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. Introduction

1 The mammalian telomere

Telomeres are specialized structures at the ends of linear chromosomes of
eukaryotic cells. They are composed of tandem repeats of the TTAGGG DNA
sequence, typically 10 to 15 Kbp long in human cells, and specifically bound
proteins. During normal DNA replication, telomeric DNA is not completely
replicated because synthesis of the lagging strand cannot start from the very end
of the DNA. As a result, telomeric DNA is shortened every time a cell divides. A
specialized enzyme, the telomerase, is able to synthesize telomere repeats de
novo but is only expressed at low levels in adult tissues and does not completely
compensate this telomere length reduction. Thus, the telomeres can be seen as a

biological clock of the cell, as cell division stops when telomeres are too short.

1.1 Structure of the telomere

Telomere repeats binding factors TRF1 and TRF2 and associated proteins are
forming a specific nucleoprotein complex with the telomere DNA, known as the
“telosome”. The function of the telosome is to prevent the end-to-end fusion of
chromosomes and to protect telomeres from the DNA double strand breaks repair
machinery (Bertuch and Lundblad, 2006).

TRF2 TRF1

Other telomere-
associated proteins 5

Protruding G-rich
fragment

D-loop

Figure 1.1: Schematic representation of the T-loop formation at the telomere end.

The strand invasion of the G-strand is indicated. This particular conformation protects the
telomeres from the double strand breaks reparation machinery and prevents the end-to-
end fusion of the chromosomes. The components of the telomere repeat binding factor 1
(TRF1) and 2 (TRF2) are shown.
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The particularity of eukaryotic telomeres is the protrusion of a single stranded G-
rich fragment of 150-200 nucleotides in length. This fragment plays a central role
in the telomere structure as it leads to the formation of the T-loop (Fig. I.1). The T-
loop is formed by the invasion of the terminal single-stranded DNA into the duplex
region of the telomere, thereby creating a solution for the telomere end protection
(Griffith et al., 1999). The single stranded overhang also serves as substrate for
the telomerase, the enzyme responsible for the elongation of the telomeres.

1.2 Telomeric chromatin

1.2.1 Global chromatin organization

The greatest challenge of the cell nucleus organization is achieving the
compaction of a two meter long linear DNA string in a ~10 ym diameter sphere in
a manner that preserves its integrity as well as its accessibility to the transcription
and replication machinery. This is achieved by the association of DNA with
histones and other chromosomal proteins in several levels of compaction (Fig. 1.2).
At the first level 147 DNA base pairs are wrapped 1.67 times around the core
histone, forming the nucleosome, the basic subunit of chromatin (Kornberg, 1974;
Olins and Olins, 1974). The histone protein core is a cylinder-shaped structure
formed by an octamer made of pairs of the four histones H2A, H2B, H3 and H4.
Nucleosomes are connected by a “linker” region of DNA forming a “beads on the
string structure”. This first level leads to an approximate six-fold compaction. Core
histones have basic terminal tails that are the target of many post-translational
modifications such as methylation or acetylation. These modifications, together
with the binding of the histone H1 and other chromatin associated factors
promotes the formation of the higher orders of chromatin folding and thereby
determine the accessibility of DNA to biological processes like transcription,
replication repair and recombination. The accessibility of chromatin displays
spatial and temporal changes. Regions in the ym length scale at the nuclear
periphery, around the nucleolus and at the centromeres display a high degree of
compaction. These dense chromatin regions are often referred to as
heterochromatin as opposed to the less dense euchromatin (Dillon, 2004; Dillon
and Festenstein, 2002). The compaction state and accessibility of these dense
chromatin region is affected by histone modifications like histone acetylation
(Fejes Toéth et al., 2004; Gorisch et al., 2005). DNA accessibility can also be
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modulated via the ATP-coupled activity of chromatin remodeling complexes that
translocate nucleosomes along the DNA (Becker and Horz, 2002)

shodt region of
CxA double kel
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form of chromatin
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Figure 1.2: Different levels of chromatin organization in the mammalian nucleus

This model shows how DNA is packed in the nucleosome and further condensed in the 30
nm chromatin fiber. This fiber associates into loops or rosettes and higher order structures
up to the totally condensed state found in mitotic chromosomes. However even the
structure of the 30 nm chromatin is not clearly defined and folding into higher order
compaction states still needs to be elucidated. Figure adapted from (Alberts et al., 1994).
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1.2.2 Telomere constitutive heterochromatin folding

In contrast to yeast, the mammalian telomeres contain histones and telomeres, as
well as sub-telomeric regions are displaying epigenetic markers of constitutive
heterochromatin (Blasco, 2007). The constitutive heterochromatin is found in
inactive regions of repetitive DNA such as pericentric satellites repeats or
telomeres and is characterized by an enrichment in heterochromatin protein 1
(HP1) isoforms, histone 3 trimethylation at lysine 9 and histone 4 trimethylation at
lysine 20 (Fig. 1.3). Quantitative analysis of fluorescence in situ hybridization
experiments (Q-FISH) have shown that telomeres are able to cluster in groups of

two or three in human fibroblasts (Nagele et al., 2001).

t 5€,
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Figure 1.3: Telomeres as well as sub-telomeric region are folding in constitutive
heterochromatin

Both telomeric and sub-telomeric chromatin regions are enriched in trimethylated H3K9
and H4K20, and HP1 isoforms (see text). In addition subtelomeric DNA is heavily
methylated. The constituted telosome shelters the telomere from the telomerase and the
recombination machinery. Figure taken from (Blasco, 2007).

1.2.3 Telomere and sub telomeric chromatin relationship are tight

Mammalian telomere repeats, (TTAGGG),, lack the CpG sequence which is the
substrate of DNA methyltransferases (DNMTs) and can therefore not be
methylated. On the contrary, the subtelomeric sequences are heavily methylated.
Interestingly, the methylation status of the subtelomeric regions seems to play an
important role in the regulation of telomere repeat length as DNMT1 deficient
mouse embryonic stem cells (ES) show dramatically elongated telomeres as
compared to control (Gonzalo et al.,, 2006). In contrast, in telomerase deficient
mice, with short telomeres constitutive heterochromatin markers (Histones H3 and
H4 trimetylations) as well as methylation of the subtelomeric regions appear to

decrease (Benetti et al., 2007). This suggest that telomere repeats length
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influences also the subtelomeric chromatin status (Fig. 1.4) (Blasco, 2007). From a
functional point of view the telomere displays the ability to silence genes that are
located in neighboring subtelomeric regions. This phenomenon known as
“telomere positioning effect” (TPE) occurs in mammals as well as in yeast with
profound effects on gene expression patterns. It seems that the induction of a
more compact chromatin at the telomeres also affects the nearby regions (Baur et
al., 2001).

