2001) and in terms of cell proliferation B-type
lamins are required rather than A-type lamins. A dramatic decrease of LB1
expression was shown at passage number 42 of HelLa cells when the cells stopped
proliferating indicating that the loss of Lamin B1 is a senescence marker in normal
diploid cells (Bercht Pfleghaar et al., 2015). Lamin B1 is required for the regulation of
gene expression and splicing (Camps et al., 2015). Mouse embryonic fibroblasts
missing Lamin B1 grown in in vitro condition showed nuclear aberrations, premature
senescence and disrupted proliferation (Dreesen et al., 2013b). | showed that the
nuclear membranes of typical progeria TO6 cells are devoid of Lamin B1 staining.
Furthermore, LB1 staining of TO8 cells appeared to be disrupted as many spots in
the nucleoplasm were detected. Co-staining findings revealed that both LB1 and
SUN2 disperse as punctuates around the nuclear membrane in NB1T cells.
Furthermore, fewer numbers of foci of SUN2 staining were observed in TO6 cells
which show loss of LB1 nuclear membrane staining. My immunoblotting findings
confirmed the loss of LB1 protein in TO6 cells. It was shown that blebs enriched in
LA/C, with little or no staining with LB2 antibody (Shimi et al., 2008). My observations
revealed that herniations on the nuclear membrane, there is little or loss of rim
staining with lamin B2. These results suggest strong interaction between LA/C, LB1
and LB2 and lack of or partial loss of LB1 in cells dramatically altered nuclear
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membrane staining of LA/C and LB2. While, whole WES data for AG08466 cell
reveals that LMNB2 gene is one of the list of the predicted deleterious varients, |
showed that expression of LMNB2 protein is almost the same in analysed cells. It
was revealed by amplification of 12 exons plus > 50 nt at each intron-exon boundary
of LMNB2 genes that four heterozygous genomic sequence variants of LMNB2 exist
in five APL subjects and these varients were described as exon 1 ¢82G —=> A,
intron 1- 6G —> T, exon 5 ¢.643G —> A (p. R215Q; in two patients), exon 8 ¢ 1218G
> A (p.A407T) (Hegele et al., 2006). Immunostaining results of lamin binding
protein of LBR revealed that staining is severely affected in TO8 cells as having great
loss of nuclear membrane staining which is in aggrement with my western blotting
results exhibiting small fraction of LBR band. The similarity of the distribution
between lamin A and emerin and quite different distribution between A-type lamin
and emerin were shown in distinct cell types in the heart (Manilal et al., 1999). My
findings of emerin immunostaining revealed normally distribution of nuclear rim
staining of the emerin protein in all cells. A reduced expression of LAP2a was shown
in human dilated cardiomyopathy (DCM) (Taylor et al., 2005). It was suggested that
the lack of LAP2a may play a role for cellular senescence (Pekovic et al., 2007). As
my control and progeria cells are immortalised leading them be highly proliferative, |
demonstrated that the distribution of LAP2a was similar in all cells. Furthermore,
NBL1T cells exhibited more spots in nucleoplasm relative to other cells with some
indication of aggregation inside the nucleus. It was revealed in HGPS cells that
physical interaction between progerin and the LAP2 is decrased. However, it is
important to note that total LAP2a levels were shown to remain stable in protein
samples. Furthermore, loss of close physical proximity between LAP2a and the

telomeres were shown in HGPS cells (Chojnowski et al., 2015). In the early phases
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of nuclear reassembly, partial overlap of telomeric TTAGGG repeat binding factor 2
(TRF2) structures with LAP2a on chromatin consistent with a targeting of LAP2a to
telomeric regions was shown. In addition, by performing fluorescence recovery after
photobleaching (FRAP) analysis in cells expressing GFP-LAP2a it was revealed that
photobleached regions in the nucleoplasm turned over rapidly to almost their
prebleach intensity within 8 seconds in interphase whereas, bleached areas
recovered to only about 10% of their prebleach intensity in telophase proposing that

LAP2a was stably associated with these core structures (Dechat et al., 2004).

The LINC complex proteins are known to connect the nucleoplasm with the
cytoskeleton and have roles in nuclear anchorage and cell polarity (Crisp et al.,
2006). SUN1 is normally located around the nuclear membrane, positioned by
mechanisms but may depend on interaction with intermediate filament protein lamin
A (Haque et al., 2006). The signal intensity findings revealed bright staining of SUN1
as a rim around the nuclear membrane in both NB1, NB1T cells. However the signal
intensity analysis revealed that SUN1 protein is missing on the nuclear membrane of
both TO6 and TO8 cells. Furthermore, accumulation of SUN1 seen as speckles in
nucleoplasm was observed in both TO6 and TO8 cells lines. In agreement with
immunostaining results, the western blotting findings confirm missing SUN1
expression in TO6 cells. Moreover, a small fraction of SUN1 band was detected for
TO8 cell line. Mislocation and over-accumulation of SUN1 in the Golgi having
pathogenic and cytotoxic effects causing nuclear herniations were shown in LAA50
mice cells. Intriguingly, previous study exhibited the elevated expression of SUN1 in
HGPS (LMNA ¢.1824C>T) human fibroblasts compared to control cells by
immunostaining and western blotting analysis and cells stained brightest for SUN1

were shown having larger nuclei and more severe nuclear morphological aberrations
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and knockdown of SUN1 ameliorated cellular aberrancies and longevity defects
(Chen et al., 2012). In contrast to Chen et al., (2012) findings, | did not observe any
nuclear defects in both NB1 and NBL1T cells showing elevated expression of SUN1.
Taken together, the findings demonstrate that both LB1 and SUN1 are perturbed in
typical TO6 cells which could suggest that B-type lamins may be required to retain
SUNL1 at the nuclear membrane. Aqueous channels that span the NE are occupied
by nuclear pore complexes (NPCs) (Tran and Wente, 2006). Using an antibody
against NUP153, my results revealed that NUP153 is distributed uniformally as foci
around the nuclear membrane in NB1, NB1T and TO6 cells whereas NUP153
localises as clusters in TO8 cells. Co-staining findings revealed that NUP153 and

SUN2 overlap more in TO8 cells than other cells.

| demonstrated that there is a loss of LB1 expression in typical HGPS TO06 cells by
performing immunostaining and westernblotting and lovastatin treatment did not
cause significant changes in LB1 distribution in TO6 cells. In contrast, this was not
the case for NB1T cells as it was observed that drug treatment leads to a loss of LB1
staining on the nuclear membrane of control NB1T cells. In conjunction with, NB1T
cells exhibited significantly higher proportion of speckles in the nucleoplasm after
drug treatment. In contrast to my findings, it was shown that upon treatment with
pravastatin- zoledronate, nucleoplasmic aggregates of lamin Bl disappeared in
HGPS cells (Varela et al., 2008). In line with these findings, Adam et al., 2013
revealed a decrease in the amount of LB1 in normal human foreskin fibroblasts even
treated with a low concentration (0.5 pm) of farnesyltramsferase inhibitor (FTI)
lonafarnib and LB1 was not detected in HGPS cells before or after drug treatment
(Adam, et al., 2013). Furthermore, it was shown that normal and HGPS patient

dermal fibroblasts became senescent within 4 days after drug addition (Adam, et al.,
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2013). Farnesylated pre-lamin A is known to be intrinsically toxic protein if left
uncleaved and embedded in the nuclear rim causing misshapen nuclei and severe
disease phenotypes such as in HGPS (Davies et al., 2011). Statins are amongst the
approved drug to block synthetic metabolic pathway of farnesyl pyrophosphate and
geranylgeranyl pyrophosphate. Thus in this study | evaluated the effects of lovastatin
on immortalised normal (NB1T) and HGPS atypical (T08) fibroblasts. | elucidated
that control NB1T cells do not show any pre-lamin A staining since it is processed
rapidly. However atypical HGPS TO08 cells exhibit a weak nuclear rim staining and
internal speckles. It was revealed that lovastatin drug treatment gives rise to a strong
accumulation of pre-lamin A around the nuclear membrane in both in NB1T and T08
cells. Furthermore, | showed that staining of pre-lamin A in the nucleoplasm
increased significantly in lovastatin treated NB1T and TO8 cells. These data suggest
that because pre-lamin A is farnesylated and rapidly converted to mature lamin A,
the pre-lamin A antibody does not detect prelamin A in untreated cells. However, in
the presence of lovastatin, pre-lamin A processing is blocked, and easily detectable
in both NB1T and TO08 cells. It is noteworthy that expression of permanently
farnesylated pre-lamin A variant prelamin A 'L647R’' caused a substantial defect in
proliferation, which is similar to that of cells expressing progerin or elevated levels of
pre-lamin A, compared to control cells. In addition, it was demonstrated that HGPS
cells and cells expressing high levels of wild-type pre-lamin A show a high frequency
of nuclear membrane morphology aberrations, including nuclear membrane

lobulation and blebbing (Candelario et al., 2011).

It has been suggested by several studies that pre-lamin A’s hydrophobic lipid anchor
is substantial for targeting of the protein to the inner nuclear membrane (Sinensky et

al., 1994). In agreement with my findings, Sinensky et al, (1994) showed that Hela
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cells treated with lovastatin resulted in accumulation of pre-lamin A, different than
untreated cells which gives little or no signal (Sinensky, Fantle and Dalton, 1994). It
was exhibited using combination of pravastatin and zoledronate drugs that pre-lamin
A was accumulated in the nuclear matrix in both normal and HGPS-treated cells
(Varela et al.,, 2008). It was revealed by silencing the expression of LMNA with
specific SIRNAs to cause accumulation of pre-lamin A, leading increased intracellular
ROS levels, altered mitochondrial potential and gene expression (Sieprath et al.,

2015).

| found that LBR is affected in atypical HGPS cells compared to NB1T cells.
Intriguingly, my immunofluuorcence analysis indicated that drug treatment gave rise
to a complete absence of nuclear membrane LBR staining in both NB1T and TO8
cells. Furthermore, upon drug treatment it was observed that LBR was found in
cytoplasmic aggregates both in NB1T and TO8 cells. To maintain an extensive range
of cellular processes such as gene silencing, genomic integrity and cell division, the
correct regulation and spatial organization of heterochromatin is essential
(Dambacher et al., 2013). It has previously been described that downregulation and
loss of heterochromatin are pathological hallmarks of HGPS cells (Shumaker et al.,
2006) and in agreement with this | found that HP1a is affected in our immunostained
HGPS atypical TO8 cells. Interestingly, upon lovastatin treatment TO8 cells exhibited
increased HP1a staining which is the good indication of rescue of heterochromatin
organization. Columbaro and colleagues, (2005) exhibited by performing lovastatin
plus trichostain A (TSA) treatment on HGPS cells that heterochromatin organization

was restored (Columbaro et al., 2005).

The WES data for AG08466 (T08 parental line) cells obtained from UCL Institute of

Child Health. The candidate genes of SUN1, LBR and LMNB1 were analysed in the
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raw list of predicted deleterious varients and there were no matches. By searching
other possible candidate genes such as LMNB2, we found that chromosome 19:
2457589, LMNB2 gene has a variant in its promoter and transcription is regulated by
BRCAL1l. The BRCA1l tumour-suppressor gene was defined by its mutation in
inherited breast and ovarian cancer (King et al., 2003; Miki et al.,, 1994).
Furthermore, missing of BRCA1 was shown resulted in dispersal of focal staining of
H3meK9 and also loss of asynchronous X-chromosome replication, suggests that
BRCA1 might be involved in the regulation of the structure and function of
heterochromatin (Lachner and Jenuwein, 2002). Importantly, loss of tumour
suppressor proteins; BRCAL1 and 53BP1 has been evidenced to cause accumulation
of DNA damage and genomic instability and also augmented cancer incidence
(Morales et al., 2003; Scully and Livingston, 2000). Bridger et al., (2004) showed that
AGO08466 cells exhibits increased rate of apoptosis in cultures. In Lmna 28-11/48-11
fibroblasts, genomic instability- telomere shortening was shown to increase leading
to reduction of BRCAL, indicating deregulated transcription (Das et al., 2013).
Human HCC1937 cell line deficient with BRCA1 was exhibited to repress the
expression of satellite DNA transcripts almost 20-fold (Zhu et al., 2011). In 2006,
after sequencing of the LMB2 gene, Hagele and his colleagues revealed novel four
heterozygous genomic sequence variants of LMNB2 in patients with Acquired Partial

Lipodystropyhy (APL)(Hegele et al., 2006).
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4.5 Conclusion

Mutations occurring in nuclear envelope proteins are responsible for an intriguing
variety of inherited diseases in humans. Lamin and lamin binding proteins are
connected with each other and function in a harmony as having essential diverse
roles such as in transcription, genome organization and DNA replication. In addition,
LINC complex proteins of SUN1 and SUN2 are involved in nuclear-cytoskeletion
intereactions. So far there are known or unknown mutations identified in human cells
causing a group of diseases called laminopathies leading disruption of protein
structure, nucleus integrity and genome organisation and result in patients with
decrased longevity such as in HGPS. Even though there are several proposed
models showing the interaction between lamins and SUN proteins, it still remains as
an unresolved mystery whether mutations in lamin and lamin binding proteins can
lead to alterations in the nuclear-cytoskeletal link and also in the distribution of
NPCs. Thus, it is essential to investigate more regarding the structure and function of
individual nucleoskeletal entity. The recent work have shown presence and
disrubution of a number of proteins from normal and diseases cells that will
undoubtedly have far-reaching consequences for our comprehension of
pathogenesis of the rapid ageing phenotype of HGPS. The findings from this study
suggest that Lamin B2 is likely to be the site of the disease-causing mutation in
AGO08466 cells. Although, lovastatin is shown to be a promising treatment for the
restoration of LB1 and LBR proteins of cancer cells, our findings from the treatment
of LB1 and LBR affected progeria cells with lovastatin bring a vital question of how
reliable using lovastatin is for the treatment of children afflicted with progeria?
Lovastatin treatment leaves HGPS cell with nonfarnesylated pre-lamin A, which give

rise to another issue as the nonfarnesylated proteins could have their own toxicities
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over the long term causing defective DNA repair and genome instability, although it
is conceived that non-farnesylated progerin is less toxic relative to farnesylayed
progerin. Finally, further research on the farnesylation of lamins is required in order
to determine the functional role of these modifications into treatment of HGPS such

as by assessing the suitability of IF PTMs as potential therapeutic targets.
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5.1 Introduction

Mutations in the LMNA gene is known to cause a dramatic loss of peripheral
chromatin leading to alterations in histone methylation and mispositoning of
chromosomes (Mehta et al., 2011; Goldman et al., 2004; Shumaker et al., 2006,
Meaburn et al., 2007). Furthermore, it is known that the nuclear lamina has an
important role in regulation of genes at the nuclear periphery. It has been
demonstrated that artificially binding of chromosomes to the NE repressed of
transcription of several genes (Finlan et al., 2008; Kumaran and Spector, 2008). In
HelLa cells, down-regulation of LB1 results in lamin B2 deficient microdomains
defined by the lack of heterochromatin (Shimi et al., 2008). Methylation of H3K9,
H3K27 and H4K20 all lead to transcriptional repression and heterochromatin
formation (Kotake et al., 2007; Sims et al., 2003). Furthermore, trimethylation of
these marks are found in pericentromeres, subtelomeres and telomeres of non-
coding regions of the genome. Suv39hl and Suv 39h2 enzymes are involved in
catalysing methylation of H3K9me3 (constitutive heterochromatin) found in
heterochromatin associated with pericentric regions. However, as mammalian cells
have multiple enzymes catalysing H3K9me3, the process of methylation is not
mostly affected in other sites of the genome (Tachibana et al., 2002; Peters et al.,
2001). The histone-binding protein heterochromatin-associated protein 1 (HP1) is
required for epigenetic silencing through constitutive HC formation and maintenance
which is conserved from Schizosaccharomyces pombe (Swi6) to mammals, in which
three HP1 isoforms exist: HP1-a, B and y (Maison and Almouzni, 2004; Zhang and
Reinberg, 2001). Methylation of H3K9me3 through Suv39hl/2 enzymes leads

tethering of HP1 proteins and thereafter recruitment of the Suv4- 20h1/2 enzymes
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responsible for deposition of H4K20me3 histone marks in pericentric
heterochromatin of mammalian cells (Schotta et al., 2008). It was demonstrated that
the lack of Suv4-20h/1h2 - in mice resulted in complete loss of tri-methylated H4K20
which gave rise to defective double-strand DNA break repair and also aberrations of
chromosomes in cells of the immune system (Schotta et al., 2008). H3K9me3 is
involved in tethering human beta globulin gene to the nuclear membrane (Bian et al.,
2013). Furthermore, binding sites named YY1 (Ying-Yangl) has been shown to
facilitate ectopic formation of LAD dependent on H3K27me3 and H3K9me2/3(Harr et
al., 2015). In cells devoid of Suv4-20h, reduction of peripheral heterochromatin was
revealed, indicating that either Suv4-20h2 or H4K20me3 or both play a part help in
attachment of heterochromatin to the nuclear lamina (Hahn et al., 2013). The
polycomb repressive complex 2 (PRC2) is evolutionarily conserved from Drosophila
to mammals which consists of the EZH1/2 catalytic subunit, SUZ12, EED, and
RBBP7/4 involved in catalysation of trimethylation of H3K27 (Margueron and
Reinberg, 2011). The barrier between constitutive and facultative chromatin is more
tolerant and epigenetic markers have an important role to maintain the repressive
state of chromatin (Boros et al., 2014). H1 and HP1 were shown having influence on
expression of Hox gene via their tethering to the repressive form of H3K27me3
(facultative heterochomatin) (Jedrusik-Bode, 2013). In HGPS, it is thought that
deformed lamin A protein-progerin plays a role for chromosome relocation. Lamins
have been elucidated as having a prominent role in the positioning and function of
telomeres and centromeres in the nucleus (Solovei et al., 2004; Gonzales-Suarez et
al. 2009). In mammalian cells, centromeres cluster closely associated to the NE or
the nucleolus. Moreover, the number of centromeric foci differs from 6 to 25
compared with 46 centromeres present in the cells (Alcobia et al., 2000).
Centromeres cluster within large sites of heterochromatin called chromocenters.
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rDNA genes present on chromosomes; 13, 14, 15, 21, 22 could cause tendency of
passive clustering close the nucleosome. In the initial stages of mouse
embryogenesis, it was depicted that clustering of centromeres close to the
nucleolous includes all chromosomes and is essential for chromocenter and
heterochromatin formation. Telomeres are not clustered in cycling cells and
depending on a cell stage, telomeres show different positioning. Telomeres are
positioned internally in interphase cells, whereas in postmitotic nuclear assembly,
they are found at the NE (Crabbe et al., 2012; Amrichovd et al.,, 2003).
Heterochromatin is important to maintain telomere function and nuclear localisation
(Uhlifova et al., 2010; Michishita et al., 2008). In MEFs, a reduction in both lamin A
and histone methylation was shown to influence localisation of telomeres (Uhlifova

et al., 2010).