Normal length (heterochromatin)
Subtelomere

Telomere
attrition

followin ) « SUV4-20H HMTases
2 d |f§n'\’ Short telomere (‘open’ chromatin) « RB proteins
visions
Subtelomere Telomere « HPI binding
» SUV39H HMTases
SR eReReD . - DNMTases
(Me) \‘ & )
\
A\ Am PN M WL/
Ac ".\A_c,' IGAACY JGHAC S/ A
G~ &~ @ @& @ @ o
1 H3K9me3 T Telomerase access O H3K9me o HAK20me

L H4K20me3 T Recombinaticn
I AcH3 and AcH4 SmetC
L SmetC

Figure 1.4: A model for the role of epigenetic modifications in telomere-length
control.

Normal-length telomeres have features of constitutive heterochromatin, such as
subtelomeric DNA hypermethylation, hypermethylation of histone H3 at lysine 9 (H3K9)
and histone H4 at lysine 20 (H4K20), hypoacetylation of histones H3 and H4, and
heterochromatin protein HP1 binding at both telomeres and subtelomeres. This suggests
that they have a compacted and 'closed' conformation, which is not accessible to
telomerase and represses recombination between telomeric repeats. As telomeres
become shorter with increasing cell divisions, these heterochromatic marks are decreased
from telomeres and subtelomeres, concomitant with an increased histone acetylation.
This leads to a more “open” chromatin state, which allows a greater accessibility of
telomere-elongating activities (by telomerase and proteins that are involved in telomere
recombination, which can lead to elongation by alternative lengthening of telomeres
(ALT)). Once telomeres are sufficiently elongated, they can be assembled into
heterochromatin. Figure taken from (Blasco, 2007).

1.3 Telomere lengthening in healthy tissues

In both yeast and mammals, the G-strand overhang is the substrate for
telomerase, which consists of a reverse transcriptase (TERT) that is able to
synthesize telomeric repeats de novo and add them to chromosome ends using an
associated RNA molecule (TERC) as a template (Chan and Blackburn, 2002). In
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contrast to yeast, humans show telomere attrition with aging. This is thought to
result from limiting amounts of telomerase activity in the adult organism, which
cannot compensate for the progressive telomere shortening that occurs as cells
divide during tissue regeneration (Collins and Mitchell, 2002). During normal DNA
replication, telomeric DNA is indeed not completely replicated because synthesis
of the lagging strand cannot start from the very end of the DNA. When the
telomeric DNA length becomes reduced, the cell enters an irreversible growth
arrest referred to as replicative senescence (Bodnar et al., 1998) (Blackburn,
2000). In this regard, telomerase has been found to be crucial for stem-cell
function and proliferative potential, providing a possible basis for the known roles
of telomerase in cancer and ageing. Whereas short telomeres that arise owing to
telomerase deficiency result in impaired stem-cell functionality (Flores et al.,
2006), defective tissue regeneration and decreased tumorigenesis (Blasco, 2005),
telomerase over expression has the opposite effects.

Tumor cells that undergo a large number of cell divisions need to bypass the
telomere mediated limitation of cell proliferation. Most tumor cells achieve this by
activating or expressing higher levels of telomerase (Kim et al., 1994) but a subset
of about 10 to 15 % of tumor cells bypass the end replication problem in a
telomerase-independent manner, the process of which is called alternative
lengthening of telomeres (ALT) (Bryan et al., 1995).

2 The alternative telomere lengthening (ALT) pathway

2.1 ALT pathway and cancer

Several unique features are found in ALT cells compared with telomerase-positive
tumor cells (Reddel, 2003). It appears that ALT is more often present in cell lines
and tumors of mesenchymal origin, such as osteosarcomas and in vitro
transformed human fibroblasts, than in those of epithelial origin. Telomere lengths
of ALT cells are characterized by heterogeneity: some telomeres are extremely
long; at the same time, others are very short or even undetectable in a single cell.
Asymmetrical telomeres can even be observed at some chromosome ends. ALT
cells are moreover characterized by an important chromosomal instability (Henson
et al., 2005; Ulaner et al., 2004).



|. Introduction

Interestingly, in ALT cells some promyelocytic leukemia (PML) nuclear bodies form
specific structures with telomeres that are called APBs for ALT-associated PML
bodies (Yeager et al., 1999). The APB structure, composition and putative function
are developed in paragraph 4.4.

Although observation in model system suggest that ALT tumor may be relatively
benign, they appear to be sometimes lethal in patients (Reddel and Bryan, 2003)
but the prognosis significance of ALT seem to vary among tumor type. However,
ALT tumors may be less likely to metastasize than telomerase-positive tumors
(Henson et al., 2005).

2.2 Putative mechanism of the ALT pathway

When ALT cells are fused with normal cells or telomerase-positive tumor cells, the
ALT mechanism is lost in the resulting cell hybrid, suggesting that one or more
recessive gene mutations are required for the activation of the ALT pathway
(Perrem et al., 1999). Several genes potentially involved in the ALT pathway were
recently identified (Jiang et al., 2007). Theses are related to PML body formation
(PML), DNA reparation (MRE 11, Rad50) as well as telomere metabolism (TRF1
and TRF2). High rate of telomeric exchanges was demonstrated in ALT cells
(Laud et al., 2005; Londono-Vallejo et al., 2004; Muntoni and Reddel, 2005). In
budding yeast, telomerase-defective cells maintain telomeres by DNA
recombination (see further). Similarly, it was demonstrated that marker DNA
cassettes inserted into particular telomeres in ALT cells are duplicated into other
telomeres through gene conversion (Dunham et al., 2000). Thus, DNA
recombination appears to be involved in the ALT mechanisms but the molecular

details are poorly understood.

2.3 DNA recombination, double strand breaks reparation
machinery and telomere lengthening.

DNA homologous recombination occurs in all organisms. It was originally thought
to be only a system of genetic information exchanges but further studies shown its
central role in DNA repair, particularly in case of double strand breaks (DSB), in
the rescue of damaged replication forks, the chromosome segregation in meiosis |
or the maintenance of telomeres in yeast (McEachern and Haber, 2006; Michel et
al., 2004; Symington, 2002).
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There are several distinct pathways for DSB repair involving recombination. The
two main are referred to as double strand break repair (DSBR) and synthesis-
dependant strand annealing (SDSA) (Fig 1.5). Both are sharing the first steps: the
broken chromosome ends are processed to give single-stranded DNA (ssDNA)
tails, which invade an homologous chromosome to copy genetic information into
the donor chromosome. Central to the DSBR model is the formation of a DNA joint
molecule that harbors two Holliday junctions. Resolution of the exchanged DNA
strands can result in crossover, whereby segments of the interacting
chromosomes are exchanged (Collins and Newlon, 1994; Schwacha and
Kleckner, 1995). On the contrary, in the SDSA model, instead of capturing the
second end of the DSB into the recombination intermediate, the invading strand is
displaced after repair synthesis and re-anneals with the single-stranded tail on the
other DSB end (Allers and Lichten, 2001).

Interestingly yeasts that are lacking the telomerase enzyme are surviving by
elongating their telomeres in a replication-dependant manner. This is achieved by
using a process named break induced replication (BIR). There are two different of
BIR pathways that can be activated by the yeast, one dependant of the
recombinase protein Rad51 and one Rad51 independent. The recombination
process is triggered either by excessive telomere shortening or by disruption in the
function of the telomere binding proteins (reviewed in (Lundblad and Blackburn,
1993; McEachern and Haber, 2006)).

In summary two different aspects of the ALT pathway are identified:

. The involvement of the DNA recombination and the double-strand break
reparation machinery.

. The formation of ALT-associated PML bodies complex (see paragraph 4.4)
that are shown to associate with telomeres and contain many proteins
involved in recombination and reparation machinery.

Thus the dynamic reorganization and reposition of the telomeres as well as the

interaction of telomeres with PML bodies appears to be key factors in the study of

the ALT mechanism.
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Figure 1.5: Repair of DNA double-strand breaks by DSBR and SDSA.

Double-strand breaks (DSBs) can be repaired by several homologous recombination
(HR)-mediated pathways, including double-strand break repair (DSBR) and synthesis-
dependent strand annealing (SDSA). In both pathways, repair is initiated by resection of a
DSB to provide 3' single-stranded DNA (ssDNA) overhangs that rapidly complex with
RPA. Rad51 recruitment displaces RPA leading to the formation of a helical nucleoprotein
filament with ssDNA, which can search for an intact homologous template and then
catalyze invasion of the ssDNA into a donor sister chromatid or homologous chromosome
to form a joint molecule. The resulting joint molecule acts as a primer for DNA synthesis to
extend the heteroduplex DNA, which, following further processing and resolution of the
joint DNA molecules, leads to repair of the DSB and restoration of DNA integrity. BRCAZ2,
breast cancer 2; BLM-Topollla, Bloom syndrome protein—topoisomerase Il alpha; Exo1,
exonuclease 1; hRad51, human Rad51; MRN, MRE11-RAD5-NBS1; MRX, Mre11-
Rad50-Xrs2; Mre11-Rad50-Xrs2; MRE11, meiotic recombination 11; NBS1, Nijmegen
breakage syndrome 1; Rad50, radiation sensitive 50; RPA, replication protein A; Top3,
Topoisomerase 3.
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3 The dynamic structure of the mammalian nucleus

3.1 General organization: the nuclear compartments

3.1.1 The nucleus

The mammalian cell nucleus is the most prominent compartment of the eukaryotic
cell with an average diameter of 10 ym (Fig. 1.6). It is confined by a nuclear
envelope, a double-membrane structure, of which the outer membrane is
contiguous with the rough endoplasmic reticulum and is often studded with
ribosomes. The nuclear envelope provides spatial and temporal separation of
nuclear and cytoplasmic processes. This separation is however not absolute but
selectively regulated: the inner and outer nuclear membranes are fused together
at certain sites, forming nuclear pores that serve in the transit of materials between
the nucleus and cytoplasm (Stoffler et al., 1999). Electron and light microscope
have shown that the nucleus is highly organized and dynamic structure with
specialized domains and reaction compartments (Rippe, 2007, in press).

mRNP

Nuclear Pore

Complex Cajal Body

Gem

OPT Domain — X Chromosome
{ Territory

Transcription Site

PML Body

Paraspeckle

Nuclear Lamina . i Nuclear Speckle

Perinucleolar
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SAM68 Nuclear
Body

Nucleolus Heterochromatin

Figure 1.6: Model of the mammalian cell nucleus.

The mammalian nucleus is highly compartimentized structure. The nucleus is first
bounded by the nuclear envelope and exchanges with the cytoplasm are tightly regulated
by nuclear pores. The most prominent structure in the nucleus is the nucleolus, which is
the site of the rRNA synthesis. The chromosomes are themselves organized in distinct
territories and many nuclear proteins are segregated in multiple mobile clusters: the
nuclear bodies. Figure taken from (Spector, 2001).
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3.1.2 The chromosomes territories

In the nucleus each chromosome occupies its own distinct region or “territory” as
can be observed in fluorescent in situ suppression hybridization experiments
(Branco and Pombo, 2007; Cremer and Cremer, 2001; Cremer et al., 2006;
Cremer et al., 1993; Cremer et al., 1988; Lichter et al., 1988). The boundary of
these territories is however not sharp and some interchromosomal interactions via
extended chromatin loops can be observed (Branco and Pombo, 2006; Branco
and Pombo, 2007). While the position of the chromosome territories in the nucleus
seems to be stable over time in the interphase the heritability over cell divisions is
subject of controversy (Gerlich and Ellenberg, 2003). A recent study has
demonstrated that the global chromatin positioning organizes de novo in early S
phase (Thomson et al., 2004).

3.1.3 Nuclear bodies

Many activities of the nucleus are concentrated in mobile sub nuclear foci called
nuclear bodies, which include nuclear speckles, Cajal bodies PML bodies
(Lamond and Sleeman, 2003). Nuclear bodies are mobile structures in the
nucleus. Thus, PML and Cajal bodies can combine phases of immobility, where
they are apparently associated with chromatin, and phases of fast translocation
within the nucleus (Gdrisch et al., 2004; Muratani et al., 2002; Platani et al., 2002).
Nuclear bodies are not surrounded by lipid layer and are usually characterized by
specific antigens. Besides of these specific proteins an important variability in the
composition of nuclear bodies can be observed over space and time or triggered
by specific stimuli.