The aim of the study is to determine if there are any genomic aberrations in the
progeria cell lines and to do this | investigated alterations in the epigenetic histone
marks, histone H3 trimethylated on lysine 9 (H3K9me3), histone H3 trimethylated on
lysine 27 (H3K27me3) and histone H4 trimethylated on lysine 20 (H4K20me3) in
NB1 normal and immortalised NB1T and HGPS T06, TO8 cells. | performed 2D-FISH
to compare the positions of chromosome territories, centromeres and telomeres in
immortalised typical TO6 and atypical TO8 HGPS fibroblasts to that in control
immortalised NBLT fibroblasts in order to determine whether hTERT treatment or
mutation in LMNA gene (T06) and unknown mutation (TO8) could cause alteration in
chromosome positioning and genomic instability in immortalised cells; NB1T, TO6,
T08. Furthermore, as increased number of chromosomes was observed in TO8 cells
in this chapter, we employed M-FISH to analyse 23 pair of chromosomes in TO8

cells.
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The distribution of major nucleolar proteins, including nucleophosmin, fibrillarin and
RNA Pol | was assessed in immortalised TO6 and TO8 HGPS fibroblasts and their
distribution compared to those in control NB1 and immortalised NB1T fibroblasts.
Colocalisation experiments of fibrillarin-chromosome, Ki-67-centromere were
performed to determine the proportion of colocalisation in immortalised T0O6 and T08
HGPS fibroblasts and compare their distribution to those in control NB1 and
immortalised NBLT fibroblasts. Furthermore, Mander's overlap coefficient was
calculated to determine the colocalisation of HP1a- centromere utilising Image J

software in cells.

5.2 Materials and Methods

5.2.1 Cell culture
As per chapter 2, section 2.2.1., NB1 and hTERT human dermal fibroblasts

immortalised cell lines: NB1T, TO6 and TOS8 have been cultured.

5.2.2 Indirect immunostaining
5.2.2.1 Fixation

As per chapter 3 section 3.2.3.1 and costaining was performed as per chapter 4

section 4.2.3.1.

5.2.2.2 Antibody staining
As per chapter 3, section 3.2.3.2

The primary antibodies used were; rabbit anti pKi-67 (DAKO, A0047) ( 1:30 dilution
in 1% NCS/PBS v/v), CREST human anti-serum (diluted 1:1000, protein reference
unit, Royal Hallamshire Hospital, Sheffield), mouse anti-HP1a (diluted 1:500, Sigma
Aldrich- mab3584), mouse anti-H3me3k9 (1:100 dilution, Abcam-ab6001), rabbit
anti-H3ME3K27 (1:100 dilution, SAB4800015-50UG), rabbit anti-H4ME3K20 (1:100

dilution, Abcam-ab9053), mouse anti- nucleophosmin (1:2000 dilution, ab86712),
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mouse anti- RNA POL | POL1 (1:100 dilution, Abnova- H00084172-M10), goat anti-
Fibrillarin ( 1:100 dilution, Santa Cruz, sc-11336), rabbit anti- Ki67 (1:200 dilution,

Abcam, ab15580).

The secondary antibodies were; goat anti-mouse (TRITC) (diluted 1:30, Sigma- T-
5393), goat anti-mouse (FITC) (diluted 1:64, Sigma-F9006), Swine anti-rabbit
(TRITC) (diluted 1:25, Dako R0156), Rabbit anti-goat (FITC) (diluted 1:50 Sigma- F-
7367), goat anti-human (FITC) (1:100 dilution, Jackson human research, 800-367-

5296).

5.2.2.3 Image acquisition

As per chapter 3, section 3.2.3.3

5.2.3 Two-dimensional fluorescence in situ hybridisation (2D-FISH) and
immunofluorescence

2D-FISH was performed as described in chapter 2, section 2.2.3 using whole
chromosome paints; 10, 13, 18 and X and analysed for NB1T, TO6 and TO08 cells.
Chromosomes signal positions were identified in at least 49 nuclei from NB1T, TO6
and TO8 cells. To combine immunofluorescence with FISH in cells fixed with
methanol-acetic acid, after detection of the hybridisation signals, slides were
incubated for 1 h at room temprerature, with a 1:200 dilution of rabbit poyclonal anti-
pKi67 antibody (ab15580 abcam) and with a goat polyclonal fibrillarin antibody(1:100
dilution, Santa Cruz- sc-11336). After PBS washes, these slides were incubated with
secondary antibodies as described in section 5.2.2.2 for 1 hour at room temperature.
Slides were rinsed again in PBS and counter stained by mounting in DAPI in Vecta-

shield-mounting medium.
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5.2.4 2D-FISH chromosomes, centromeres and 2D-FISH telomeres positioning
analysis
Telomere PNA FISH was performed for NB1, NB1T, TO6 and T08 cells as described

in chapter 2, section 2.2.6. As per chapter 2, section 2.2.4.5, telomere and
centromere signal positions were identified in at least 45 nuclei from NB1, NB1T,
T06 and TO8 cells. Chromosome signal positions were identified in at least 40 nuclei

from NB1, NB1T, TO6 and TOS8 cells.

5.2.5 Metaphase chromosome fixation and detection of genomic instability
NB1T, TO6 and TO8 cell lines were fixed for metaphase chromosome preparation.

The medium was changed the night before and 1% colcemid solution was added to
each dish for one hour prior to fixation. Fixation was performed using methanol:
acetic acid solution. "Metafercell Software" was used for the detection of
metaphases by using 10 X or 63X (immersion oil) objectives for each cell line.
Furthermore, chromosome counting and enhancement of brightness of images for

each cell line were performed by using Image J software.

5.2.6 Multiplex fluorescence in situ hybridization (M-FISH) assay

M-FISH assay was performed collaboration with Dr. Rhona Anderson’s group,
Brunel University, London. 24-colour karyotyping (M-FISH) was used to paint the
TO8 cell line using a modified method of the Metasystems™ protocol as described
previously (Foster et al., 2013). Digital images were captured using a charged-
coupled device (CCD) camera (Photometrics Sensys CCD) coupled to and driven by
ISIS (MetasystemsTM). Structural chromosomal abnormalities were identified as
colour-junctions down the length of individual chromosomes and/or by the presence

of chromosome fragments. The M-FISH paint composition was used to identify the
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chromosomes involved in the abnormality and the abnormalities were described

according to International System of Cytogenetic Nomenclature (Shaffer et al, 2013)

5.2.7 Statistical analysis

Values are expressed as averages = SEM, and n represents the number of cells
analysed. Two-tailed unpaired t-tests used as statistical analysis. One-way ANOVA
statistical test with Excel software programme was employed to statistically compare
the position of chromosomes; 10, 13, 18 and X within NB1T, T06 and T08 nuclei.
The probability-value (p-value) are denoted by stars (* P < 0.05, ** P <0.01, *™* P <
0.001). P< 0.05 was considered significant and p> 0.05 was considered no

significant difference in position.

5.3 Results

5.3.1 Distribution of histone modification proteins

The distribution of histone modification and nucleolar proteins in human normal
fibroblast NB1, immortalised normal fibroblast NB1T and immortalised typical T06
and atypical TO8 HGPS cell lines was determined by indirect immunofluorescence
using a range of antibodies. The cell lines were fixed with methanol: acetone (1:1).
Histone modification distribution was assessed. Figure 5.1 represents epigenetic
histone marks; H3KOME3, H3K27ME3, H4K20ME3 and Hpla for NB1, NB1T, TO06,

and TO8 cells.
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H4K20ME3 H3K27ME3 H3K9ME3

Hpla

Figure 5.1: NB1, NB1T, T06 and T08 cells were immunostained by using antibodies
directed against epigenetic histone marks; H3KOME3, H3K27ME3, H4K20ME3 and
Hpla. The H3KOMES3 staining pattern consisted of small foci dispersed throughout
the nucleoplasm in control cells. (a, b) In hTERT HGPS cells, nuclei exhibited an
overall loss of H3KOME3 staining compared with control cells. (c, d) H3K27ME3
decreases in both TO6 and TO08 cells (g-h) and the Xi appeared as a uniformly
stained compact domain in TO8 cells. (h) Xi staining is shown in the white boxes. (h)
NB1 and NB1T cells displayed punctuate H3K27ME3 staining throughout the
nucleus. (e-f) Nuclei of control cells showed foci of H4AK20ME3 throughout the
nucleoplasm. (i) In HGPS T06 and T08 cells, the H4K20ME3 staining pattern
consisted of much larger bright staining structures. (k, i) Hpla antibody stained large
and small foci throughout the the nucleoplasm in controls. (m,n) TO6 cells displayed
reduction of Hpla staining. (0) TO8 cells great reduction of Hpla staining. (p) The
nucleus is counter-stained with DAPI to reveal the DNA. Magnification = X100. Scale
bars= 5 um.

Nuclei in control NB1 and NBL1T cells display H3K9OME3 foci dispersed throughtout
the nucleoplasm (Figure 5.1-a, b). Both TO6 and TO08 cells show reduction of

H3K9ME3 staining in the number of nucleoplasmic nuclei (Figure 5.1-c, d).
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H3K27ME3 is involved in silencing of the Xi. In control NB1 and NB1T cells,
punctuate H3K27ME3 staining was present throughout the nucleoplasm (Figure 5.1-
e,f). TO6 cells displayed a reduction in overall staining relative to control cells (Figure
5.1-g). Multiple Xi was stained with H3K27ME3 in the nuclei of TO8 cells (Figure 5.1-
h). The presence of epigenetic mark of H4K20ME3 indicates pericentric
heterochromatin. In both H4K20ME3 stained TO6 and TO08 cells, there is an increase
in the number and size of brightly stained nuclear foci relative to control cells (Figure
5.1-1, j and k, I. In terms of heterochromatin protein 1 a (Hpla), both NB1 and
NB1Tcells showed many bright foci throughout the nucleoplasm (Figure 5.1-m, n).
However, the overall Hp1a appeared significantly altered in TO6 and T08 cells (see
chapter 4). Hp1a staining was significantly reduced in TO6 cells (Figure 5.1-0) and

there is a loss of Hp1a staining in TO8 cells (Figure 5.1-p).

5.3.2 Distribution of nucleolar proteins

Mehta et al. (2010) demonstrated atypical distribution of nucleophosmin and different
distribution of fibrillarin in non-proliferating HGPS cells. In order to assess distribution
of nucleolar proteins; nucleophosmin, fibrillarin and RNA pol I, the cell lines were
fixed with methanol: acetone (1:1) and an indirect immunofluorescence assay was
performed. Nucleolar proteins distribution was assessed by counting at least 200

nuclei. Figure 5.2 represents nucleolar proteins for NB1, NB1T, T06, and T08 cells.
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Figure 5.2: NB1, NB1T, T06 and TO8 cells were immunostained by using antibodies

directed against nucleolar proteoins; Nucleophosmin (A), Fibrillarin (B) and RNA Pol
I (C). The nucleus is counter-stained with DAPI to reveal the DNA. Magnification =
X100. Scale bars=5 ym
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Figure 5.3: Nucleophosmin (A), fibrillarin (B) and RNA POL1 (C) stainings pattern
analysis of NB1, NB1T, TO6 and TO08 cells. N represents number of experiments
analysed. Error bars represent standard error of mean (SEM).
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Figure 5.3 displays the staining pattern findings of nucleophosmin (A), fibrillarin (B)
and RNA POL1 (C) proteins for NB1, NB1T, TO6 and TO8 cells. Nucleophosmin
indirect immunostaining results reveal that cells can be categorized into 3 patterns:
1- full rim, 2- partial rim and 3- no rim. It is evident from the images as well as
analysis of counts (Figure 5.3-A) that both NB1 and NBL1T cells (Figure 5.2.A-a,b)
show typical distribution of full rim, at the nucleolar periphery in the granular centre
(GC) domain pattern per cell higher than T0O6 and TO8 cells (Figure 5.2.A-c,d).
However, T08 cells show higher number of partial rim pattern per cells around the
nucleolar periphery than other cells (Figure 5.2.A-d). NB1 cells did not display any
negative nucleophosmin rim pattern per cell (Figure 5.3-A). A subset of TO6 and T08
cells also illustrates a typical distrubution of nucleophosmin similar to NB1 and NB1T

cells (Figure 5.2-A and Figure 5-3-A).

It is evident from the slides (Figure 5.2-B) that there was no difference in fibrillarin
localisation in control cells as compared to HGPS cells. Fibrillarin protein was
located in the nucleolar DFC domain as punctuate foci at all times and furthermore,
no cytoplasmic staining was detected. Intriguingly, analysis of counts of fibrillarin
stained nuclei reveals that the number of dull fibrillarin staining in NB1 cells is greater
compared to other cells, suggesting a distinct signal intensity of the protein in
immortalised cells (Figure 5.3-B). Distribution of RNA POL 1 was compared between
control and HGPS cells by performing indirect immunofluorescence. In both TO6 and
TO8 cells, RNA POL 1 is distributed in the DFC of the nucleolous as small foci at all
times (Figure 5.2.C- ¢, d and Figure 5.3-C). However, it was found as aggregates
and small foci distributed in the DFC of the nucleolous in both NB1 and NB1T cells.

(Figure 5.2.A-a, b and Figure 5.3-C).
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5.3.3 Metaphase chromosome number analysis

"Metafercell Software" was employed for the detection of chromosome number. The
chromosome spreads were of a good quality in NB1T and TO6 cells compared with
TO8 cell line. Therefore, the number of metaphase chromosome spread detected by
metafercell software was low for TO8 cells. Representative images of metaphase
chromosomes for NB1T, TO6 and TO8 cells (Figure 5.4-A, B, C). The number of
metaphase cells for NB1T, TO6 and TO8 cells were 84, 136, and 54 respectively. The
bin for chromosome numbers against frequency (%) for each cell line was plotted on
a graph (Figure 5.5). NB1T and TO6 cells have 46 chromosomes in 30.5 % and 28.5
% of cells respectively. However, TO8 cells have the highest number of
chromosomes with an average of 78 (6.9%) and numbers of chromosomes are

scattered from 11-20 to 81-90.

A B
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Figure 5.4: A representative image of metaphase chromosome spread of NB1T (A),
TO6 (B) and TO8 (C) cells. Scale bar: 5 um.
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Figure 5.5: Number of chromosomes against frequency (%) was plotted on the
graphs for each cell line. Bin for chromosome numbers was chosen and percentage
of frequency was measured

5.3.4 M-FISH analysis of T08 cells

TO8 cells were assayed by M-FISH, captured and analysed as standard. 17 number
of TO8 cells were fully karyotyped and notated according to ISCN (An International
System for Human Cytogenetic Nomenclature) 2009 (Appendices, M-FISH, Table 1).
The karyotypes as near-tetraploid (92, XXXX) as noted in the Tables in appendices.
All cells were abnormal containing multiple structural (Appendices, M-FISH, Table 2
and 3) and numerical (Table 4) aberrations. Refer to appendices for more

karyotyping data for TO8 cells. Figure 5.6 displays karyotypic analysis showing
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number of chromosome loss for TO8 cells. Figure 5.7 demonstrates M-FISH

karyotype of a TO8 cell indicating aneuploidy.
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Figure 5.6: Number of chromosome loss for TO8 cells. X-axis shows analysed 23

pair of chromosomes including chromosome X. Y-axis displays number of cells with

chromosome loss normalised to 18 cells.
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Figure 5.7: Representative M-FISH karyotype of TO8 cell line. Cell 21 showing
83,XXX,t(X;1),ins(1;14),der(1)t(14;1;17),del(2p),del(3p),der(4)t(4;19),der(5)t(5;10),
del(5p),-6,der(7)t(7;21),-13,-14,der(14)t(10;14),-15,der(15)t(8;15),-16,del(17q)
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5.3.4 2D- Telomeres and Centromeres positioning

2D positioning of telomeres and centromeres were determined by employing IPLab
Spectrum software as described in chapter 2. Representative example of the
hybridization with telomeric PNA in NB1, NB1T, TO6 and TO8 cells is shown in Figure
5.8-A. Telomeres were predominantly found in the interior of the nucleus (shell 5) in
all analysed 4 different fibroblasts with signal (%)/DAPI (%) ratios of 1.17 *
0.06(n=45) , 1.24 + 0.04(n=47), 1.25 + 0.05 (n=47), 1.36 * 0.04 (n=51) for NB1,
NB1T, TO6 and TO8 cells respectively (Figure 5.8-B). The signal (%)/DAPI (%) ratio
for telomeres in shell 4 in TO8 cells is significantly different compared with TO6 cells
(p<0.01). The signal (%)/DAPI (%) ratio for telomeres in shell 5 in TO8 cells is

significantly different relative to other cells (p<0.05).
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Figure 5.8: Representative digital images of NB1, NB1T, TO6 and T08 cells in
interphase after hybridization with cy3 conjugated telomeric PNA oligonucleotides
(A). Histograms display the position of telomeres in NB1, NB1, T0O6 and T08 cells.
Erosion analyses were performed by ascertaining the distribution of the mean
proportion of hybridisation telomeres signal (%), normalised by the percentage of
DAPI signal, over five concentric shells of equal area from the nuclear periphery to
centre. The x-axis displays the shells from 1-5 (left to right), with 1 being the most
peripheral shell and 5 being the most internal shell. The y-axis shows signal (%)/
DAPI (%), from 0 to 1.6 with 0.2 increments. The standard error bars representing
the standard error of mean (SEM) were plotted for each shell for each graph.
Significant differences are denoted by stars (* P < 0.05, ** P < 0.01) (B). In order to
reveal DNA, DAPI was used. Magnification = 100x. Scale bar =5 pm.
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Figure 5.9: Representative images of M:A fixed NB1, NB1T, TO6 and TO8 cells
immunostained with antibody directed against centromere (green). (A). Histograms
display the position of centromeres in NB1, NB1, TO6 and TO8 cells. Erosion
analyses were performed by ascertaining the distribution of the mean proportion of
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centromeres signal (%), normalised by the percentage of DAPI signal, over five
concentric shells of equal area from the nuclear periphery to centre. The x-axis
displays the shells from 1-5 (left to right), with 1 being the most peripheral shell and
5 being the most internal shell. The y-axis shows signal (%)/ DAPI (%), from 0 to 1.6
with 0.2 increments. The standard error bars representing the standard error of
mean (SEM) were plotted for each shell for each graph. Significant differences are
denoted by stars (* P < 0.05, ** P <0.01, ** P < 0.001, *** P < 0.0001) (B). In order
to reveal DNA, DAPI was used. Magnification = 100x. Scale bar =5 pm.