3.2 Current view of mobility in the nucleus

3.2.1 Dynamics of histones and chromosomal proteins

A number of studies have revealed that the average residence times of
chromosomal proteins like for example linker histone H1 (Lever et al., 2000; Misteli
et al., 2000) or heterochromatin protein 1 (HP1) (Bornfleth et al., 1999; Cheutin et
al., 2003; Festenstein et al., 2003) are surprisingly short and in the order of only a
few minutes. Even core histones like H2A and H2B that are usually tightly bound
on the hour time scale display a very high mobility in transcriptionally active

11
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regions (Kimura and Cook, 2001) as well as in certain developmental stages
(Meshorer et al., 2006).

3.2.2 Mobility of chromatin loci

Chromatin

The translocation of chromatin loci has been studied by monitoring the mobility of
a photobleached spot in dye labeled chromatin (Abney et al., 1997) or by tracking
fluorescently labeled regions (Bornfleth et al., 1999; Manders et al., 1999; Zink and
Cremer, 1998). Average apparent diffusion coefficients of 1-2:10* ym? s™ and an
accessible region with a radius of 200 nm were measured (Godrisch et al., 2005).
Using the lacO/Lacl-GFP system in mammalian cells as well as in yeast and
Drosophila, rapid but locally restricted movements were found on a length scale of
300 to 500 nm (Chubb et al., 2002; Heun et al., 2001; Marshall et al., 1997,
Vazquez et al,, 2001). The movements of different sites in human living cells
revealed that /acO inserts located at nucleoli or the nuclear periphery are
significantly less mobile than more nucleoplasmic loci. For the latter sites, a mean
diffusion coefficient in human cells of 1.3:10-4 um? s-1 was reported (Chubb et al.,
2002).

Telomeres

The mobility of telomeres in yeast was extensively studied by in vivo lacO array
labeling (Bystricky et al., 2005; Hediger et al., 2002; Rosa et al., 2006). On the
contrary to mammalians, yeast telomeres are known to cluster together and to
anchor at the nuclear envelope. Nevertheless yeast telomeres are able to display
fast movements over a radius of 300 nm in average with significant differences
between the chromosomes.

As an alternative approach to the /acO/Lacl system, peptide nucleic acid probes
(PNAs) directed against telomeres were also used to analyze the diffusion
properties of telomeres in the human U20S ALT cell line (Molenaar et al., 2003). It
was shown that the telomeres are divided in two populations. The vast majority
displayed constrained diffusive movement within nuclear regions of ~ 500 nm
radius and a diffusion coefficient slightly higher to that determined for
nucleoplasmic /lacO arrays in human cells. A smaller second fraction displayed
diffusion also constrained but with a significantly faster movement (about five

12
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times). In addition, an exceptionally fast telomere was observed diffusing ten times
faster than a chromatin locus.

3.2.3 Mobility of nuclear bodies

Most of the studies on nuclear bodies’ mobility have been conducted on PML and
Cajal bodies. The two bodies display in average an analogue mobility that can be
fitted with the so called “moving corral model” (Goérisch et al., 2004). Both display
fast movements of 6-7-10-3 um?2 s-1 over a 300 nm confinement radius and further
slower translocation with a mobility coefficient of 1.1-10-4 um?2 s-1. Nevertheless,
three kind of mobility can be observed for PML bodies from very fast translocation
to almost complete immobility suggesting that these bodies can associate at least
transiently with the chromatin. Interestingly, the mobility of the faster species can
be greatly reduced by a sodium azide treatment indicating that it is ATP dependent
(Muratani et al., 2002). For the Cajal body it is the chromatin association that was,

on the contrary, shown to be ATP-dependent (Platani et al., 2002).

4 The promyelocytic leukemia-associated (PML) body

Among the multiple sorts of “bodies” that were so far identified in the mammalian
nucleus the PML nuclear body appears to be distinct with regards to the number of
the different proteins which are shown to interact with it as well as the number of
its associated functions. Indeed, PML bodies are shown to be involved in
processes as different as apoptosis, senescence, cell proliferation, chromatin
remodeling, DNA damage reparation, transcription or telomere lengthening.
Interestingly, PML bodies are involved in telomere lengthening of telomerase-
negative tumor cells through the so-called alternative telomere lengthening (ALT)
pathway. The ALT pathway involves a particular sort of PML bodies that are found

to co-localize with telomeric DNA (see paragraph 4.4).

4.1 The PML Protein family

The PML protein is the major and central structural component of PML bodies
(Ishov et al., 1999; Zhong et al., 2000). Seven PML splicing variants have been
identified so far. All of them harbor the same N terminus but differ in the central
core domain as well as the C terminus (Fagioli et al., 1992) as shown in Figure I.7.
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PML IV was found to interact directly with the tumor suppressor p53 (Bischof et al.,
2002) but the specific function of the other isoforms remain however unknown.

Retained

Intron
Exons 7ab

1 2 3 4 5 E?a.?bsaﬁb 9

PML IV

PML V
PML VI

PML Vi

Figure 1.7: The PML isoforms

The PML family is composed of seven splicing variants that all share the same N-terminal
part but differ in their respective C-terminus.

The N-Terminus of PML harbors three cystein-rich metal binding motifs (Goddard
et al., 1991), a RING finger and two B-boxes (Borden et al., 1996), followed by a
coiled coil homooligomerization domain (Kastner et al., 1992; Perez et al., 1993),
which together are essential for the formation of PML bodies (Fig. 1.7). These three
motifs are called together RBCC domains (also known as TRIM). The RBCC
pattern is common to the sub-group of RING finger proteins among which many
proto-oncogenes can be found. Finally PML is modified by SUMO-1 (small
ubiquitine-like modifier), a protein that can be found in PML bodies, at lysines
65,160 and 490 (Fig. 1.8).

4.2 Structure of the PML body

Although the PML body is often described as a doughnut-shaped structure, it
rather displays a hollow-spherical shape (Salomoni and Pandolfi, 2002) of 0.1 to 1
um in diameter. Typically, 10-30 PML bodies are contained in a single cell (Ascoli

and Maul, 1991), but their sizes and numbers change dramatically in various
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situations (Dellaire et al., 2006). The PML protein is a major component of PML
bodies together with the protein Sp100. In addition, a high number of proteins are
found to co-localize with PML bodies in a constant fashion or, for the major part,
only transiently depending on the context. These include Sp100 related proteins,
SUMO that modifies the PML protein, the heterochromatin protein 1 (HP1), p53,
pRb, Daxx, and CBP. Recent observations made on extremely large PML bodies
that are found to be associated with the centromeric instability and facial
dysmorphy (ICF) syndrome indicate that PML bodies are highly organized and
composed of several layers of protein compartments in an onion-like structure
(Luciani et al., 2006).

Pro-Rich B-Boxes Ser-Rich

' Colled Coll

Finger

Figure 1.8: The structure of PML protein

Only one splice variant (PML Ill) is shown. The positions of the RING finger domain, the
B-Box motifs and the coiled coil, as well as a serine-rich region are indicated. The SUMO-
1 modification places are shown in red.

4.3 The multiple functions of the PML body

PML bodies have been implicated in multiple biological functions through the large
number and function of their interacting factors and can therefore be described as
a “mobile molecular toolbox” of the nucleus. The following list describes some of
the most important functions of the PML bodies and is not exhaustive.

4.3.1 PML bodies and senescence, apoptosis and tumor suppression

PML acts as a potent growth suppressor by inducing a block in the G1 phase of
the cell cycle (Le et al., 1998) and PML™ mouse embryonic fibroblasts (MEFs) are
known to grow faster than their wild type counterparts. PML bodies are also
reported to be involved in premature senescence. This phenomenon appears to
be mediated by the PML IV isoform that stabilize and activates p53
phosphorylation and acetylation (Bischof et al., 2002; Salomoni and Pandolfi,

2002). PML has also been shown to physically interact with the retinoblastoma
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protein (pRb), which is found in PML bodies and is involved in the control of cell
cycle entry and cellular senescence (Alcalay et al., 1998). PML is finally suspected

to act as a tumor suppressor (Salomoni and Pandolfi, 2002).

4.3.2 PML bodies and transcription

Together with Daxx, the PML protein plays a central role in p53-mediated
apoptosis. For example PML™ cells are resistant to the lethal effects of y irradiation
and CD95-induced apoptosis (Guo et al., 2000; Wang et al., 1998). One of the
major components of the PML bodies, the protein Sp100, is suspected be involved
in transcription regulation and known transcription regulators such as Daxx, Bright
or HSF2 are found to co-localize with it. PML bodies play a direct role in
transcription through the recruitment of p53, the acetyl-transferase CREB-binding
protein (CPB), HIPK2 (Kim et al., 1999) and MDM2 (Louria-Hayon et al., 2003).
Transcriptionally active genes are found to associate preferentially with PML
bodies (Wang et al., 2004) and nascent transcript have been shown to accumulate
at their surface (Boisvert et al., 2000).

4.3.3 PML bodies and DNA metabolism

Interestingly, proteins involved in DNA metabolism, such as Rad51, RP-A, hRad9
BLM, Mre11, and NBS1 can be found in PML bodies (Lombard and Guarente,
2000; Mirzoeva and Petrini, 2001; Nabetani et al., 2004; Zhong et al., 1999). BLM
is a RecQ-type helicase encoded by the gene mutated in the Bloom syndrome,
which is characterized by high frequencies of sister chromatid exchanges and
cancer susceptibility. NBS1 is encoded by the gene mutated in the Nijmegen
breakage syndrome that is associated with genetic instability and cancer
predisposition. NBS1, Mre11, and Rad50 form a complex called the MRN
complex, which plays a critical role in DNA damage sensing, repair, and
checkpoint. Altogether, these results suggest that PML bodies are also involved in
genomic stability. PML bodies are moreover found to co-localize with unscheduled
DNA synthesis loci in damaged cells suggesting they play a direct role in DNA

repair (Dellaire and Bazett-Jones, 2004).

4.3.4 PML bodies and chromatin

PML bodies have been shown to associate tightly with chromatin (Eskiw et al.,
2003; Muratani et al., 2002) at least transiently and their functional interactions
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appear to be very complex. On the one hand chromatin modifying proteins such as
acetyltransferases (Boisvert et al., 2001; Doucas et al., 2000; von Mikecz et al.,
2000) and de-acetylases (Wu et al., 2001) as well as the heterochromatin protein
1 (HP1) (Hayakawa et al., 2003; Ishov et al., 1999) accumulate in PML bodies,
implying a role in chromatin structure regulation. PML bodies are in addition
suspected to play a central role in the establishment of the constitutive
heterochromatin at DNA satellites (Luciani et al., 2006). On the other hand
chromatin itself has been shown to play a direct role in PML bodies structural
integrity as for example DNAse treatments of the nucleus or apoptosis induction
leads to their destabilization (Eskiw et al., 2004). Moreover a recent study has
shown that PML bodies number is increasing in early S phase by a fission process
suggesting that PML bodies, tightly bound to several chromatin domains are thorn
apart by the replication machinery (Dellaire et al., 2006).

4.4 The ALT-associated PML body (APB)

One remarkable feature of the PML body is the role that it plays in the alternative
lengthening pathway. A fraction of cells in a given ALT population possess
enlarged PML bodies called ALT associated PML bodies or APBs (Yeager et al.,
1999). APBs display the unique feature to enclose a large amount of telomeric
repeats as revealed by fluorescence in situ hybridization (FISH) or the
immunological detection of telomeric DNA-binding proteins TRF1 and TRF2. APBs
contain PML protein variants along with Sp100, Mre11, NBS1, Rad50, and BLM
that normally exist in PML bodies. In addition, APBs contain the telomere-
associating protein Rap1 and the recombination proteins Rad51, Rad52, and
BRCA1, which are not normally present in PML bodies, as well as many protein
involved in double stand break detection and reparation machinery such as
hRad9, hHus1, hRad1 and hRad17 (Nabetani et al., 2004; Naka et al., 2002; Wu
et al.,, 2003; Wu et al.,, 2000; Yeager et al., 1999). Furthermore, 5-bromo-2'-
deoxyuridine (BrdUrd) incorporation was detected in U20S cells at foci where the
APB marker hRad9 and telomere DNA co-localize indicating that DNA is
synthesized at APBs. This DNA synthesis appears to be caffeine dependant
(Nabetani et al., 2004; Wu et al., 2000).
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5 Approaches to study the dynamics of nuclear
components