Figure 5.9-A demonstrates representative images of centromeres immunostaining in
four different proliferating cells. Centromeres were predominantly found in the interior
of the nucleus (shell 5) in analysed NB1T, TO6 and TO8 fibroblasts with signal
(%)/DAPI (%) ratios of 1.49 + 0.06 (n=49), 1.57 + 0.04 (n=47) and 1.53 + 0.05 (n=50)
for NB1T, TO6 and T08 cells respectively (Figure 5.9-B). Furthermore, centromeres
were predominantly found in the interior of the nucleus positioning in shell 4 and 5 in
analysed NB1 cells with signal (%)/DAPI (%) ratios of 1.479 + 0.055 (n=48) and
1.478 + 0.058 (n=48) respectively. The signal (%)/DAPI (%) ratio for centromeres in
shell 1 in NB1T and TO8 cells is significantly different compared with NB1, P<0.001
and TO06 cells, P<0.0001. The signal (%)/DAPI (%) ratio for centromeres in shell 4 in
NBL1 cells is significantly different relative to other cells NB1T, P<0.01 and T08, P<

0.0001.

5.3.5 2D-FISH chromosome positioning analysis

Interphase chromosome positioning for chromosomes; 10, 13, 18 and X was
assessed in NB1T, TO6 and TO08 cell lines. Images taken for each cell type, with
each chromosome paint were subjected to an erosion analysis script that divided the
nucleus into five concentric shells of equal area as in chapter 2. Figure 5.10 displays
the representative images of chromosome territory delineation and position of
chromosomes in the three analysed cell types in proliferating nuclei respectively.

Furthermore, 2D-FISH interphase chromosome positioning for chromosomes; 10,
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13, 18 and X was shown in control fibroblast cells (Mehta et al., 2011) (Table 5.2).
One-way ANOVA statistical analysis was performed, if the P value is lower than

P=0.05, the result was deemed significant (Table 5.1).

Chromosome 10 Chromosome 13 Chromosome 18 Chromosome X

NB1T

TO6

TO8

Figure 5.10: Representative 2D images displaying examples of peripherally,
intermediately and internally positioned chromosome territories in proliferating NB1T,
TO6 and TO8 cell lines. Whole chromosome painting probes were labelled with biotin
and detected using streptavidin conjugated to FITC (green) and the nuclei were

counterstained with DAPI (blue). Scale bar, 5 um.
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Figure 5.11: The histograms in panel A-L display the distrubition of the chromosome
signal in 50-55 nuclei for each chromosome for as analysed by simple erosion
analysis for NB1, TO6 and TO8 cells. The x-axis displays the shells from 1-5 (left to
right) with 1 being the most peripheral shell and 5 being the most internal shell. The
y-axis shows % chromosome signal/DAPI signal, from 0 to 2.5 with 0.5 increments.
Bars represent the mean normalised proportion (%) of chromosome signal for each
human chromosome. Error bars represent standard error of mean (SEM).
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Table 5.1: One way ANOVA statistical analysis of Chromosomes; 10, 13, 18 and X
in NB1T, TO6 and TO8 cells. S: Significant; NS: not significant.

Statistical analysis of all chromosome positions by erosion analysis

Chr. Shell All culture cells
1 NS
2 NS
10 3 NS
4 NS
5 NS
1 NS
2 NS
13 3 S P=0.0157
4 NS
5 NS
1 SP=0.007171
2 SP=0.000161
18 3 SP=0.00646
4 NS
5 SP=0.000166
1 SP=0.00297
2 SP=0.000157
X 3 SP=0.007936
a NS
5 SP=0.019216

Statistical results revealed that there was significant difference in the interphase
position of chromosomes; 13, 18 and X between all cells (Table 5.1). Whereas there
is no significant difference in the interphase position of chromosome 10 between all

cells. Table 5.2 summarises the positioning of all chromosomes in each cell line.

Table 5.2: The nuclear location of four chromosomes in each cell line.

Chromosomes 10 13 18 X

Control cells Intermediate Peripheral Peripheral Peripheral
(Mehta er a/,

2011)

NBIT Intermediate Bimodal Interior Bimodal
TO6 Intermediate Intermediate Interior Bimodal
TO8 Intermediate Intermediate Interior Interior
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The interphase position of chromosome 10 is in an intermediate nuclear location in
all proliferating cells (Figure 5.10 panels A, E and | and Figure 5.11-A, E and I). The
data demonstrated in Figure 5.10 panels F, J and Figure 5.11- F, J reveal that the
interphase position of chromosome 13 is in an intermediate nuclear location in
proliferating TO6 and TO08 cells. However, chromosome 13 showed bimodal
positioning in NB1T cells (Figure 5.10 panel B and Figure 5.11-B). In all analysed
cells, chromosome 18 was found in the nuclear interior (Figure 5.10 panels C, G,
and K and Figure 5.11-C, K and G). Moreover, as Figure 5.10-D, H and Figure 5.11-
D, H display, chromosome X demonstrated bimodal positioning in both NB1T and
TO6 cells. Most interestingly, when the nuclear position of chromosome X was
determined in proliferating TO8 cells, chromosome X was found in an interior nuclear
position (Figure 5.10 panel L and Figure 5.11-L ). Noteworthy that it is first time ever
we found chromosome X located in an interior nuclear position in all studied normal

and disease human fibroblasts.

5.3.7 Assessment of colocalisation of chromosomes with nucleoli

Chromosomes were found moving interior. Thus, the colocalisation of chromosomes;
10, 13, 18 and X with fibrillarin nucleolar antigen was assessed in hTERT NB1T, T06
and TO08 cell lines by indirect immunostaining. Combined FISH and
immunofluorescence in MAA fixed nuclei were hybridised with whole human
chromosome paints (red) and with antibody against fibrillarin nucleolar antigen
(green). Chromosome-fibrillarin colocalisation was identified in at least 40 nuclei from
NB1T, TO6 and TO08 cells. This was to test if extra-long telomeres caused
chromosomes to attach to nucleoli and consequently chromosomes to be located in
the nuclear interior. Figure 5.12 displays representative images of colocalisation of
chromosomes with fibrillarin in the three analysed cell types in proliferating nuclei.

230



Chapter 5. Aberrant genome behaviour in immortalised control and progeria
fibroblasts

Fibrillarin Chromosome DAPI Merge

L

NB1T

NB1T

NB1T

NB1T

Fibrillarin Chromosome DAPI Merge

Fibrillarin Chromosome DAPI Merge

231



Chapter 5. Aberrant genome behaviour in immortalised control and progeria
fibroblasts

Figure 5.12: Representative 2D-FISH images displaying examples of peripherally,
intermediately and internally positioned chromosome territories within NB1T (A), TO6
(B) and TO8(C) cell lines immunostained with fibrillarin antibody.  Whole
chromosome painting probes were labelled with biotin and detected using
streptavidin conjugated to cy3 (red), fibrillarin conjugated to FITC(green) and the

nuclei were counterstained with DAPI (blue). Scale bar=5 pym.
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Figure 5.13: Colocalisation of chromosomes; 10, 13, and 18 and X with fibrillarin
nucleolar antigen was plotted in histograms. A, B, C, D represent chromosome 10,
13, 18 and X respectively. The x-axis and y-axis display the number of colocalized
chromosomes and the percentage of colocalized chromosomes with fibrillarin

respectively in each cell line.
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In terms of chromosome 10, NB1T cells have the greatest percentage of
colocalisation of 1 chromosome with fibrillarin (41.34 %). TO8 cells show the highest
percentage of colocalisation of 2 chromosomes with fibrillarin (80.76 %) and also
have the lowest percentage of none colocalisation (6.41 %). Furthermore, there is no
observed colocalisation of 3 chromosome 10s with fibrillarin in all 3 cell lines (Figure
5.13-A). In terms of chromosome 13, NB1T cells show the highest percentage of
colocalisation of 1 chromosome with fibrillarin (45.45 %). On the other hand, T06 and
TO8 cells show the greatest percentage of colocalisation of 2 chromosomes with
fibrillarin (92.3 % and 98.07 % respectively). Moreover, TO8 cells have the greatest
percentage of none colocalisation (5.58 %). There is no observed colocalisation of 3
chromosomes with fibrillarin in all 3 cell lines (Figure 5.13-B). In terms of
chromosome 18, NB1T cells have the highest percentage of colocalisation of 1
chromosome with fibrillarin (8.06 %). T0O6 and TO08 cells show the greatest
percentage of colocalisation of 2 chromosomes with fibrillarin (94.28 % and 90.32 %
respectively). TO8 cells have the greatest colocalisation of 3 chromosomes with
fibrillarin (58.2 %). Furthermore, TO8 cells show the highest percentage of none
colocalisation (1.62 %) (Figure 5.13-C). In terms of chromosome X, T06 cells have
the greatest percentage of colocalisation of 1 chromosome with fibrillarin (4 %).
NB1T cells exhibit the greatest percentage of colocalisation of 2 chromosomes with
fibrillarin (78.78 %). TO8 cells show the highest percentage of colocalisation of 3
chromosomes with fibrillarin (64.6 %). Furthermore, TO6 cells have the greatest

percentage of none colocalisation (50 %) (Figure 5.13-D).
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5.3.8 Assessment of colocalisation of centromeres with Ki-67

The colocalisation of centromeres with a nucleolar marker p-Ki-67 was assessed in
NB1 and hTERT NB1T, TO6 and TO8 cell lines by indirect immunostaining. The
mean percentage of centromere-ki-67 colocalisation per cell was identified in at least
45 nuclei in each cell line. Figure 5.14 displays representative images of
colocalisation analysis in four different proliferating cells. A histogram illustrates
colocalisation of centromere and Ki-67 in cells in Figure 5.15. Costaining analysis
revealed that NB1T and TO08 cells have almost the same proportion of costaining
with percentage of 44.3 + 0.75 (n=46) and 45.9 = 0.86 (n=45) respectively.
Furthermore, NB1 and TO6 cells show almost the same proportion of costaining with

33.3£0.51 (n=51) and 34.3 £ 0.49 (n=49) respectively.

NB1

NBIT

T06

T08

Figure 5.14. M:A fixed NB1, NB1T, TO6 and TO8 cells were costained with
antibodies directed against ki-67 (red) and and centromere (green). The nucleus is
counter-stained with DAPI to reveal the DNA. Magnification = X100. Scale bar= 5
pgm.
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Figure 5.15: A graph to demonstrate the mean percentage of centromere-ki-67
colocalisation per nucleus in at least analysed 45 nuclei for NB1, NB1T, TO6 and T08
cells. N represents number of experiments analysed. Error bars represent standard
error of mean (SEM). Significant differences are denoted by stars (* P < 0.05, ** P <
0.01).

5.3.9 Assessment of colocalisation of HP1a with centromeres

The colocalisation of centromeres with HP1a was assessed in NB1 and hTERT
NB1T, TO6 and TO8 cell lines by indirect immunostaining. The mean Mander’s
overlap coefficient of HP1a — centromere colocalisation per cell was identified at
least 48 nuclei in each cell line by performing Image J software. Figure 5.16 displays
representative images of colocalisation analysis in four different fibroblasts. A
histogram illustrates colocalisation of centromere and HP1a in cells in Figure 5.17.
Costaining analysis revealed that NB1 cells have Mander’s overlap coefficient with
0.83 + 0.01 (n=50), which is significantly greater than TO6 (0.54 = 0.03, n=45, P <
0.001) and TO8 (0.6 £ 0.02, n=48, P < 0.001) cells. Furthermore, costaining analysis
revealed that NB1T cells have Mander’s overlap coefficient with 0.78 + 0.03 (n=46),

which is significantly greater than both TO6 and TO8 cells (Figure 5.17).
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Figure 5.16: M:A fixed NB1, NB1T, TO6 and TO8 cells were costained with
antibodies directed against HP1a (red) and and centromere (green). The nucleus is
counter-stained with DAPI to reveal the DNA. Magnification = X100. Scale bar= 5
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Figure 5.17: A graph to demonstrate the mean Mander’s overlap coefficient of
centromere - HP1a colocalisation per nucleus in at least analysed 48 nuclei for NB1,
NB1T, TO6 and TO8 cells. The Y-axis ranges between 1 and zero with 1 being high-
colocalization, zero being low. N represents number of experiments analysed. Error
bars represent standard error of mean (SEM). Significant differences are denoted
by stars (* P <0.05, ** P <0.01, ** P < 0.001 ).

236



Chapter 5. Aberrant genome behaviour in immortalised control and progeria
fibroblasts

5.4 Discussion

Nuclear lamin proteins have been proposed to take part in genome behaviour and
stability and therefore we wanted to examine whether in cells with mutations in A-
type lamin (T06) and the unknown mutation (T08), chromosomes would change their
behaviour. We determined the radial positions of four representative chromosomes
in interphase nuclei of immortalised normal (NB1T) and typical (TO6) and atypical
(TO8) HGPS proliferating cells. These chromosomes were; 10, 13, 18 and X. It is
worthwhile to point out that, all analysed cell lines were proliferating cells due to
hTERT expression. Chromosome 10 positioning results demonstrate that
chromosome 10 is found occupying the nuclear intermediate in proliferating
immortalised control, typical and atypical HGPS nuclei. Mehta et al. (2011) showed
that chromosome 10 occupies an intermediate location in normal primary
proliferating control nuclei. On the other hand, chromosome 10 was exhibited
positioning towards the nuclear periphery in proliferating HGPS nuclei (Mehta et al.,
2011). | obtained two different positioning results for chromosome 13 in three
different lines. Chromosome 13 positioning findings reveal bimodal distribution in
proliferating control nuclei. However chromosome 13 was found occupying an
intermediate location in both typical and atypical nuclei. Chromosome 18 was found
to be located in the nuclear interior in all proliferating control, typical and atypical
HGPS nuclei. Chromosome 13 and 18 results are in agreement with Meaburn et al.
(2007) results. Meaburn et al., (2007) chromosome positioning analysis for
chromosomes 13 and 18 in proliferating laminopathy cells and an X-EDMD fibroblast
revealed that both chromosome 13 and 18 were found away from the nuclear
periphery, located in the nuclear interior. Furthermore, it was revealed that in R482L

or r527H - mutated cells, chromosome 13 was found in an intermediate location

237



Chapter 5. Aberrant genome behaviour in immortalised control and progeria
fibroblasts

(Meaburn et al., 2007). Mehta et al. (2011) demonstrated that the positioning of
chromosomes; 13 and 18 in proliferating laminopathy cells is similar to that non-
proliferating control cells, given that smaller chromosomes are found in the nuclear
interior in the latter (Mehta et al.,, 2011). More interestingly, chromosome X
positioning results revealed bimodal positioning in control and typical nuclei, whereas
in atypical nuclei chromosome showed chromosome X occupying the nuclear
interior. It is important to note that this is the first time that chromosome X has been
seen in the nuclear interior in our laboratory. In contrast, in previous work of
Meaburn et al.,, (2007) it was demonstrated that in both proliferating and
nonproliferating of mutant HDF cell lines chromosome X was always found at the
nuclear periphery. |1 hoped to determine if chromosomes have association with
nucleolus in hTERT cells. Colocalisation analysis of chromosome and fibrillarin
findings confirmed chromosome positioning results since chromosomes 18
colocalised with fibrillarin with different chromosome numbers and proportions in all
cells and there is no observed none colocalisation of chromosomes with fibrillarin
almost in any cells. Further, chromosome X and fibrillarin colocalisation analysis
confirmed my chromosome X positioning analysis in TO8 cells since findings reveal
that chromosomes X colocalised with fibrillarin with different chromosome numbers
with higher percentages than other cells and there is no observed none
colocalisation of chromosomes with fibrillarin in TO8 cells. Colocalization of human
acrocentric chromosomes; HSA 13, 14, 15, 21, and 22 with mouse nucleolar
fibrillarin was shown with higher percentages compared with chromosome X with
fibrillarin in mouse hybrid cells, indicating human acrocentric chromosomes have
affinity with mouse nucleoli (Sullivan et al., 2001). Taken together, from these
findings it can be hypothesised that hTERT made chromosomes become more
interior. Telomeres have an affinity for nucleoli and the extra elongated telomeres
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may unusually pull chromosomes to the nucleolus, whilst they also have affinity and
binding with the nuclear periphery. Furthermore, lamin A/C binding proteins being
may be affected by the formation of progerin protein and which might alter the
correct positioning of the chromosomes, creating less anchorage points at the
nuclear periphery as in the case of chromosome X in TO8 cells. It has been shown
that repositioning of genes from the periphery to a more interior position can
correlate with inappropriate activation of that gene. The formation of chromatin loops
for expression from repressed chromatin territories has been suggested as a
mechanism of genome regulation, for example, for Hox gene activation

(Chambeyron and Bickmore, 2004).