5.1 In vivo labeling of nuclear proteins

The major breakthrough in the study of dynamic processes in the cell was the
introduction of the green fluorescent protein (GFP), isolated from a jellyfish
(Prasher et al., 1992; Tsien, 1998). Using GFP fusion proteins it became possible
to monitor the localization and the dynamics of proteins in living cells by simply
stably or transiently transfecting the corresponding DNA constructs (Chalfie et al.,
1994; Wang and Hazelrigg, 1994). Later, improved variants of the GFP (eGFP),
new fluorescent protein with different absorption and emission spectra were
generated (eBFP, eCFP, eYFP) (Heim et al., 1994) or isolated from different
species (DS red, mRFP1) allowing the observation of multiple proteins

simultaneously (Campbell et al., 2002).

5.2 Global protein mobility (FRAP/FCS)

As a technique to study nuclear protein dynamics, fluorescence fluctuation
approaches have been proven to be highly valuable. These involve fluorescence
recovery after photobleaching (FRAP) and fluorescence correlation spectroscopy
(FCS). In a FRAP experiment, a pulse of high intensity light from a laser is used to
photobleach fluorophores, typically GFP-fused proteins. Subsequently,
fluorescence recovers due to diffusion of unbleached fluorophores into the
bleached region and concomitant movement of bleached fluorophores out of the
region (Lippincott-Schwartz et al., 2001). Under optimal conditions, the recovery
kinetics depends only on the molecular mobility, which is usually determined by
the diffusion as well as the binding kinetics of the fluorescent molecules to
anchored or slowly moving structures. In most cases, a diffusion coefficient and/or
flow velocity and mobile fraction can be determined. FCS is another technique that
can be used to study protein mobility. Similar to FRAP, this method requires
molecules of interest to either be fluorescent or, alternatively, be conjugated to a
fluorescent dye or protein. In this method, the fluctuations in the fluorescence
intensity from sample observation volume are recorded and temporally
autocorrelated to reveal information about the concentration and dynamics of the
fluorescent species (Hess and Webb, 2002; Thompson et al., 2002). Both
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methods have been extensively used to measure the diffusion speed, the time of
residence and the relative proportion between bound and free fraction of
chromatin-associated proteins such as core histones, histone H1 (Kimura, 2005)
or heterochromatin protein 1 (HP1) (Schmiedeberg et al., 2004). However they are
not suited to analyze the mobility of a specific chromatin locus.

5.3 In vivo labeling of chromosomal loci

5.3.1 The lac operator/Lac inhibitor technique

An elegant technique to trace individual chromosomes during interphase in living
eukaryotic cells, the /lacO/Lacl-GFP system, was introduced by Belmont and co-
workers (Robinett et al., 1996; Straight et al., 1996), and its application is reviewed
in (Hediger et al., 2004). This method is based on the high affinity binding of a
bacterial Lac repressor (Lacl) protein fused with an autofluorescent protein domain
to its recognition sequence, the /lac operator (lacO). A schematic representation of
the method is given in Figure 1.9. A plasmid containing up to 256 repeats of the
lacO sequence is stably transfected in mammalian cells. As for a standard stable
transfection the integration occurs in a random and multiple-copy fashion. The
integration loci are then detected by transiently transfecting the cells with a Lacl
construct. In a similar approach the tetO/TetR-GFP system was used to study the
segregation behavior of chromosomes in yeast cells (Michaelis et al., 1997). The
lacO/Lacl-GFP system has been applied in a number of studies of chromatin
structure and dynamics (Cabal et al., 2006; Chubb et al., 2002; Heun et al., 2001,
Janicki et al., 2004; Taddei et al., 2006; Thomson et al., 2004; Tumbar et al.,
1999). It can be extended by using a combination of lacO and tetO arrays for a two
color label to examine the relative position of two genomic loci as shown in studies
of E. coli (Lau et al., 2003) and yeast (Bystricky et al., 2004).

5.3.2 In vivo labeling with PNAs

A novel approach for the visualization of chromatin specific loci, based on peptide
nucleic acid (PNA) labeling, was recently introduced (Molenaar et al., 2003). Due
to their pseudo-peptidic backbone, PNA probes are not charged and are therefore
not submitted to the repulsion forces involved in DNA/DNA interaction. PNAs
display such an affinity for their complementary sequence that they do not require
the denaturation of their target DNA to hybridize. When loaded inside a living cell,
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fluorescently labeled PNAs can thus hybridize in vivo at specific sequences.
Unfortunately, PNAs are synthetic sequences and only small size probes can be
generated. Therefore the application of PNA for in vivo chromatin labeling is so far
limited to long repetitive sequences like the telomeres.

" Lacl-eXFP

8 facO repeats

" nx 8 repeats vector

Genomic
Integration

Figure 1.9: Description of the /ac operator/ Lac inhibitor in vivo chromatin labeling
method.

A vector containing up to 256 repeats of the /acO is stably transfected in a mammalian
cell. The repeats are integrating in a random and multiple copy fashion and in most of the
cases at a single locus. The arrays are then visualized in living cells by transiently
transfecting a construct coding for Lacl fused to an autofluorescent protein.
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6 Scope of the thesis

About 10 to 15 % of the human tumors, including very aggressive forms, are using
the ALT telomere lengthening pathway. Understanding the ALT mechanism could
provide much valuable information in the treatment of these particular tumors.
Telomere lengthening constitutes indeed a target of choice in cancer treatment, as
the telomere maintenance is crucial for the growth of the tumor cells. If this one is
stopped or impeded cells would rapidly undergo replicative senescence. Targeting
the ALT pathway would moreover allow to treat specifically tumor cells since even
the fast growing healthy tissues are using the telomerase to maintain their
telomere length and would therefore not be affected by the treatment. The ALT
mechanism is based on DSB repair and recombination, which involves dynamic
telomere-telomere interaction, as well as the association of telomeres with PML
bodies in the APB structure, which is thought to be the siege of the lengthening.
With this regards, the first purpose of this thesis was to describe the overall
mobility of telomeres in the osteosarcoma cell line U20S which uses the
alternative telomere lengthening pathway. We have therefore generated a large
amount of cell lines with telomeric /lacO arrays inserts that were characterized with
respect to insert number and chromosomal insertion loci. A particular cell line with
three different /ac operator arrays stably inserted at telomeric sites was obtained.
The three coordinates system provided by the three different lacO arrays allowed
us to study the mobility of telomeric regions regardless of cell mobility on a time
scale ranging from the millisecond to the hour by using high-performance live cell
imaging systems. Previous telomere dynamics studies were conducted with in vivo
PNA telomere labeling, a method that allows to visualize only the telomere
displaying the longest repeats (Molenaar et al.,, 2003). On the contrary, the
lacO/Lacl system allows to label a telomere regardless of the repeats length. We
therefore investigated if a correlation could be established between telomere
length and mobility by using combination of live cell imaging and FISH
experiments. Finally, the /acO labeled telomeres allowed us to characterize the
PML bodies relative mobility towards telomeres as well as the dynamics of the
formation as well as the structure of the APBs was investigated.
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Il. Material and Methods