The karyotype of our each progeria cells; TO6 and TO8 were defined as having 46
numbers of chromosomes prior to hTERT immortalisation application (Coriell
Institute). Because of the limited life span of normal and progeria cells, all cells were
immortalised by ectopic expression of hTERT. In previous studies by Mukherjee &
Costello have shown that both earlier and later passage cells from the HGPS
patients consistently exhibited the highest aneuploidy levels in each of the seven
chromosomes studied (Mukherjee and Costello, 1998). Furthermore, it was revealed
in the stably hTERT transfected sheep fibroblast that although all highly expressing
lines showed a virtually normal karyotype, following about 220 population doublings,
lower hTERT expressing clones of 1-1 and 2-13, started to display a high frequency
of abnormal karyotype corresponding to 20% or more cells (Cui et al., 2002). In
order to answer the question of whether or not our cell lines have any genomic
instability after hTERT application, metaphase chromosome fixation was carried out.
From the results, it is obvious that TO8 cell line genomic instability. Several studies

showed that the ectopic expression of hTERT can extend the life span without
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altering the characteristic phenotypic properties of the cells (Ouellette et al., 2000;
Jiang et al., 1999). Our data in M-FISH karyotyping analysis confirms unequivocally
our metaphase chromosome findings that immortalised TO8 cell line has aneuoploidy
including deletions and translocations. In previous work, it was demonstrated that
untransformed typical HGPS cell line (AG11498) has a normal 46, XY karyotype
although it was noted that the frequency of chromosome loss does appear high

(Anderson and Bridger, unpublished data).

In this chapter, | demonstrated that there are significant alterations in the epigenetic
control of both consitututive and facultative heterochromatin in hTERT TO6 and T0O8
cells. |1 observed significant reducution in H3K9me3 and HP1a marks in both TO6
and T08 cells compared with NB1 and NBL1T cells. In line with Shumaker et al., 2007
findings, | revealed the loss of H3K27me3 mark in TO6 cells. Interestingly, although
loss of the H3K27me3 histone epigenetic mark was observed in TO8 cells,
H3K27me3 in TO8 cells showed association with the Xi. Furthermore, in agreement
with Dechat et al., 2008 study, my findings from the presence of H4K20me3 in both
TO6 and TO8 cells revealed that there is a significant increase compared with NB1
and NB1T cells. My overall data of epigenetic modifications of histones suggest that
expression of truncuated progerin protein alters chromatin organization in HGPS T06
cells and also the structure of histone marks are severely affected in atypical HGPS
TO8 cells. It has been proposed that cooperative mechanism exists in between
H3K27and H3K9 methylation marks give rise to contribution to both the stable
repression of developmentally regulated genes and the maintenance of constitutive

heterochromatin (Boros et al., 2014).

In the present study, a possible relationship between the disease pathology and

abnormal nucleolar domain structure was elucidated by assessing distinctions in the

240



Chapter 5. Aberrant genome behaviour in immortalised control and progeria
fibroblasts

distribution of 3 major nuclolar proteins including nucleophosmin, fibrillarin and RNA
pol | proteins between NB1 and immortalised control NB1T and typical and atypical
HGPS cells in order to discover whether an abnormal lamina have impact on other
nuclear structures. Both NB1 and NB1T cells displayed higher typical distribution of
NPM full rim, at the nucleolar periphery in the granular centre (GC) domain pattern
relative to both TO6 and TO8 cells showing aberrant nuclear structure. In interphase,
NPM is mainly located in the dense fibrillar components and granular components of
nucleoli (Amin et al., 2008). It was demonstrated that reduction of NPM gives rise to
distortion and fragmentation of nucleolar structures by RNAI in HeLa cells leading to
striking alterations in nuclear morphology with multiple micronuclei formation, due to
the distortion of cytoskeletal structure through actin and tubulin fibres resulting from

the defects in centrosomal microtubule nucleation (Amin et al., 2008).

This study revealed that fibrillarin was distributed as the punctutate foci in the DFC
domain in all cells. Further, the signal intensities of fibrillarin immunostaining in NB1
cells appeared to be lower compared with other cells suggesting that fibrillarin
epitopes may be masked in NB1 fibroblasts. Interestingly, it was demonstrated that
staining patterns for fibrillarin in HGPS fibroblasts appeared abnormal with reduced
intensity and lack of any punctate structure (Mehta et al., 2009). In previous study,
NPM reduction was shown not significantly affecting the expression of fibrillarin
compared with mock-treated cells suggesting that despite the fact that NPM and
fibrillarin interact with each other throughout the cell cycle, among them only NPM
would play a vital role to maintain the structural integrity by keeping nucleolar
proteins compact at the nucleoli (Amin et al., 2008). Most importantly, the localization
pattern and expression of the lamin A/C was shown to be intact in NPM-reduced

cells and also in the mock-treated cells suggesting that nuclear aberrations are likely
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not depending on the post-mitotic nuclear assembly. Since NPM has binding
capacity with the nucleic acid, it has been suggested that NPM being involved in
chromosomal organisation (Brady et al., 2004). Thus, defected distribution of NPM
may cause aberrations in chromosome positioning in diseased cells such as in
HGPS. RNA pol | analysis revealed different findings between control and progeria
cells as RNA pol | was found as aggregates and small foci distributed in the DFC of
the nucleolous in both NB1 and NB1T cells, whereas RNA pol | was only found as

punctuates in both TO6 and T08 cells.

In line with Crabbe et al.,, (2012) findings, it is evident from my results that
telomeres are positioning internally in all cells. Moreover, centromeres were found
internally in all cells. However, location of centromeres in TO8 cells was found
moving towards periphery relative to other cells. In interphase nucleus, location of
centromeres was shown near the nuclear periphery (Solovei et al., 2004). Shimi et
al., (2008) revealed in cells that all lamin-B2 deficient, there is a lack of centromeres
at the nuclear edge suggesting B-type lamins are involved in to tethering
centromeres to the nuclear lamina. The findings of our colocalisation analysis of Ki-
67 and centromeres indicate that the average proportion of colocalisation number is
lower than the total number of centromeres for each cell type. It is known that Ki-67
antigen is detected in all phases of the cell division cycle suggests depending on the
phase of cell cycle, chromosomes elicit different binding affinity to Ki-67 via their
centromeres. We examined the relationship between HP1a and kinetochores using
CREST autoimmune serum and results show that these two proteins are more

closely associated in both NB1 and NBLT cells than TO6 and T08 cells.
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5.5 Conclusion

The underlying mechanism of genomic instability of hTERT progeria fibroblasts

remain unknown at the moment and further research is required to enlight it. This
chapter demonstrates that the structure of nucleolus is affected in both typical and
atypical immortalised HGPS cells. Further, it can be hypothesized that epigenetic

regulation to have a crucial role in HGPS.
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6.1 Introduction

In previous chapter, we revealed that elongated telomeres cause mispositioning of
chromosomes 13, 18 and X in immortalised TO8 cells and thus It is hypothesised that
this is due to elongated telomeres in these cells. Murata et al., (2007) study
evaluated positioning of chromosomes 10, 19 and X in normal thyroid tissue and in
adenomatous goiters, papillary carcinomas, and undifferentiated carcinomas.
According to their findings, chromosomes 10 and 18 were found locating toward the
nuclear periphery and chromosome 19 was found in nuclear interior in both normal
and goiter tissue. Nevertheless, in the papillary carcinoma tissue chromosome 19
was found positioning centrally in fewer cells. Furthermore, assessment of
positioning of chromosomes 10, 18 and 19 revealed mispositioning of chromosomes
(Murata et al., 2007). Repositioning of chromosome 18 was shown moving toward
the nuclear interior in cell differentiation of nonneoplastic cervical squamous
epithelium (Wiech et al., 2009). A subsequent paper also noted a reduction of the
roundness of chromosome 8 territories, and chromosome 8 was mispositioned in

pancreatic cancer cells that have elongated telomeres (Timme et al., 2011).

Overexpression of mutant lamin-A in HGPS cells causes accelerated rates of loss of
telomeres and shortened replicative lifespans (Wood et al., 2014; Huang et al.,
2008). In previous work, it has been shown that telomere length is shorter in HGPS
cells as opposed to age-matched control cells due to lamin A malfunction and
disruption of normal telomere biology (Allsopp et al., 1992). Decker and colleagues
exhibited by employing Q-FISH that due to mutant lamin A, telomere length is
substantially shorter in HGPS cells compared to normal cells (Decker et al., 2009).

Chromosome 18 and chromosome 19, which are gene-poor and gene-rich
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respectively in HGPS cells have been shown having similar telomere length (Decker

et al., 2009).

Ectopic expression of telomerase in vitro can extend the proliferative lifespan of a
cell without causing any genomic instability (Oulette et al., 2000), however ectopic
expression of telomerase in mice in vivo was elucidated to cause increased
incidence of cancer (Tomas-Loba et al., 2008). Gonzalez-Suarez et al., (2009)
elucidated a direct association between telomeres and lamina employing chromatin
immunoprecipitation (ChIP) assay in mice. The elevated level of yH2AX was shown
in Lmna’- MEFs, demonstrating increased basal DNA damage (Gonzales-Suarez et

al., 2009).

In mice, at the round spermatid stage telomeres were observed assembling around
the nucleolous in the center of the nucleus and in the subsequent the elongating
stage, telomeres dispersed all over the nuclei (Tanemura et al., 2005). Formations of
t-loops in a TRF2-dependent fashion at interstitial telomere repeat sequences are
termed intersititial telomere loops (ITLs) (Wood et al., 2014; Simonet et al., 2011). It
was proposed that ITL formation involves the interaction of repressed, telomeric
DNA with normal chromatin (Wood et al., 2014). Shortening of telomeres induced
genetic changes and ultimately leading to cell senescence. Alterations in the
expression of genes are found neighbouring to telomeres, named Telomere Position
Effect (TPE) (Ottaviani et al., 2008). The telomere position effect (TPE) phenomenon
was first defined in Drosophila as chromatin modifications such as DNA methylation
and histone methylation plays an essential role in the silencing of genes that are in
close proximity to the telomeres (Baur et al., 2001; Levis et al., 1985). A member of

the repressive machinery, HP1 is found accumulating at telomeres and is not seen at
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affected genes whereas, it was observed that TRF2 is accumulated at promoters of
these affected genes and a lack of TRF2 association is detected in cells with
shortened telomeres which suggests that TRF2 is essential to enable long-range
telomere looping (Wood et al., 2014; Robin et al., 2014). The expression of ISG15
(interferon-stimulated gene) was shown to increase when telomeres become short
and interestingly, genes located between ISG15 and telomeres did not elicit any
telomere-length regulation (Lou et al., 2009). Robin et al., (2014) exhibited by
performing 3D image analysis that shortening of telomeres lead to a dramatic
change of chromatin organization at distal chromosome region. SubTel 12p and
ISG15 probes were observed being adjacent in cells with long telomere length.
However probes were observed being separated in cells with short telomeres (Robin

et al., 2014).

The small non-peptidic, non-nucleosidic synthetic compounds (BIBR1532) were
shown as a cancer treatment by inhibiting the catalytic component hTERT leading to
progressive telomere shortening and a proliferation arrest in cancer cells (Bashash
et al., 2013; Ruden and Puri, 2013; El-Daly et al., 2005) (Figure-6.1). BIBR1532 was
employed to target the telomerase/telomere complex of our immortalised cell lines to
shorten telomeres in order to test the hypothesis that elongated telomeres had
mislocalised chromosomes. Furthermore, the effect of BIBR1532 on telomere
position was assessed in the cells. This study, the first to report on telomere length in
ectopically expressed hTERT in normal and HGPS TO08 cells demonstrating that
BIBR1532 drug treatment has shorthen the telomeres of both control and HGPS

hTERT cell lines.
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Figure 6.1: Telomeres consists of 1000-2000 oligonucleotides of non-coding
tandem repeats of G-rich nucleotide sequences, (TTAGGG) n, forming a 30 -
overhang on the 3’ end of chromosomes. The RNA template of telomerase (hTER) is
composed of a total of 451 nucleotides of which nucleotides 46 through 56 (50 -
CUAACCCUAAC-30) serve as a template to add new telomeric repeats. GRN163L
functions by inhibiting telomerase by acting as a direct telomerase RNA template
antagonist binding with high specificity and affinity at the active site of hTER, leading
to a complete inhibiton of the enzyme, consist of a 13-mer
oligonucleotide.BIBR1532(2-[E)-3-naphtalen-2-yl-but-2-enylylamino]-benzoic acid) is
a non-nucleotidic mixed type hTERT active site telomerase inhibitor, which impairs
the elongation of DNA substrate upon template copying by reducing the number of
TTAGGG repeat (Ruden and Puri, 2013).
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6.2 Materials and Methods

6.2.1 Cell Culture and BIBR1532 treatment

As per chapter 2, section 2.2.1. , NB1 and hTERT (Human Telomerase Reverse
Transcriptase) fibroblasts: NB1T and TO8 have been cultured. Mouse lymphoma LY-
R (radio-resistant) and LY-S (radio-sensitive) cells were used as a reference to
measure telomere length using Q-FISH (IQ-FISH) technique-{a kind gift from Dr.
Parissa Ka and Dr. Chetana Sharma, Brunel University, London}. Cell culture was
carried out with the exception of colcemid treatment. A stock solution of BIBR1532
(Tocris biosciences) at a concentration of 10 mM was prepared by dissolving the
compound in 0.1% sterile dimethylsulfoxide (DMSO) and divided into aliquots and
stored at -20°C until use. Furthermore, relevant amounts of BIBR1532 stock solution
to attain concentrations of 10, 50 and 100 uM were prepared. The culture medium
contained 10 uM of BIBR1532 was replenished at every 3 days. NB1T and T08 cells
were treated with 10 uM of BIBR1532 for 8 weeks and 6 weeks respectively. Control

cells were treated with corresponding solvent concentrations.

6.2.2 Assessment of cell logarithmic growth

In order to investigate effects of BIBR1532 on cell viability, NB1T and TO8 cells were
seeded at 2 x 10° cells/mL and incubated in the presence of 0 uM, 10 uM, 50 uM
and 100 puM of BIBR1532. In addition, control cells were treated with a corresponding
concentration of DMSO as an alternative negative control. Cultures were maintained
for 6 days in 24-well plates as triplactes, re-feeded with medium + drug in day 3

serially and every 24 hours, cell viability was assessed by cell growth analysis.
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6.2.3 Interphase Quantitative Fluorescence in situ hybridization (IQ-FISH)

6.2.3.1 Cell Fixation

As per chapter 2, section 2.2.6 NB1, BIBR1532 treated and untreated NB1T and T08

cells were fixed every 2 weeks prior to IQ-FISH experiment.

6.2.3.2 Pre Hybridization washes

Prepared with fixed cell on slides were aged overnight at 55 °C. The rest of the pre

hybridisation washes was carried out as per chapter 2, section 2.2.6.

6.2.3.3 Hybridization with the telomeric probe

As per chapter 2, section 2.2.6.1 hybridization was performed. In order to detect
telomeres in mouse cell lines L5178Y (LY-R) and L5178Y-S (LY-S), a FITC labelled
a telomere PNA FISH/FITC kit (Dako) was used following a protocol under the
manufacturer's instructions- {a kind gift from Dr. Predrag Slijepcevic, Brunel
University} . A TRITC labelled a telomere PNA FISH/TRITC kit (dako) was used for
NB1, NB1T and TO08 cells- {a kind gift from Dr. Predrag Slijepcevic, Brunel

University, London}.

6.2.3.4 Post-hybridization washes

As per chapter 2, section 2.2.6.2 post-hybridization washes were performed.
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6.2.3.5 Image capture for telomere length analysis

At least 30 interphase cells have to be analysed for each cell line and each
measurement was repeated 3 times. A 63X objective on an Axioplan 2 Zeiss
fluorescent microscope equipped with a CCD camera and the Smart capture 2
image acquisition software (Digital Scientific, Cambridge, UK) was employed to
capture images of interphase cells. We used a single exposure time of 0.5 sec and
analysed telomere fluorescence intensity in a single microscopy session for LY-
R/LY-S cells and human control and immortalised fibroblast samples respectively to
reduce the chances of microscope lamp variability. IP Lab software was used to
measure telomere signal intensity which is proportional to telomere length. The IP
lab software produces a combined image of the detected telomeres and the cell
nucleus boundaries which are superimposed onto the telomere image. It is crucial to
use appropriate controls for the experiment to maintain the accuracy of 1Q-FISH
experiment due to intensity of the fluorescence microscope lamp intensity is not
constant. Therefore, two mouse cell lines, LY-R and LY-S, with long and short
telomeres respectively were used as calibration standards in order to ensure the
accuracy of fluorescence intensity measurement (Mcllwraith and West, 2001). We
captured images of LY-R and LY-S cells together with the human cells in each
experiment. The detailed description of the procedure for IQ-FISH is in a PhD thesis

(Ojani, 2012).
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6.2.4 Telomere dysfunction-induced foci (TIF) Assay

y-H2AX assay is used to detect DNA double strand breaks in interphase cells
employing a monoclonal antibody against the y-H2AX protein. In this study, |
combined y-H2AX antibody detection with hybridization with synthetic telomeric PNA
and this assay is named “TIF” assay. Firstly, as described previously in section 6.2.2,
IQ-FISH was performed. Subsequently, cells were washed 15 minutes two times
with PBS in a coplin jar. 100 yl of y-H2AX antibody (dilution of 1:500 with 1% PBS/
FCS, Upstate) solution was added to slides for one hour in damp and room
tempereature then after which slides were washed with PBS for 5 minutes, three
times on a shaker. 100 pl of goat anti-mouse (FITC) (diluted 1:64 with 1% PBS/FCS,
Sigma-F9006) secondary antibody was added for one hour in dark, damp conditions
and then rinsed with PBS for five minutes, three times in a dark Coplin jar and on an

orbital shaker. Finally, the slides were analysed for the presence of TIF signals.

6.2.5 Two-dimensional fluorescence in situ hybridisation (2D- FISH)
As per chapter 2, section 2.2.3 2D-FISH was performed for untreated NB1, NB1T

and TO8 fibroblasts. Every 2 weeks, 2D-FISH was performed to assess positioning of
chromosomes; 18 and X for BIBR1532 treated NB1T and TO8 cell lines.
Chromosomes 18 and X signal positions were identified in at least 49 nuclei from

NB1 and untreated and treated NB1T and TOS8 cells.

6.2.6 Telomere distribution using 2D telomere FISH

Every 2 weeks, telomere signal positions were identified in at least 45 nuclei from
NB1 and untreated and treated NB1T and TO8 cells as described in chapter 2,

section 2.2.4.5.
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6.2.7 Indirect immunofluorescence

As per chapter 3, section 3.2.3, anti-Ki-67 immunostaining was performed every 2
weeks for BIBR1532 treated and untreated NB1T and TO8 cells. In addition, Ki-67

immunostaining was assessed for NB1 fibroblasts.

6.2.8 Statistical analysis

Values are expressed as averages = SEM, and n represents the number of cells
analysed. Two-tailed unpaired t-tests used as statistical analysis. Significance was
taken as P < 0.05. The level of significance is indicated as: * P < 0.05, ** P < 0.01,

*** P <0.001 and **** P < 0.0001.

6.3 Results

6.3.1 Cell viability analysis of BIBR1532 treated cells

It is important to note that as we only aim to shorthen the telomere length without
causing growth arrest of our cells lines by pharmological telomerase inhibition,
previously we evaluated cytotoxic effect of the drug at different concentrations by
assessing cell viability. Telomerase inhibitor treated NB1T and TO8 cells were
maintained for a minimum of 6 days, and serially, every 24 h the number of total
mean viable cells was evaluated. As dead cells disattached from the surface of the

tissue culture dish, the remaining cells were considered as viable cells.
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Figure 6.2: BIBR1532 gives rise to a direct inhibitory effect on viability of cells. Cells
were treated with the desired concentrations of BIBR1532, cultures were maintained
a minimum of 6 days and every 24 h the number of total mean viable cells was
assessed. The viability index of treated cells lessened in a dose-dependent manner,
indicative of a direct short-term cytotoxic effect of BIBR1532 on NB1T (A) and T08
(B) cells.

As shown in Figure 6.2, cell viability of treated cells decreased significantly in a
dose-dependent manner, indicative of a direct short-term cytotoxic effect of
BIBR1532 on NB1T and T08 cells. Negative control NB1T and TO08 cells only treated
with DMSO showed increasing total number of cell within 6 days. However, using
high concentrations of BIBR1532 (50 and 100 uM), we found substantial decreases
in the viability index of treated cells within 2 days. Cell logarithmic growth
assessment during continuous treatment of cells for 6 days using concentration of 10
UM demonstrated that both NB1T and TO08 cells survived the drug. Given that we
decided to perform BIBR1532 drug treatment of our NB1T and TO8 cells using

concentration of 10 pM.

6.3.2 Interphase quantitative fluorescence in situ hybridisation ( 1Q-FISH)

analysis of cells

Interphase Q-FISH (IQ-FISH) method was employed to assess average telomere
lengths in the cell lines using digital microscopy. The advantages of using 1Q-FISH to
assess telomere length are; the problem of auto-fluorescence specific to flow-FISH is
eliminated by using of microscopy, no need to require metaphase cells and 1Q-FISH
allow assessing telomere length in tissues. Initially, telomere PNA FISH experiment

was performed for two lymphoblastoid in origin mouse cell lines L5178Y (LY-R) and
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L5178Y-S (LY-S) used as calibration standards. It was shown previously by Q-FISH
that the parental L5178Y (LY-R) cell line has telomere length of 49 kb and the LY-S
cell line, derived from the LY-R cell line has telomere length of 7 kb (Mcllwraith et al.,
2001). The average telomere length measured with Southern blot analysis in DBA
mice from which LY-R cells had been isolated were shown to have terminal
restriction fragments (TRFs) ranging from 20 to 150 kb (Zijmans et al., 1997). In
Figure 6.3, typical interphase LY-R and LY-S cells after hybridization with telomeric
PNA oligonucleotides are shown. It is evident from the figures below that the
strength of fluorescence in LY-R cells is higher than LY-S cells. The strength of
fluorescence signals between normal (NB1) and immortalised cell lines (NB1T and

T08) can be seen in Figure 6.4.

Mouse LY-R Mouse LY-S

Figure 6.3: Digital images of interphase cells derived from mouse cell lines LY-R (a)
and LY-S (b) after hybridization with FITC telomeric PNA oligonucleotides.

Magnification= x63. Scale bars=5 pm.
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Figure 6.4. Representative images of telomere PNA FISH experiment of control
(NB1), Immortalised normal (NB1T) and atypical HGPS (T08) fibroblasts. Fixed cells
were stained with both DAPI and Cy3 telomeric PNA probes and captured at 100X

magnification. Scale bars=5 pm

In order to assess the telomere length of these two mouse cell lines as calibration
standards, Dr. Slijepcevic’s group has before described a modified Q-FISH method
(Wong and Slijepcevic 2004). In Q-FISH method, the calibration process is essential
to ensure reproducibility of findings. In Q-FISH experiments, as microscope
fluorescence bulb intensity changes over time, the length of exposure time is
required in order to capture images of telomeric signals which will be subject to
fluorescence intensity measurement performing appropriate software programmes. |
measured fluorescence intensity of LY-R and LY-S telomeres on five different dates

and statistically analysed the results. Previously, it has been demonstrated that this
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method works well using different cell lines (Wong and Slijepcevic 2004) and also in
IQ-FISH protocol developed by Maryam Ojani (Ojani, 2012). As described in Dr.
Slijepcevic’s group, IPLab software package was used to measure fluorescence
intensity of telomeres in interphase cells (Ojani, 2012). By using IPLab software
package, densitometry analysis was performed providing “mean” values
representing an average telomere fluorescence intensity value for each assessed
cell. It was shown performing IPLab software that scoring of 25 nuclei for each cell
line, the average telomere length in LY-R cells is 6.9 times longer than in LY-S cells
(Wong and Slijepcevic 2004). My aim is to analyse telomere fluorescence using
IPLab software in mouse L5178Y (LY-R) and L5178Y-S (LY-S) cell lines used as
calibration standards and in human normal (NB1) as control and immortalised
human normal (NB1T) and atypical HGPS (T08) fibroblasts. As described in Ojani
(2012), the term named “unmodified fluorescence” was used referring that no
internal control was used in order to correct for variations related with fluorescence
microscopy (Ojani, 2012). The telomere fluorescence intensity measurement of LY-R

and LY-S cell lines performing the IPLab software are shown in Figure 6.5.
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Figure 6.5: Mean Unmodified Telomere Fluorescence Intensity measurements at
0.5 seconds exposure time in LY-R and LY-S per cell. ***= P<0.001, Error bars

represent SEM.

The telomere fluorescence analysis showed that the average telomere fluorescence,
expressed as the mean unmodified fluorescence in IPLab is 6.4 times greater in LY-
R than in LY-S cells (Figure 6.5). Previous studies showed that the ratios of telomere
fluorescence analysis between LY-R and LY-S are as 6.6 (Mcllrath et al. 2001) and 7
(Ojani, 2012). Following the calibration method using LY-R and LY-S, | decided to
use NBL1 fibroblasts as a control cell. As described in previous chapters, both NB1T
and TO8 cells have the robust telomerase activity. As described in Ojani (2012), in
order to obtain arbitrary unit as “CCFL” representing Corrected Calibrated
FLuorescence, the values of telomere fluorescence in NB1 cells generated during

the 5 different measurement sessions (Ojani,2012).
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NB1 NB1T NB1T- 2 WEEKS

NB1T- 4 WEEKS NB1T- 6 WEEKS NB1T- 8 WEEKS

Figure 6.6: Representative digital images of NB1, NB1T and 2, 4, 6 and 8 weeks
BIBR1532 drug treated NBL1T fibroblast cells in interphase after hybridization with
telomeric PNA oligonucleotides. Magnification = x63. Scale bar=5 pm.
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Figure 6.7: Corrected calibrated fluorescence (CcFl) before and after treatment with
BIBR1532 NBI1T cell line relative to the control NB1 cell line. Every 2 weeks treated
and untreated NB1T cells were measured for telomere fluorescence intensity by
performing 1Q-FISH. Drug treated NBL1T cells after 8 weeks showed approximately
4x shorter telomeres compared to the NBLT untreated cells. The telomere
fluorescence signal intensity of drug treated NB1T cells for 8 weeks was similar to

the control NB1 cell line. **=P<0.01, **=P<0.001. Error bars represent SEM.
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TOS8 TO8- 2 WEEKS

TO8- 4 WEEKS TO8- 6 WEEKS

Figure 6.8: Representative digital images TO8 and 2, 4, 6 weeks BIBR1532 drug
treated TO8 fibroblasts in interphase after hybridization with telomeric PNA
oligonucleotides. In order to reveal DNA, DAPI was used. Magnification = x63. Scale

bar =5 pm.
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Figure 6.9: Corrected calibrated fluorescence (CcFl) before and after treatment with
BIBR1532 TO8 cell line relative to the control NB1 cell line. Every 2 weeks treated
and untreated TO8 cells were measured for telomere fluorescence intensity by
performing IQ-FISH. Drug treated T08 cells after 8 weeks showed approximately 6 x
shorter telomeres compared to the TO8 untreated cells. The telomere fluorescence
signal intensity of drug treated TO8 cells for 6 weeks was shorter to the control NB1
cell line. **=P<0.001, **=P<0.01. Error bars represent SEM.

A representative example of the hybridizations with telomeric PNA in NB1, NB1T and
drug treated NB1T cells are shown in Figure 6.6. It is evident from the images that
the strength of fluorescence in NB1T cells is higher than NB1 and drug treated NB1T
cells. Our IQ-FISH results reveal that treatment of NB1T cells with BIBR1532 gave
rise to gradually shortening of telomeres. CcFL at 8 weeks drug treated NB1T cells
show 4x shorter telomeres as compared to NB1T cells (P<0.001) and almost the
same telomere length with internal control NB1 cells (Figure 6.7). A representative

example of the hybridization with telomeric PNA in TO8 and drug treated T08 cells
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are shown in Figure 6.8. It is evident from the image that the strength of
fluorescence in TO8 cells is higher than drug treated T08 cells. Our IQ-FISH results
reveal that treatment of TO8 cells with BIBR1532 give rise to shortening of telomeres.
CcFL at 6 weeks drug treated T08 cells show almost 6x shorter telomeres compared
to TO8 cells (P<0.001) and even shorter telomere length with internal control NB1
cells (Figure 6.9). CcFL at 4 weeks drug treated T08 cells show almost 6x shorter
telomeres compared to TO8 cells (P<0.001) and shows similar telomere length with

internal control NB1 cells (Figure 6.9).

6.3.3 Telomere dysfunction-induced foci (TIF) Assay analysis in normal and

immortalised NB1T and TO08 cell lines

When telomeres become critically short in telomerase negative cells, they lose their
protective function and are subsequently detected by the DNA damage response
proteins as sites of DNA damage which results in replicative cell senescence. In
addition to measurement of telomere length, DNA damage response in the same
cells lines was investigated using a DNA damage marker, a phosphorylated form of
histone H2AX, which enables the direct analysis of DNA damage at telomeres in
interphase cells to determine whether shortening of telomeres causes any DNA
damage by a technique called TIF (Telomere dysfunction Induced Foci) (Min et al.,
2012). A representative example of a TIF observed in NB1 and drug treated NB1T,
TO8 cell lines are shown in (Figure 6.10). Detection of at least one telomeric signal

co-localized with a y-H2AX signal was considered as a TIF positive cell.
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Figure 6.10: Representative images of y-H2AX foci (A) and TIF assay (B) of
BIBR1532 treated NB1, NB1T and TO8 cells. Red and Green fluorescence in the
merged images represents telomeres and H2AX respectively. Thin white arrow in the
images indicates H2AX foci and the yellow dots (indicated by thick arrow) represent
the co-localization of y-H2AX and TTAGGG repeats in nuclei. Innermost pictures
show enlargements (x 5) of the white boxes. In order to reveal DNA, DAPI was used.

Magnification = x100. Scale bar=5 pm

The frequency of y-H2AX foci/cell represents the total DNA damage in the genome
are presented in Figure 6.11-A, B. The frequency of y-H2AX foci/cell in NB1, NB1T
and TO8 cells are; 1.44, 0.04 and 2.89 respectively. Upon treatment with BIBR1532
for 8-weeks, the frequency of y-H2AX foci/cell in NB1T cells is increased to 0.57
which is significantly greater than the frequency of y-H2AX foci/cell in untreated
NB1T cells (p<0.001). However, treatment with BIBR1532 for 2-weeks the frequency
of y-H2AX foci/cell in NB1T cells was not significantly different compared to
untreated NB1T cells (p>0.05). Upon treatment with BIBR1532 for 2-weeks, the
frequency of y-H2AX foci/cell in TO8 cells is reduced to 0.12, which is signifantly
greater than untreated TO08 cells (p<0.001). Furthermore, treatment with BIBR1532
for 6-weeks the frequency of y-H2AX foci/cell in TO8 cells was not significantly
different compared to untreated TO8 cells (P>0.05) (Figure 6.11-A). TIF analysis
allows us to estimate the proportion of DNA damage occurring at terminal telomeric
sequences. In NB1 and TO8 cells, TIF frequencies were 0.3 and 0.42 respectively,
whereas NB1T cells did not show any TIF/cell. The number of TIF/cell observed in 8-
weeks BIBR1532 drug treated NB1T was increased to 0.41, which is significantly
greater than untreated NB1T cells (p<0.01). The number of TIF/cell observed in 2-
weeks BIBR1532 drug treated TO8 was reduced to to 0.04, which is significant

compared to untreated TO8 cells (p<0.05)(Figure 6.11- B). It is noteworthy that
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although drug treatment was shown causing significant differences in DNA damages

for both NB1T and TO8 cells, the average number of TIF/cell was less than 1 for both

cells.
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Figure 6.11: The frequency of y-H2AX foci/cell in NB1, NB1T and T08 cells before
and after BIBR1532 treatment. (A) Average number of TIF per cell before and after
BIBR1532 treatment. (B) * =P<0.05, ** =P<0.01, *** =P<0.001, Error bars represent
SEM.
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6.3.4 Ki-67 staining of BIBR1532 treated cells

Ki-67 indirect immunostaining was performed every 2-weeks of drug treated NB1T
and TO08 cells in order to assess if BIBR1532 drug treatment causes cells to become
senescent and leave the proliferaton cell cycle. Representative images of positive
and negative Ki-67 staining of BIBR1532 treated NB1T and TO8 cells plus NB1 cells
in Figure 6.12. Results of our analysis are presented in Figure 6.13-A, B.
Proliferation marker of Ki-67 indirect immunostaining findings reveal that percentage
of ki-67 staining for 8-weeks treated NB1T and 6-weeks treated T08 cell lines were

74.3 and 48.9 respectively.

NB1 NB1T T08

Ki-67 +

Ki-67 -

Figure 6.12: Immunodetection of Ki-67 in NB1, untreated NB1T, T08 and BIBR1532
treated NB1T and T08 cells. In order to reveal DNA, DAPI was used. Magnification =
X100. Scale bar =5 pm.
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Figure 6.13: NB1, untreated and BIBR1532 treated NB1T (A) and T08 (B) cell lines
were fixed with methanol: acetone and stained with pKi-67 antibody every 2-weeks
in the culture. The data were obtained from 3 coverslips for each immunostaining of
cell line and at least randomly selected 250 nuclei were scored. * =P<0.05, **
=P<0.01, ** =P<0.001, error bars represent SEM.
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6.3.5 Telomere positioning of BIBR1532 treated cells
To assess the correlation of reduction of telomere length of BIBR1532 treated cells is

positive with telomere positioning, IPLab Spectrum software was used as described
in chapter 2. Telomeres were predominantly found in the interior of the nucleus (shell
5) in NB1 and NB1T cells with signal (%)/DAPI (%) ratios of 1.17 + 0.06(n=45) and
1.24 + 0.04(n=47) respectively. Upon treatment of NB1Tcells for 8-weeks with
BIBR1532, the signal (%)/DAPI (%) ratio for telomeres in shell 1 is increased to 0.89
+ 0.08(n=48), which is significantly greater than NB1 and 2, 4 and 6 weeks
BIBR1532 treated NB1T cells (p<0.001) (Figure 6.14-A). Telomeres were
predominantly found in the interior of the nucleus (shell 5) in TO8 cells with signal
(%)/DAPI (%) ratio of 1.36 + 0.04(n=51). Upon treatment of TO8 cells for 6-weeks
with BIBR1532, the signal (%)/DAPI (%) ratio for telomeres is significantly decreased

to 1.02 £ 0.05(n=46, p<0.001) in shell 5 (Figure 6.14-B).
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Figure 6.14: Histograms displaying the position of telomeres in NB1, NB1T and T08
before and after drug treatments (A, B). Erosion analyses were performed by
ascertaining the distribution of the mean proportion of hybridisation signal of
telomeres (%), normalised by the percentage of DAPI signal, over five concentric
shells of equal area from the nuclear periphery to centre. The x-axis displays the
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shells from 1-5 (left to right), with 1 being the most peripheral shell and 5 being the
most internal shell. The y-axis shows signal (%)/ DAPI (%), from 0 to 1.6 with 0.2
increments. The standard error bars representing the standard error of mean (SEM)
were plotted for each shell for each graph. Significant differences before and after
the drug treatments are denoted by stars (* P < 0.05, ** P < 0.01, *** P < 0.001).