1 Material

1.1 Biological material

1.1.1 Bacterial strains

Bacteria are used in molecular biology for amplification and preparation of
plasmid-DNA. Commercially available chemocompetent bacteria E. coli XL1 blue,

XL10 gold and Sure (Stratagene, Germany) were used in this thesis.

1.1.2 Cultured cell lines

The following cell lines were used for creating stable clones with /lacO arrays

integration or were directly used:

. Human osteosarcoma cell line U20S, ATCC n° HTB 96, was used to
generate all /lacO array cell lines described in this study.

. HelLa H2A-eYFP cell line was kindly provided by T.A. Knoch (Fejes Téth et
al., 2004; Knoch et al., 2000).

1.1.3 Expression vectors

Plasmids are constructs used for the bacterial amplification of DNA fragments.
Some plasmids also allow the expression of a cDNA coupled to an autofluorescent

protein in mammalian cells by transfection.

Usual name XFP Ref. Size (bp) Selections

p3'SS Lacl-NLS-eGFP 1 + 7400 | Amp |Hygro
TetR-eGFP TetR-eGFP 2 5384 Kan | Neo
3 5506 Kan | Neo
2 5506 Kan | Neo
pSV2-Lacl-XFP Lacl XFP
2 5506 Kan | Neo
eYFP 2 5506 Kan | Neo
Lacl-eCFP + TetR-eYFP
pLAU53 4 7674 | Amp | -
bacterial expression vector| eYFP
pLAU25 30-40 /acO repeats - 4 +4090 |Amp | -
pLAU29 30-40 tetO repeats - 4 +4090 |Amp | -
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pLAU41 About 120 /acO repeats - 4 7946 |Amp| -
pLAU42 About 120 tetO repeats - 4 7564 |Amp| -
pLAU43 About 240 /acO repeats - 4 12290 |Amp | -
pLAU44 about 240 tetO repeats - 4 11704 |Amp | -
- 5 5900 Kan | Neo
pSVHIII-H1.0 XFP Histone H1.0 eCFP | 5 5900 | Kan | Neo
eYFP 5 5900 Kan | Neo
eCFP | 5 5700 Kan | Neo
pSVHIII-H2A.i XFP Histone H2A.i - > o700 | Kan | Neo
eYFP 5 5700 Kan | Neo
2 5700 Kan | Neo
PML Il GFP Nuclear protein PML Il 6 + 7000 | Amp | n.k.
PMLII XFP Nuclear protein PML Il ! o814 Ran | Neo
2 6814 Kan | Neo
PMLV eGFP Nuclear protein PML V 7 6570 Kan | Neo
2 + 6500 | Amp | n.k.
PCNA XFP Nuclear protein PCNA = =500 LAmp | nk
- 2 + 6500 | Amp | n.k.
eCFP | 6 + 6500 | Amp | n.k.
pcDNA 3.1 (+) Empty vector - 8 5428 | Amp | Neo
pcDNA 3.1 (+) Hygro Empty vector - 8 5600 | Amp [Hygro
pRSET B-mRFP1 Expression vector . 3 3590 |Amp| -
pEGFP-N1 Expression vector 9 4700 Kan | Neo
pEYFP-N1 Expression vector eYFP 9 4700 Kan | Neo
pEGFP-C1 Expression vector - 9 4700 Kan | Neo
pEYFP-C1 Expression vector eYFP 9 4700 Kan | Neo
pECFP-N1 Expression vector eCFP | 9 4700 Kan | Neo

Table 11.1: Plasmids used in this study

Kan: Kanamycin prokaryotic resistance; Amp: Ampicilin prokaryotic resistance; Hygro:
Hygromycin eukaryotic selection marker; Neo: Neomycin (G418) eukaryotic selection
marker; n.k.: not known.

References: 1: A. Belmont, (Belmont et al., 1999); 2: This thesis; 3: C. Cardoso; 4: D.
Sherrat, (Lau et al., 2003); 5: T. A. Knoch, (Knoch et al., 2000); 6: S. Gérisch,(Gorisch et
al., 2004); 7: P. Hemmerich,(Kiesslich et al., 2002); 8: Invitrogen, USA; 9: Clontech,
TaKaRa Bio inc., Japan.
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Il. Material and Methods

Synthetic DNA oligonucleotides are used as primers for sequencing and

polymerase chain reaction (PCR) or, when they are directly coupled with a

fluorescent dye, for fluorescent in situ hybridization (FISH) assays. All DNA

oligonucleotides were purchased from Thermo Fisher scientific.