6.3.6 BIB1532 treatment alters chromosome territory positions in NB1T and
TO8 cells

Chromosome 18 and X positioning in drug treated NB1T cells

2D-FISH was performed on cells derived from human dermal fibroblast cell line; NB1
and immortalised NB1T and TO08 cells, using whole chromosome paints for
chromosome 18 and X. Only Ki-67 positive cells were analysed when we assessed
the chromosome positioning of drug treated cells. Figure 6.15 displays
representative images for chromosome 18 and X positioning within fibroblasts with
and without BIBR1532 treatments. Chromosome 18 territories were found occupying
towards the nuclear periphery in nuclei (shell 2) and (shell 3) in proliferating control
NB1 cells with a values of 1.55 + 0.15 and 1.52 + 0.08 signal (%) / DAPI (%) (n=51)
respectively, which are signicantly greater than the intermediate nucleus (shell 2)
and (shell 3) in proliferating control immortalised NB1T cells with a values of 0.29 +
0.06 and 0.44 £ 0.07 signal (%) / DAPI (%) respectively (n=53, p<0.001)(Figure 6.16-
A). Chromosome 18 territories were predominantly found in the interior of the
nucleus (shell 5) in untreated NB1T fibroblasts with a value of 1.94 + 0.15 signals
(%)/ DAPI (%) (n=53) which is significantly greater than NB1 cells (0.43 £+ 0.08,
n=51, p<0.0001) (Figure 6.16-A). Treatment of NB1T cells with BIBR1532 for 6 and 8
weeks resulted in a significant reduction in the signal (%)/ DAPI (%) ratio of
chromosome 18 in shell 5 with values of 1.13 + 0.11, n=49, (p<0.001) and 0.72 *

0.1, n=50, (p<0.0001) respectively compared to untreated NB1T cells in shell 5 with
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a value of 1.94 + 0.15, n=53 signal (%) / DAPI (%). Furthermore, treatment of NB1T
cells with BIBR1532 for 8 weeks resulted in a significant increase in the signal (%)/
DAPI (%) ratio of chromosome 18 in both shell 2 and shell 3 with values of 0.95 £
0.14, n=50 and 1.23 + 0. 1, n=50 respectively compared to untreated NB1T cells in
both shell 2 and shell 3 with values of 0.29 £+ 0.06, n=53 (p< 0.0001) and 0.44 £ 0.07
, =53 (p<0.0001) respectively in the signal (%) / DAPI (%) in Figure 6.16-A.
Chromosome X territories were found occupying the nuclear periphery of the nucleus
(shell 2) in proliferating control NB1 and in immortalised NB1T cells with values of
1.63 £ 0.19(n=50) and 1.52 + 0.13(n=52) signal (%) / DAPI (%) (n=51) respectively
(Figure 6.16-B). Treatment of NB1T cells with BIBR1532 for 8 weeks resulted in
significant increase in the signal (%)/ DAPI (%) ratio of chromosome X in shell 1 with
a value of 1.34 £ 0.27, (n=52) compared to untreated NB1 cells in shell 1 with a
value of 0.71 =+ 0.18, n=50 (p<0.05) signal (%) / DAPI (%), in Figure 6.16-B.
Treatment of NB1T cells with BIBR1532 for 8 weeks resulted in significant decrease
in the signal (%)/ DAPI (%) ratio of chromosome X in shell 5 with a value of 0.35 *
0.08(n=52) compared to untreated NB1T cells in shell 5 with a value of 0.92 + 0.011,

n=50 ( p<0.05) signal (%) / DAPI (%) in Figure 6.16-B.
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Chromosome 18

Chromosome X

Figure 6.15: Representative images of the position of chromosome 18 and X within
NB1 and NBLT fibroblasts nuclei before and after drug treatment. Fibroblasts were
subjected to 2D-FISH using probes specific to chromosome 18 and X. Whole
chromosome painting probes were labelled with biotin and detected using
streptavidin conjugated to FITC (green) and the nuclei were counterstained with
DAPI (blue). Ki-67 staining is not shown in the images. Magnification: X100 and
scale bar =5 pum.
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Figure 6.16: Histograms displaying the position of human chromosome 18 (A) and X
(B) territories with Ki-67 positive in NB1 and NB1T cells before and after drug
treatments. Standard erosion analyses were performed by ascertaining the
distribution of the mean proportion of hybridisation signal per chromosome (%),
normalised by the percentage of DAPI signal, over five concentric shells of equal
area from the nuclear periphery to centre. The x-axis displays the shells from 1-5
(left to right), with 1 being the most peripheral shell and 5 being the most internal
shell. The y-axis shows signal (%)/ DAPI (%), from O to 2.5 with 2.5 increments.The
standard error bars representing the standard error of mean (SEM) were plotted for
each shell for each graph(* P < 0.05, ** P <0.01, ** P <0.001, **** p < 0.0001).
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Chromosome 18 and X positioning in drug treated TO8 cells

Figure 6.17 displays representative images for chromosome 18 and X positioning
within TO8 fibroblasts with and without BIBR1532 treatments. Chromosome 18
territories were predominantly found occupying the nuclear interior of the nucleus
(shell 5) in proliferating immortalised T08 cells with a value of 1.59 *+ 0.14 signal (%) /
DAPI (%), (n=49). Upon treatment with BIBR1532 for 2, 4, 6 weeks, chromosome 18
territories were not significantly different from the untreated TO8 cells (p>0.05)
(Figure 6.18-A). Chromosome X territories were predominantly found occupying the
nuclear interior of the nucleus (shell 5) in proliferating immortalised T08 cells with a
value of 1.4 = 0.08 signal (%) / DAPI (%), (n=54) (Figure 6.18-B). Treatment of TO8
cells with BIBR1532 for 6 weeks resulted in significant increase in the signal (%)/
DAPI (%) ratio of chromosome X in shell 1 and shell 2 with values of 1.34 + 0.26 and
1.45 £ 0.17 signal (%) / DAPI (%) respectively, (n=49) compared to the signal (%)/
DAPI (%) ratio of chromosome X in shell 1 and shell 2 with values of 0.4 + 0.07(p<
0.001) and 0.7 = 0.09(p<0.01) respectively, (n=49) in untreated TO08 cells.
Furthermore, treatment of TO8 cells with BIBR1532 for 6 weeks resulted in significant
decrease in the signal (%)/ DAPI (%) ratio of chromosome X in shell 5 with a value of
0.69 £ 0.11 (p<0.001) than untreated TO8 cells with a value of 1.4 + 0.08 signal (%) /
DAPI (%), (p<0.001,n=54) (Figure 6.18-B). Taken together, these data suggest that
BIBR1532 treatment can restore the position of chromosome X towards the nuclear
periphery within the NB1T and TO08 nucleus. Furthermore, although BIBR1532
treatment can restore the position of chromosome 18 towards the nuclear periphery

in NB1T cells, treatment did not alter the position of chromosome 18 in TO8 cells.
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Chromosomel8

Chromosome X

Figure 6.17: Representative images of the position of chromosome 18 and X within
TO8 fibroblasts nuclei before and after drug treatment. Fibroblasts were subjected to
2D-FISH using probes specific to chromosome 18 and X. Whole chromosome
painting probes were labelled with biotin and detected using streptavidin conjugated
to FITC (green) and the nuclei were counterstained with DAPI (blue). Ki-67 staining

is not shown in the images. Magnification: X100 and scale bar = 5 pum.
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Figure 6.18: Histograms displaying the position of human chromosome 18 (A) and X
(B) territories with Ki-67 positive in TO8 cells before and after drug treatments.
Standard erosion analyses were performed by ascertaining the distribution of the
mean proportion of hybridisation signal per chromosome (%), normalised by the
percentage of DAPI signal, over five concentric shells of equal area from the nuclear

periphery to centre. The x-axis displays the shells from 1-5 (left to right), with 1
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being the most peripheral shell and 5 being the most internal shell. The y-axis shows
signal (%)/ DAPI (%), from 0 to 2 with 0.2 increments.The standard error bars
representing the standard error of mean (SEM) were plotted for each shell for each
graph (* P <0.05, ** P <0.01, ** P <0.00).

6.4 Discussion

Results presented in this chapter indicate that telomerase-mediated immortalised
dermal fibroblasts (NB1T and TO8) have longer telomeres relative to appropriate
control cell line (NB1) in Figure 6.13 and it was shown in chapter 5 that TO8
immortalised cells have different chromosome positioning compared to NB1T control
cells. Given that the purpose of this study was to target the telomerase/telomere
complex by employing the novel synthetic nom-peptidic small molecule BIBR1532 in
order to progressively shorten telomere length and in addition to that concomitantly
2D-FISH was employed to determine the impact of the treatment in positioning of
chromosomes and telomeres. BIBR1532 has been employed as anti-cancer
thereapeutics since it was shown that treatment of cancer cells with this drug leads
to progressive telomere shortening and consecutively growth senescence after a lag
period (Bashash et al., 2013; El-Daly et al., 2005). Cell logarithmic growth of the cells
was assessed every 24 h, incubated in the presence of different concentrations of
BIBR1532. | showed a direct short-term cytotoxic effect of BIBR1532 on cells as the
viability index of treated cells lessened in a dose-dependent manner in Figure 6.2. In
line with Bashash et al. (2013) findings, | demonstrated that culture of cells
maintained for 6 days in the presence of BIBR1532 is resistant to drug at a
concentration of 10 puM. Furthermore, Parsch et al., (2008) showed that long-term
treatment of the telomerase positive chondrosarcoma cell line with BIBR1532 at a

concentration of 10 uM caused reduction of growth beginning at passage 8 (Parsch
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et al., 2008). However, Ruden and Puri, (2013) have showed that BIBR1532
treatment of germ cell tumours did not entirely inhibit tumour cell proliferation. 1Q-
FISH method demonstrated that in contrast to untreated NB1T and TO08 cells,
treatment of NB1T and TO08 cells with 10 pM BIBR1532 for 8 and 6 weeks
respectively gave rise to significant decrease of telomere length (Figure 6.13). El-
Daly et al., (2005) exhibited by performing Q-FISH method based on telomere length
measurement of metaphase chromosomes that BIBR1532 treatment leads to
telomere shortening. In late passage of cancer cells, induction of senescence
associated B-galactosidase was revealed (Damm et al., 2001). The small synthetic
molecule telomererase inhibitor BIBR1532 is capable of shortening telomere length
of immortalised cells to the level of normal NB1 fibroblasts and immortalised cell
lines were capable of proliferating after drug treatment. Nevertheless, a fraction of
cells became senescent due to BIBR1532 drug treatment. It was suggested in
previous work that a related feature of BIBR1532-treated cancer cells may be up-
regulation of p21Wal a cyclin-dependent kinase inhibitor whose induction induces

growth arrest associated with senescence (Chang et al., 2000).

Telomere uncapping is completed through inactivation of the duplex TTAGGG repeat
binding factor TRF2, which is important for telomere protection and loss of TRF2
function can give rise to increased activity of the DNA-damage response pathway
and cell cycle arrest (Wood et al., 2014 ; Takai et al., 2003). If uncapped telomeres
resemble damaged DNA, they might become associated with DNA damage
response (DDR) factors such as H2AX and 53PB1 (Paull et al., 2000; Schultz et al.,
2000). TIFs (Telomere Dysfunction-induced foci) are defined as foci of DNA damage
response factors that coincide with telomeric PNA signals. In IR-induced cells, most

of the TIF-positive cells were shown containing more than four 53BP1 foci at
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telomeres (mean 12.6). Whereas, the fraction of TIF-positive cells were shown to be
negligible in control cultures (Takai et al., 2003). The frequencies of total DNA
damage positive foci in control (NB1) and drug treated immortalised cells (NB1T and
T08) were examined by the y-H2AX assay. The treatment of NB1T cells with
BIBR1532 for 8-weeks significantly increased the frequency of y-H2AX foci/cell.
Furthermore, treatment of TO8 cells with BIBR1532 for 6-weeks shows that the
frequency of y-H2AX foci/cell was not significantly different than in untreated TO8
cells. My examination of DNA damage kinetics suggested that damage at telomeres,
in forms of TIFs, significantly higher in 8-weeks BIBR1532 drug treated NB1T cells,
whereas, the number of TIF/cell in TO8 cells after 8-weeks of drug treatment was not
significanlty changed. It is important to note that the frequency of y-H2AX foci/cell
and TIFs in both NB1T and TO8 cells after 8-weeks and 6-weeks of BIBR1532 drug
treatment respectively were not significantly different relative to NB1 cells (Figure
6.11). In line with my findings, in wild-type fibroblasts expressing progerin, damage
of telomeres and proliferative inhibition was reversed by hTERT telomerase
activation (Kudlow et al., 2008). In HGPS, it was presented that the levels of DDR is
increased and damage at telomeres are elevated (Benson et al.,, 2010).
Furthermore, accumulation of TIFs in progerin-expressing cells was shown inducing
senescence (Benson et al.,, 2010). In normal fibroblasts, ectopic expression of
progerin was shown to give rise to elevated damage signalling at telomeres (Benson
et al., 2010). The increase of y-H2AX coupled with telomeres in senescencing
mesenchymal cells led accumulation of telomeres with intranuclear lamin structures
(Raz et al., 2008). Taken together, BIBR1532 treatment of cells did not give rise to

high DNA damage response in our experiment.
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The radial positions of two representative chromosomes in interphase nuclei of
control (NB1) and untreated and BIBR1532 treated immortalised NB1T and TO8
proliferating cells was determined by 2D - FISH. These chromosomes were; 18 and
X. It is worthwhile to note that only positive Ki-67 staining cells were used for the
analysis of chromosome positioning. Meaning that senescent cells where the
chromosome positioning would be altered were not included. It may be that cells on
their way to be Ki67 negative and senescent might be included but the numbers
would be small and should not influence the overall picture of chromosome location.
Chromosome 18 territories were predominantly found occupying nuclear periphery
and nuclear interior of the nucleus in proliferating NB1 and NBL1T cells respectively.
Treatment of NB1T cells for 6 and 8-weeks induced a repositioning of chromosome
18 moving towards the periphery of the nucleus. Chromosome X territories were
found more towards the nuclear periphery of nuclei in both proliferating control NB1
and NB1T cells. However, after treatment of NB1T cell with 8-weeks there was a
significant shift more towards the nuclear periphery (Figure 6.16). Chromosome 18
territories were predominantly found occupying the nuclear interior of the nucleus in
proliferating TO8 cells. Intriguingly, treatment of TO8 cells did not cause significant
alteration of chromosome 18 territories. Chromosome X territories were
predominantly found occupying the nuclear interior of the nucleus in proliferating TO8
cells. However, treatment of TO8 cells with BIBR1532 for 6 weeks resulted in

chromosome X moving towards periphery of the nucleus (Figure 6.18).

Subsequently, the influence of drug treatment in telomere positioning in NB1T and
TO8 cells was determined by employing 2D approach. Telomeres were
predominantly found in the interior of the nucleus in NB1, NB1T and TO8 cells.

Treatment of NB1T and TO08 cells with BIBR1532 for 8-weeks and 6-weeks
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respectively resulted in telomeres moving towards periphery of the nucleus (Figure
6.14). In Lmna 7 mice, due to deficient lamin A telomeres positioning is altered

towards the nuclear periphery (Gonzalo-Suaraz, Redwood and Gonzalo, 2009).

6.5 Conclusion

A promising synthetic non-peptidic small molecule BIBR1532 was employed to target
telomerase of hTERT NB1T and TO08 cells. This study provides evidence by
performing drug treatment that shortening of the telomeres was achieved with
minimal cytotoxicity and without causing high DDR and more importantly, without
inducing high replicative senescence. Furthermore, shortening of telomeres led to
restoration of chromosome territories for both cells. Overall, results presented here
reveal that BIBR1532 drug treatment gave rise to telomeres to disperse throughout
the nuclei in control and diseased cells. There are several proteins involved for the
attachment of telomeres to the nuclear membrane and the nucleolus. Future work is
required to investigate the mechanism of how shortening of telomere length can

induce different chromosome and telomere positioning in hTERT immortalised cells.
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This thesis addresses the elucidication of nuclear organisation and interphase
chromosome positioning in normal and immortalised typical and atypical HGPS and
control fibroblasts before and after treatment with specific drugs. While extensive
studies looking at the effects of drug treatments on nuclear shape in HGPS have been
performed, studies looking specifically at the distribution of chromosome territories
within nuclei following this variety of drug treatments have not been previously studied.
To address these issues, 2D- FISH was performed on cells derived from HGPS primary
human dermal fibroblast cell line- AG01972, using whole chromosome paints for
chromosome 18 and X. (Chapter 2). Furthermore, it was hypothesised that the
association of telomeres with the nuclear matrix is disrupted in Hutchinson-Gilford
Progeria Syndrome and to address this issue, DNA halo preparations were performed
on cells derived from human dermal fibroblat cell line- 2DD (Bridger, 2003) and on
HGPS AGO01972 fibroblast cell line. The data from this study shows that HGPS
fibrobasts treated with pravastatin, zoledronic acid, rapamycin, insulin-like growth factor
1, N-acetyl-L-cysteine resulted in relocation of chromosome 18 from nuclear interior to
an intermediate location in Ki-67 positive interphase nuclei. Furthermore, it was shown
that FTI-277 (and combinations) leads to more peripheral position of chromosome 18 in
the interphase nuclei (Figure 2.4). The data from this study shows that HGPS fibroblasts
treated with with FTI alone, chromosome X moved more towards the nuclear periphery
within Ki-67 positive interphase nuclei. Furthermore, using combinations of drugs; FTI-
277 + pravastatin + zoledronic acid and FTI-277 together with GGTI-2133 resulted in
relocation of chromosome X even more towards periphery. Intriguingly, chromosome X
was not repositioned after rapamycin treatment alone. Additionally, we revealed that
that there is a strong link between the nuclear matrix and disease pathology as after
visualisation of telomere-Nuclear matrix tethering in LMNA mutated HGPS, telomere

anchorage is perturbed. Treatment of AG01972 cell line with FTI-277, pravastatin,

285



Chapter 7: General Discussion

zoledronic acid, N-acetyl-L-cysteine and all three combination treatments; FG, PZ, FPZ
was shown having a positive effect on anchoring the genome to the nuclear matrix
(Table 2.1) (Chapter 2), suggesting that toxic progerin disturbs the NM and the genome

binding to it.

HGPS cells become senescent more rapidly than normal fibroblast cells (Bridger and
Kill, 2004). Therefore, in order to overcome this obstacle, we used normal and HGPS
human fibroblast cell lines infected with a defective retrovirus encoding human
telomerase reverse transcriptase to extend the life span of the cells (Wallis et al., 2004).
hTERT normal and diseased T0O6 and T08 cells were characterised in terms of cell
growth, percentage of fraction of proliferating cells, nuclear shape, and cell movement
and furthermore lamin A/C, vimentin and progerin proteins were assessed (Chapter 3).
In hTERT skin fibroblast cell growth experiment, increasing number of population
doublings were observed for immortalised NB1T and T08 cells lines. We demonstrated
that although numbers of population doublings of typical progeria cell (TO6) were lower
compared to NB1T and T08, TO6 cell line has not become senescent over 5 months of

on-going cell culture.

In proliferating cells, the Ki-67 antigen (pKi-67) is detected in all phases of the cell
division cycle (Kill, 1996). Based on our results from proliferation marking of cells, it can
be revealed that the vast majority of the immortalised cells were proliferating. It has
been suggested that active DNA synthesis occurs at the sites of PCNA localisation
(Zuber et al., 1989). We showed by PCNA indirect immunostaining that all our
immortalised cells have dispersed pattern with sites distributed throughout the nucleus
and there was no pattern of a few foci in cells. Even though, alterations in the nuclear
organisation of DNA replication occur due to immortalisation (Kennedy et al., 2000).
HGPS cells are known having the abnormal nuclear shape as blebbing also herniations

and invaginations (Cao et al., 2011a). Furthermore, HGPS nuclei are characterized by
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multiple small blebs due to accumulation of truncated lamin A protein on the nuclear
membrane, which caused the nuclei to be smaller and rounder (Bridger and Kill, 2004).
From the nuclear shape analysis of circularity, we revealed that TO8 nuclei were
rounder than TO6 and the control group (NB1T). It was shown that HGPS cells having
common 1824 C — T LA mutation had misshapen or lobulated nuclei, furthermore there
was also an apparent increase in thickness and prominence of the lamina parallel with
nuclear shape changes (Goldman et al., 2004). Our data presented in this study
indicate that in our control cell line, lamin A and lamin A/C staining appeared as nuclear
rim and there were few misshapen nuclei as well. Using an antibody specific for
progerin, we revealed vast majority of NB1T and TO08 cells exhibited no progerin
staining however TO6 cells was found exhibiting a higher proportion of positive staining
with a few speckles and small foci. Our western blotting findings revealed that lamin A
and C proteins were expressed in all cell lines. Previously, it was shown that progerin
MRNA was supressed due to the forced elongation of telomeres in human immortalised
cells (Cao et al., 2001) (Chapter 3). We confirmed by RT-PCR that both lamin A and
progerin transcripts are present in TO6 progeria cells. Furthermore, serum responsive
results revealed low serum treatment of cells gives rise to reduced Ki-67 positive

proliferation marker (Chapter 3).

Nuclear lamin protein network and lamin-associated proteins have a crucial role
maintaining correct nuclear functions and genome organisation. The presence and
distribution of nuclear envelope proteins within the immortalised HGPS cell lines were
explored (Chapter 4). It was shown that there is an issue with LB1 and LBR associating
with the nuclear envelope in TO6 and TO8 cell lines respectively. Furthermore, it was
found that LINC complex protein of SUN1 is absent at the nuclear membrane of both

TO6 and T08 cells and HP1a is affected in HGPS atypical TO8 cells.
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A drug named Lovastatin is known to prevent the prenylation, as a post-translational
modification process of proteins; through the melovonate pathway similar to pravastatin,
zoledronic acid and biphosphonates (Chapter 4). Given that the effects of drug to
restore the disrupted localization of a number of proteins in HGPS fibroblasts was
assessed. It is found that drug treatment led to a loss of LBR on nuclear membrane in
both NB1T and TO8 cells. Further, treatment of TO6 cells exhibited no alteration of LB1
immunostaining. Before and after the treatment, Lamin B1 was found as foci in the
nucleoplasm in TO6 cells. However, the expression and distribution of HPla was
increased and improved after the drug treatment in TO8 cells. Lovastatin treatment
revealed an accumulation of prelamin A at the nuclear rim in both immortalised normal
(NB1T) and atypical HGPS (T08) fibroblasts. If 2 days lovastatin drug treatment were
arresting proliferation of cells was investigated by performing Ki-67 immunostaining and
it was revealed that almost 70% of cells were proliferating (Chapter 4). It was
demonstrated using low levels of lovastatin in SV40-transformed human skin fibroblasts
for 3 days that lovastatin treatment did not have noticeable effect on lamin Bl
farnesylation and did not cause donut-shaped nuclei, whereas high levels of lovastatin
gave rise to inhibition of lamin B1 farnesylation (Verstraeten et al., 2011). Although
indirect immunostaining findings revealed that Lamin B2 protein is almost the same in
all analysed cells, WHS data obtained in collaboration with UCL demonstrated that
LMNB2 gene is one of the genes with predicted deleterious varients in AG08466
(parental cells for TO8s) cells. Furthermore, it was revealed that AG08466 cells are
devoid of promoter on LMNB2 gene and transcription is regulated by BRCA1. In S
phase in MCF7 cells, it was shown that Rad51 localizing in the same nuclear foci with
BRCAL1, indicating that BRCAL is involved in DSBR and and in response to DNA
damage (Scully et al., 1997). It was demonstrated that level of c-Myc expression was

elevated in atypical AG08466 HGPS cells (Nakamura et al., 1988).
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C-Myc protein is a multifunctional protein that plays a role in apoptosis and cell
progression, suggesting that due to LMNB2 gene has a variant in its promoter in
AGO08466 cells level of c-Myc expression was elevated. Bridger et al., (2004) showed

that AG08466 cells exhibits increased rate of apoptosis in cultures.

In chapter 5, alteration of epigenetic histone marks, nucleolar proteins were
investigated. Furthermore, the position of chromosomes 10, 13, 18 and X and also
centromeres, telomeres in cells were determined. We revealed that NB1T cells behave
strangely with respect to chromosome position as well as TO8 cells. Remarkably, 2D-
FISH chromosome positioning analysis of TO8 cells demonstrated that first time in our
laboratory chromosome X is located in the nuclear interior. Given that we decided to
perform colocalisation analysis of fibrillarin and chromosomes in order to investigate
whether chromosome X had a having higher colocalisation with nucleoli. Chromosome
X was found colocalising with fibrillarin nucleolar protein in higher proportion in TO8
cells. In proliferating HGPS cells it was observed that gene-poor chromosomes 13 and
18 alter their location from nuclear periphery to the nuclear interior (Meaburn et al.,
2007). Furthermore, a large part of chromosome 19 was shown to associate with the
central regions of the nucleus, being associated the nucleolus (Croft et al., 1999). |
showed that the structure of histone marks are severely affected in atypical HGPS T08
cells (Chapter 5). Deletion of individual H1 subtypes in mice ESCs resulted in increased
repressive H3K27me3 mark at specific Hox genes however the global level of this
protein was reduced suggesting that distinct posttranslational modification and/or
transcription factors tethering to H1 and thus modulating the effects of H1 on gene
silencing (Fan et al., 2005). Enrichment of H3K9me3 and H3K27me3 modifications was
shown at 4q subtelomeric D4Z4 repeats and at telomeres (Arnoult et al., , 2012; Zeng et
al., 2009). Moreover, enrichment of tri-methylation of H3K9 and H3K27 was revealed at

the FXNlocus of Friedreich ataxia-derived cells (De Biase et al., 2009). Assessment of
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histone posttranslational modifications using a quantitative mass spectrometry
performed on mononucleosomes bound by the chromo domain (CD)-containing
heterochromatin protein 1 (HP1) revealed associated enrichment of H3K9me3 and

H3K27me3 (LeRoy et al., 2012) (Chapter 5).

Centromeres and telomeres positioning of my results revealed that they are both
positioned internally in all cells. The centromeres were demonstrated to compact in
neoplastic breast tissue, conferring the repositioning of the centromere to a more
internal location (Wiesc et al., 2005). In support of our genomic instability findings
obtained from metaphase chromosome analyses in TO8 cells, our M-FISH results with
collaboration with Dr. Anderson (Brunel University, London) revealed that TO8 fibroblast
cell line has aneuoploidy. M-FISH karyotyping of hTERT TO06 fibroblast was shown
having a karyotype of 46,XY[25]/47,XY,+7[16]/48,XY,+7,+11[3]/46,XY,t(15p;16?q)[1])/
47,XY,+7,t(15p;167q)[1]. (Square brackets denote number of cells abnormality was
observed in)(Anderson and Bridger, Brunel University, London) (Chapter 5), indicating
that TO8 cells have different behaviour than TO06 cells as showing aneuploidy.
Assessment of nucleolar proteins revealed that both nucleophosmin and RNA pol |
exhibited distinct patterns in hTERT T06 and TO8 cells than NB1 and hTERT NB1T
cells. Moreover, fibrillarin pattern analysis revealed that NB1 cells have dull staining
than other cells (Chapter 5). Colocalisation analysis of HP1a- centromere exhibited that
Mander’s overlap coefficient number representing colocalisation is less in HGPS

fibroblasts than control cells.

As we are all ageing, to understand the mechanism of ageing and what factors that are
involved in the longevity of a person’s life has become an active area of research. It is
well known that external factors contribute to these changes. However, internal factors
should also be considered for in depth exploration of complex process of ageing and it

can be found out by examining an indivual cell to reveal the relation with ageing at the
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subcellular level, for examples alteration occurred in telomere length (Kirkwood, 2015;
Kirkwood and Austad, 2000) (Chapter 6). In human cells and all other vertebrates
studied, TTAGGG was identified as the telomere repeat (O'Sullivan and Karlseder,
2010). It is known that both the length of telomeres and the sequence vary between
species (Moyazis et al., 1988). In chapter 6, it was aimed to shorten telomeres by utilising
the novel synthetic non-peptidic small molecule named BIBR1532 to see if location of
chromosomes 18 and X can be restored in NB1T and TO8 cells. Ki-67 proliferation
marker results exhibited that although a fraction of both NB1T and TO8 cells were
observed to become senescent, cells were proliferating after drug treatment. Previous
work showed a time-dependent reduction of telomere lenth in cancer cells with 10 pM
BIBR1532 for 15 passages by quantitative PCR (Parsch et al., 2008). Surprisingly, drug
treatment was observed not causing DNA damage response in our experiments.
Determination of positioning of telomeres after drug treatment showed that telomeres

moving towards periphery of the nucleus in both NB1T and TO08 cells.

In treatment of several cancer lines it was demonstrated that BIBR1532 can repress
telomerase activity and cause tumour cell growth arrest without triggering acute
cytotoxicity (Parsch et al., 2008). Remarkably, data revealed telomeres lengths for
NBL1T and T08 cells got shorten gradually every 2- weeks after the drug treatment and
also BIBR1532 treatment helped for the restoration of position of chromosome 18 and X
in NB1T cells and chromosome X in T08 cells, indicating that telomeres are totally
responsible for misposition of chromosomes. Furthermore, chromosomes 18 and X
need different situations to be tethered at the periphery as BIBR1532 was not able to
restore the position of chromosome 18 in TO8 cells, indicating that one or more proteins

are missing in TO8 cells.
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% Indirect Immunofluorescence
Methanol : Acetone, 1:1 (v/v):

25 ml Methanol in 25 ml acetone

4% Paraformaldehyde:

4 g paraformaldehyde in 100 ml 1X PBS
10X PBS

160 g NaCl, 4g KClI, 22.9g Na2HPO4, and 4g KH2PO4 adjust this to 2 litres ddH20 then
autoclave it.

1XPBS (v: v):

100 ml 10XPBS in 900 ml ddH20
1% Triton-X100

1 ml Triton-X100 in 99 ml 1XPBS
1% Fetal Calf serum (FCS)

1 ml Fetal Calf Serum (FCS) in 90 ml 1XPBS (Phosphate Buffer Saline)



¢ Preparation for Running DOP-PCR

% Master mix for running DOP-PCR (v/v):

Appendices

(1)
5X KAPA Hifl Fidelity Buffer (with 1 10
mM Mg?* at 1X)
dACGTP (2uM) 5
dTTP (2uM) 2
DOP-PCR Primer ( 20 uM) 5
Sterilised Water 12
DNA Template 5
Biotin-16-dUTP 10
Tag-KAPA-HIFI 1
Total 50
« DOP-PCR programme:
Phase Step(Cycle) Temperature(°C) | Time (Minutes)
Initial 1 94 3
Denaturation
Denaturation 94 1
Annealing 30 62 1
Extension 68 15
Final 1 68 8
Extension
For Collection 4 )

% Preparation DOP-PCR gel:

1 % Agarose in 1X TBE and 2pl ethidium bromide (10 mg/ml)
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s Summary of Antibodies Used in Indirect Immunofluorescence

Method:

Primary antibodies (v/v)

Secondary antibodies (v/v)

Protein Species Dilution (pl) Species Dilution (pl)
Lamin A/C Mouse 1:100
Progerin Mouse 1:50
PCNA Mouse 1:10
Lamin B1 Mouse 1:50
Emerin Mouse 1:30
LAP2 Mouse | 1:100 e E?:;(T:)C) o
NUP153 Mouse 1:1000
HPla Mouse 1:500
H2ax Mouse 1:500
RNAPOL1 Mouse 1:100
Nucleophosmin Mouse 1:2000
H3me3K9 Mouse 1:100
Lamin A Goat 1:50
Pre-lamin A Goat 1:50 Rabbit (FITC) 1:50
Fibrillarin Goat 1:100
Ki-67 Rabbit 1:30
Lamin B2 Rabbit 1:250
LBR Rabbit 1:500 1:95
SUN1 Rabbit 1:100 Swine (TRITC)
SUN2 Rabbit 1:50
H3ME3K27 Rabbit 1:100
H4AME3K20 Rabbit 1:100
CREST Human 1:1000 Goat (FITC) 1:100
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s Summary of Antibodies Used in Westernblotting Method

Primary antibodies (v/v)

Secondary antibodies (v/v)

Protein Species Dilution (ul) Species Dilution
Lamin A/C 1- Mouse 1: 200 1- Rabbit anti- | 1- 1:160,000
mouse
peroxidase 2- 1:15,000
Lamin B1 Mouse 1: 500
2- Goat
a-Tubulin Mouse 1: 4000
SUN1 Rabbit 1: 1000
SUN? Rabbit 1- 1000 Donkey(FITC) 1:15,000
LBR Rabbit 1: 500

s 2 Dimensional — Fluorescence In Situ Hybridisation (2D- FISH)

3M Sodium Acetate (NaAc) pH 5.0:

0.5 g Na acetate in 2 ml ddH20 adjust pH to0 5.0
Methanole: Acetic Acid, 3:1 (v/v):

75 ml methanol in 25 ml acetic acid

0.075M KCI:

0.7 g Kcl IN 125 ML ddH20

70 % Ethanol:

30 ml ddH20 in 70 ml ethanol
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90% Ethanol:

10 ml ddH20 in 90 ml ethanol
100 % Ethanol:

100 ML absolute ethanol
20XSSC (whv):

180.3 g NaCl and 88.2 gr Na Citrate in 1 L ddH20, then adjust pH to 7.0 and
autoclave it.

4XSSC:

20 ml 20XSSC in 80 ml ddH20

70 % Formamide in 30 ml 2XSSC pH 7.0 (v.v):

70 ml Formamide in 30 ml 2XSSC (20 ml ddH20 + 10 ml of 2XSSC), then adjust pH
to 7.0

Buffer A:

50 % Formamide 2XSSC, pH 7.0:

150 ml Formamide in 30 ml 2XSSC + 120 ml ddH20, then adjust pH to 7.0
Buffer B:

0.1XSSC pH 7.0 (v/v):

1.5 ml 20XSSC in 298.5 ml ddH20, then adjust pH to 7.0
4 % Bovine Serum Albumin (BSA):
4g BSA in 10 ml 4XSSC

1% BSA:
0.1 g BSA in 10 ml 4XSSC
Cy3-Streptavidin (1:200 dilution, v/v):

1 pl Cy3in 199 pl 1% BSA
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4XSSC in 0.5% Tween-20 (v/v):

400 ml ddH20 in 100 ml 20XSSC + 1.5 ml Tween-20

% Image of 50bp Hyper™ Ladder Il Used for PCR studies

SIZE (bp) ng/BAND
1800 20
1600 20
1400 20
1200 20
1000 100
800 30
700 30
600 30
500 30
400 30
300 100
200 40
100 40
50 40

Figure: 50 bp ladder (visualized by ethidium bromide staining on a 1% TAE agarose gel).

% Lovastatin Drug Treatment

Lovastatin drug (10pg/ ml) in 100% ethanol:
IM=40454gin1L
1M =0.40454g in 1 ml
1M = 1000uM =404 pg in 1 ml
24 uM =10 pg in 1 ml

To make it 1000X stock

vi
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%  M-FISH karyotypic results for hnTERT progeria cell line TO8

Table 1. M-FISH karyotypes of TO8 cells

Cell Karyotype
number

0001 61,XXX,del(Xp),der(1)t(1;17),-2,-3,-3,-4,-4,del(4p),-5,del(5p),-6,-6,-7,-8, ,-
9,del(9q),-10,-11,-11,-12,-13,-13,del(13q),del( 13q),-14,-14,der(15)t(8;15),-15,-
15,-16,-16,-17,-18,-18,-19,-20,-21,-22,-22,+2mar

0002 62,XXXY,-1,der(1)t(1;13),der(1)t(1;17),ace(1p),-3,del(3p),-4,-5,-5,-5,del(5p),-6,-
7,-8,-8, -9,-9,der(9)t(1;9),-10,-10,-10,-11,-11,-12,-13,-13,-14,der(15)t(8;15),-16,-
17,der(17)(1;17),del(18q),-19,-19,-20,-20,der(22)t(18;22),-22

0005 79,XXX,der(X)t(X;18),der(1)t(14;1;17),ins(1;14),del(1q),der(2)t(1;2),del(3p),-4,-
5,der(6)t(6;19),der(7)t(7;21),-9,-12,-13,der(14)t(10;14),ace(14;21),-15,-15,
der(15)t(8;15),-20,-21,+2mar

0011 76,X,-X,-X,-X,ins(1;14),der(1)t(1,18),del(1q),-2,der(2)t(2;15),del(3p),-
4.,del(5p),del(5q),der(6)t(6;19),-7,-7,-8,der(12)t(12;20), -13,-14,der(14)t(10;14),
der(15)t(8;15),del(15q),-17,-18,-19,-21,-22+3mar

0013 78,XXX,der(X)t(X;18),der(1)t(14;1;17),ins(1;14),
der(1)(1;14),del(1q),der(2)t(1;2),del(3p),-4,-5,del(5p),-6,der(6)t(6;10),del(7q),-
9,del(9q),-11,-13,-14,der(14)(10;14),der(15)t(8;15),-16,-18,del(18q),-19,-20,-20,-
21

0018 66,XXX,der(X)t(X;1),der(1)t(14;1;17),der(1)t(1;18),del(1p),der(1)ins(15;1;X),del(2
p),-3,del(3p),der(4)t(4;19),del(5p),del(5q),-6,-6,-6,-6,-7,-7,-9,-10,-11,-11,-12,-13,-
13,-14,der(15)t(8;15),del(15q) ,-18,der(18)t(17;18) ,-20,-20,-20,-21,-21,-21,-22,-
22

0019 85,XXX,der(X)t(X;18),del(Xq),ins(1;14),der(1)t(14;1;17),der(2)t(1;2),del(3p),-
4,del(5p),der(6)t(6;13),der(7)t(7;21),dic(8;17)+ace(8q),-9,-12,-13,-
14,der(14)t(10;14),-17,der(18)t(18;20),-19,-21

0020 79,XXX,der(X)t(X;18),ins(1;14),der(2)t(1;2),-3,-4,del(5p),del(5p),-6,der(7)t(7;21),-
9,-12,-12,-13,-14,der(14)t(10;14),der(15)t(8;15),-17,del(18p),-
19,del(20p)+del(20q),-20,-22,+mar

0021 83, XXX,t(X;1),ins(1;14),der(1)t(14;1;17),del(2p),del(3p),der(4)t(4;19),der(5)t(5;10
),del(5p),-6,der(7)t(7;21),-13,-14,der(14)t(10;14),-15,der(15)t(8;15),-16,del(17q)

0025 79,XXX,der(X)t(X;18),ins(1;14),der(1)t(14;1;17), der(2)t(1;2), del(3p),-4,-
5,del(5p), der(6)t(6;19), der(7)t(7;21),-8,-9,-11,der(14)t(10;14),del(14q),
der(15)t(8;15),-16,-20,-22,-22

0029 86, XXX,t(X;1),ins(1;14),der(1)t(14;1;17),der(1)(1;17),der(1)t(1,18),del(2p),del(3p)
,der(4)t(4;19), del(5p),-6,der(7)t(7;21),-13,-
14,der(14)t(10;14),der(15)t(8;15),ace(15p),-
16,der(16)t(14,;16),+del(18p)+del(18q),-20,-22,del(22q)+ace(22q)

0030 71,XXX,del(Xp),der(1)t(1;17),ace(1;17),ace(1q),ace(1p),der(1)t(1;13),der(3)t(3;1
0),-4,-4,del(5p),-6,der(7)t(2;7),-8,del(9p),-10,-14,-15,der(15)t(8;15),-16,-16,-17,-
18,-18,-19,-19,-20,-20,-22,-22

0034 73, XXX, der(X)t(X;18),ins(1;14),der(1)t(14;1;17),der(2)t(1;2),del(3p),-
4,del(5p),del(5p),-6,-7,-9,-9,-10,-11,-12,-13,-14,der(14)t(10;14),-
15,der(15)t(8;15),del(18p),-19,-20,der(20)t(18;20),-21

0041 81, XXX, t(X;1),ins(1;14),der(1)t(14;1;17),del(1p),del(1q),del(2p),del(2q),-
3,del(4p),del(5p),-6,der(7)t(7;21),-12,-13,-14,-15,der(15)t(8;15),ace(15p),-
17,der(17)t(Y;17),der(18)t(18;21),-19,+mar

0046 81, XXX,der(X)t(X;18),ins(1;14),der(1)t(14;1;17),der(2)t(1;2),der(3)t(3;22),-
4.,del(5p),-6,der(7)t(7;21),-9,-12,-13,-14,der(14)t(10;14),-15,der(15)t(8;15),-
19,der(20)t(18;20),+mar

0049 75,X,-X,-X,t(X;1),ins(1;14),der(1)t(14;1;17),x2ace(1q),-2,del(2p),-
3,del(3p),der(4)t(4;19),-5,-6,der(7)t(7;21),-8,-9,-12,-12,-13,-13,-

Vii
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14,der(14)t(10;14),-15,-15,-16,der(16)t(16;?),der(17)t(X;17),del(17q),-19,-
19,der(20)t18;20),-22,+2mar

0051

70,XXX,der(X)t(X;18),-1,ins(1;14),der(1)t(1;14),der(1)t(1;18),der(2)t(1;2),-4,-5,-
5,-5,-6,-6,der(6)t(6:19),-7,-9,-12,-13,-13,-14,der(14)t(10;14),der(15)t(8: 15),-16,-
16,-17,-17,del(18p),-20,-21,-22,del(22q)+ace(22q),+mar

o Table 2: Occurrence of structural rearrangements in T08 cells

_ Number
Observed in cell number of cells
alsltfr[e]e]2]2]2]2]3 4141415
1({3[8]9]of1|[5]9]0 11691
t(Xcen;1) X X A al -
der(X)t(X L
cen;l)
der(X)t(x o I R
cen;182¢c X X XX X
en)
der()t(1 2
cen;13) X X
der()t(1 X X 2
cen;14)
|n.s(1’?ce x| x| x x | x x | x X[X|X]|X 12
n;14)
der(1)ins X !
(15;1;X)
der()t(1 4
;17) XX ol
der(1)t(1 X | X[X 11
4;1cen;1 X X[ X]X XXX
7)
?ce(1,17 X !
der()t(1 X 4
cen;18) X X X
der(2)t(1 X X 8
?cen:2ce X X XX X
n)

t(Xcen;1), cell 49: Reciprocaltranslocation

der(X)t(Xcen;1), cell 18 : Non-reciprocal translation

der (1)ins(15;1;X) : Reciprocal translocation with additional exachange resulting in 15; 1; X

viii
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Observed in cell number
Number
of cells
11215 1|11 ({212f2(2]2)2|3|3|4(4(4]|5
113|890 |1]|5]9]|0]4]1|6[9]1
der(2)t(2 X 1
pter;15)
der(3)t(3 X 1
;10)
der(3)t(3 X 1
cen;22)
der(4)t(4 X 5
cen;19) X X X X
der(5)t(5 X 1
;10)
der(6)t(6 X 1
cen;13)
der(6)t(6 X 4
cen;19) XX X
der(7)t(2 1
1) X
der(7)t(7 XXX 9
2qter:21) X X|IX|X[X[X
dic(8cen; 1
17) X
der(9)t(1 1
9) X
der(12)t( 1
12cen;2 X
0)
der(14)t( X X[X]|X 12
10;14ce XXX X[X|X]|X]|X
n)
ace(14;2 1
1) X
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Observed in cell number Number
of cells
111(1(112|2|2]2]|3|3(4]4 5
113(8]9]|]0|1[5]9|0|4]1]6 1
der(15)t( X | X[X X 15
8;15) XXX XX XXX
der(16)t( T
14;16¢ce X
n)
der(16)t( T
16;?)
der(17)t( T
X;17cen)
der(17)t( X T
Y;17)
der(17)( T
?1;17)
der(18)t( y T
5;18)
der(18)t( T
17;18ce X
n)
der(18)t( T
18cen;2 X
0)
der(18)t( X T
18cen;2
1)
der(20)t( X X >
18;20ce
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der(22)t( T
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n)




o Table 3: Occurrence of structural deletions in TO8 cells
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Observed in cell number Number
of cells
1111122223 4 g
1138|901 [5[9]0O0 1 1

del(Xp) X 5
del(Xcenq X T
)

ace(1p) X >
ace(1lq) X >
ace(1lq) T
del(1q) X | X 3
del(1cenq X X >
)

del(2cenp X N y X 5
)

del(2cenq X 1
)

del(3p) X [ X [ X |X X | X [x 11
del(4cenp X 1
)

)del(50enp w Ix Ix Ix Ix Ix Ix Ix |x X 7
del(5cenq X X 5
)

del(7q) X T
ace(8q) X T
;Jel(90enp y 5
del(99) X T
del(13q) T
del(13q) T
del(14cen N T
Q)

ace(15p) X X 5
del(15q) X X >
del(17q) X 5
del(18cen N y 3 2
p)

del(18cen X y 3
Q)

del(20cen X I
Q)

del(22q) X 5 5
ace(22q) X y >

Xi
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Table 4: Occurrence of numerical aberrations in untreated TOS8 cells

Observed in cell number Number of
cells
12 1113181920 21252030 [34[41]46[49]51
1 X 2
2 X X X 3
3 | x| X X X X X 6
3 | x 1
4 | x|[x X | x X | x X X | X X X 12
4 | X X 2
5 | x| X X X X | X 7
5 X X 2
5 X X 2
6 | X|X X | x X | X X | X [ X [ X [ X [X [X 13
6 | X X X 3
-6 X 1
6 X 1
7 | x|x X X X X 6
7 X X 2
8 | x|x X X X X 6
8 X 1
9 | x|x X | X | X |x X X X [ X | X 12
9 X X 2
- X 5
0 | X]x X X
- 1
10 X
- 1
10 X
- X 6
11 | XX X | x X
- 3
11 | XX X
~ % < 1 x | x X X | X | X |X 11
12
- X 2
12 X
x| x X | x |x X | x X XX X XX 14
13
- X | X 6
15 | X | % X | x
14 | X% X |x [x |x |x |x X [x [ XXX XX 14
- 1
14 | X
- X X | X |X 9
15 | X X X | x
- X 3
15 | X
- X | X 9
6 | XX X X [ x | x |x

Xii
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Number of
cells

11

11

10

X [ X | X | X [X

X

X

X

X

XX | X [X X

1(2|5]11113(18]119(120(21]125(29(30|34(41]|46]|49(51

X1 X

X

XX

-16

-17

-17

-18 | X

-18 | X

-19 | X[ X

-19

220 [ X X | X

-20

-20

-21

-21

-21

-22

-22

+22

Xiii



Appendices

X Table 5: Occurrence of clonal structural rearrangements in TO08 cells

Numbe

Observed in cell number r of
cells
11111212 ]|2]|2]3 4 1414
Y12(%]1]3]8]olol1]ls]9]o0 169>

t(X;1) X X X X 4
der(X)t(X;18) X X X | X X X X 8
der(1)t(1;13) X X 2
der(1)t(1;14) X X 2
ins(1;14) X| X | X X | X X | X X | X|X[X 12
der()t(1;17) | X | X X | X 4
%er(l)t(14;1;1 X X X x| x| x X | X[ X 11
der(1)t(1;18) X X X 4
der(2)t(1;2) X X X | X X X X 8
der(4)t(4;19) | X X X X X 5
der(6)t(6;19) X | X X X 4
der(7)t(7;21) X XX | X|Xx]|X X | XX 9
der(14)t(10;14 X X X | X | X 12
der(15)t(8;15) | X | X | X X X X X [ X X 15
der(20)t(18;20 X 2
)

Xiv




Table 6: Occurrence of clonal structural deletions in TO8 cells

Appendices

Numbe
Observed in cell number r of
cells
1111111 2121213 4 5
113|819 1]15]9]0 1 1

del(Xp) X 2
ace(1lp) X 2
ace(1q) X 2
del(1q) X [ X 3
del(1lcen X X 2
q)

del(2cen X X X X 5
p)

del(3p) 11
d)el(50en s I x [ x | x s Ix [ x| x X 14
p

del(5cen X X 2
q)

del(9cen X 2
p)

ace(15p) X X 2
del(15q) X X 2
del(17q) X 2
del(18ce X X 4
np)

del(18ce X 3
nq)

del(22q) X X 2
ace(22q) X X 2

XV



Table 7: Occurrence of clonal numerical aberrations in TO8 cells

Appendices

Numbe

Observed in cell number r of

cells

11251 |3]s]s]o|1]s]o]olalilsls]a

-2 X X X 3
-3 X | X X X X X 6
-4 XX [X]X]X X X X X 12
-5 X[ XX X X X | X 7
-6 X [ X X | X X | X X X X | X 13
-6 X X X 3
-7 X [ X X X X 6
-8 X | X X X X X 6
-9 XX |[X X | X X X X [ X 12
-10 X | X X X 5
-11 X | X X | X X 6
-11 X | X X 3
-12 XX [X X X X X [ X 11
-13 X[ X[X|[X[X][X X | X X X | X 14
-13 X [ X X X | X 6
-14 X [ X X[ XX X | X X X X | X 14
-15 X X X X X X 9
-15 X X X 3
-16 X | X X X | X X X [ X 9
-16 X X X 3
-17 X | X X X X X X 8
-18 X X | X[X X 5
-19 X | X X | X X X X X 11
-19 X X X 3
-20 X[ X [X X [ X X X X | X 11
-20 X X [ X X X 5
-21 X XX [X]X X 8
-22 X | X X X X X X X | X 10
-22 X X X X 4

XVi
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Table 8: Clonal aberrations that occur in 10 or more cells

T08

ins(1;14),der(1)t(14:1:17),del(3p),-4,del(5p),-6,-9,-12,13,-
14,der(14)t(10;14),der(15)t(8:15),-19,-20,-22

Table 9: Clonal aberrations that occur in less than 10 cells

T08

t(X;1),der(X)t(X;18),del(Xp),ace(1p),ace(1q),del(1p),del(1q),der(1)t(1;13),
der(1)t(1;14),der(1)t(1;17),der(1)t(1;18),der(2)t(1;2),del(2p),-2,-3,del(4p),
der(4)t(4;19),del(5q),-5,-6,der(6)t(6;19),-7,der(7)t(7;21),-8,del(9p),-10,-
11,-11,-13,-15,-15,ace(15p),del(15q),-16,-16,-17,del(17q),-
18,del(18p),del(18q),-19,der(20)t(18;20),-20,-21,del(22q),ace(22q),-22

Table 10: A composite karyotype reflects the heterogeneity of abnormalities in

each cell — it describes all of the clonally occurring abnormalities.

TO8

61-86,XXX,del(Xp),t(X;1),der(X)t(X;18),ace(1p),ace(1q),del(1p),del(1q),der(1)t(1;13),
der(1)t(1;14),ins(1;14),der()t(1;17),der(1)t(14;1;17), der(1)t(1;18),der(2)t(1;2),del(2p),-
2,-3,del(3p),-4,del(4p),der(4)t(4;19),del(5p),del(5q),-5,-6,der(6)t(6;19),-6,-
7.der(7)t(7;21),-8,del(9p),-9,-10,-11,-11,-12,13,-13,-14,der(14)t(10;14),-15,-
15,ace(15p),del(15q)der(15)t(8;15),-16,-16,-17,del(17q),-18,del(18p),del(18q),-19,-19,-
20,der(20)t(18;20),-20,-21,del(22q),ace(22q),-22,-22 [cpl7]

¢ Regarding clonal abnormalities — no event occurs in all cells analysed. Please
see highlighted grey in clonal tables for occurrences in each cell.
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