Primers used for DNA sequencing

Name Sequence Hybridization locus
eXFP rev CTTGTGGCCGTTTACGTC +23 for all XFP cDNAs
eXFP seq For GTCCTGCTGGAGTTCGTGAC +665 for all XFP cDNAs
PeXFP-C1 MCS +1399 in the MCS of
GATCAGTTATCTAGATCCG
Rev pEXFP-C1 plasmid family
70bp before Histone insert
Histone For CCTCTGAGCTATTCCAGAAG
in pSV-HIII Hx-XFP vectors
pUC18 ins For CTCTTCGCTATTACGCCAGC +290 on PUC18 vector
pUC18 ins Rev CCGGCTATGTTGTGTGG +508 on PUC18 vector
TetR For CATCGCGATGGAGCAAAAG +277 on TetR cDNA
TetR Rev GCGCTGAGTGCATATAATGC +388 on TetR cDNA
Lacl For CGATAGCGGAACGGGAAG +699 on Lacl cDNA
PML 111.2 For CAGATGCACGCGGCCGTCGG +792 on PML 1lll cDNA
PML 111.3 For GCAACCACGTGGCCAGTGGC +1639 on PML Ill cDNA

Table 11.2: List of sequencing primers used in this Thesis

DNA oligonucleotides used for FISH experiments

Name Sequence Fluorescent dye
lacO Cy3 AATTGTTATCCGCTCACAATT Cy3
lacO Fluo AATTGTTATCCGCTCACAATT Fluo 6 Fam

Table 11.3: List of fluorescent-labeled FISH oligonucleotide probes used in this

Thesis

Primers used for cloning

Name
TetR Bgl Il ATG
NLS For

Sequence
AAAGATCTCACCATGGTGGATCCAAAAAAGA
AGAGAAAGGTAGCCATGGTGTCTAGATTAC

Remarks
Bgl 1l cloning site followed
by ATG and a NLS

TetR Eco Rl rev

ATGAATTCCGTCAGACCCACTTTCAC

Eco RI cloning site

Table I1.4: List of cloning primers used in this Thesis
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1.1.5 Enzymes

The following enzymes were used for the generation, the modification or the

analysis of the plasmids used in this thesis:

Restriction enzymes MBI Fermentas, Lithuania
T4 DNA ligase MBI Fermentas, Lithuania
Calf intestine phosphatase New England Biolabs, USA
Pwo DNA polymerase Peqlab, Germany

1.1.6 Antibodies

Antibodies were used in this thesis for immunolabeling of fixed cells. The primary
antibody is specific for the protein of interest. The secondary antibody is specific

for the primary antibody and is coupled to a fluorescent dye.

Primary antibodies

Antibody Specificity = Origin specie Provider

Anti-PML Human Mouse Santa Cruz Biotechnology, USA

Table I1.5: List primary antibodies used in this Thesis

Secondary antibodies

Antibody Origin specie @ Coupled fluorescent dye Provider
Anti-mouse IgG Goat Molecular Probes, USA
Anti-mouse IgG Goat Molecular Probes, USA

Table 11.6: List secondary antibodies used in this Thesis

1.2 Media and solutions

1.2.1 Cell culture reagents

DMEM, low glucose, without phenol red  Invitrogen, USA

DMSO Sigma-Aldrich, Germany
Fetal calf serum (FCS) “Gold” PAA, Germany
L-glutamine PAA, Germany
Trypsin PAA, Germany
G418 solution PAA, Germany
Hygromycin B solution PAA, Germany

y

Colcemid “Caryo max’ Invitrogen, USA
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1.2.2 Cell coloring dyes and mounting reagents

Vectashield
Vectashield with DAPI

To-Pro 3 iodine

1.2.3 Bacteria culture media

Luria Bertani (LB) medium

LB-media with antibiotics

SOC

LB-agar plates

1.2.4 Buffers

6 x gel electrophoresis loading buffer

1x PBS (pH 7.4)

Linaris, Germany
Linaris, Germany

Molecular Probes-Invitrogen, USA

1 % (w/v) Bacto tryptone
0.5 % (w/v) yeast extract
86 mM NacCl

LB + 100 pg/ml ampicillin
LB + 50 ug/ml kanamycin

2 % (w/v) Bacto tryptone
0.5 % (w/v) yeast extract
4.3 mM NacCl

2.5 mM KCI

10 mM MgCL2

20 mM Glucose (sterile filtered)

15 g agar was added to 1000 ml LB
Antibiotics added to cooled medium

0.25 % (v/v) Bromophenol blue
30 % Glycerol in water

2.7 mM KCL

1.7 mM KH2PO4
137 mM NacCl

10 mM NazHPO4
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1 x TBE (Tris/borate/EDTA; pH 8.0)

20 x SSC

1.3 Kits

89 mM Tris
89 mM H3BO3
2 mM EDTA

0.15 M NaCl
0.015 M CGH807N83

The following kits were used in this thesis for standard molecular biology, cell

transfection and PNA-FISH assays:

Effectene transfection reagent
Fugene transfection reagent

Nucleospin miniprep kit

Qiagen, Germany
Roche, Germany

Macherey-Nagel, Germany

Nucleobond PC 500 Plasmid Maxi Kit ~ Macherey-Nagel, Germany

Qiaquick PCR Purification System
Qiaquick gel Extraction Kit
Telomere PNA FISH Kit

1.4 Instruments

Spectrophotometer
Inverted fluorescence microscope
Laser scanning microscope (LSM)
Spinning Disk LSM

Thermocycler
Gel documentation system

1.5 Software

Invitrogen, Germany
Invitrogen, Germany

DakoCytomation, Denmark

V 530 Jasco, Japan

DMIRB Leica Microsystems, Germany
TCS-SP2 Leica Microsystems, Germany
Ultra view Perkin-Elmer, USA

ERS-FRET Perkin-Elmer; USA
Mastercycler Eppendorf, Germany
GD/Chemi Doc Bio Rad, Germany

Image J 1.36b National Institutes of Health, USA
Adobe Photoshop CS Adobe Systems, USA
Adobe lllustrator CS Adobe Systems, USA

Mat Lab 7.3.0 The Mathworks, Inc., USA
Excel 11.3.5 Microsoft, USA
Kaleida Graph 4.0 Synergy Software, USA
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4 Peaks 1.5 Mek&Tosj, The Netherlands Cancer Institute, Holland
DNA Strider 1.46f Commissariat a I'énergie atomique (CEA), France
2 Methods

2.1 Molecular biology techniques

2.1.1 Transformation of competent bacteria

E.coli cells were used to amplify plasmid DNA. The transfer of plasmids into
bacteria requires that the cell membrane is permeable for the plasmids. 30 ul of
competent E.coli were thawed on ice, mixed with 3 pl of the ligation reaction, or, in
case of a re-transformation, with 0.1 ng plasmid DNA and incubated on ice for 30
minutes. For the plasmid uptake, the bacteria were heat-shocked at 42°C for 90 s
and briefly equilibrated back on ice. 270 yl pre-warmed SOC media was added to
the cells and the cells were incubated for 30 to 60 minutes at 37°C with shaking.
250 ul of the bacteria suspension was plated onto agar-plates containing the
appropriate antibiotic. Cells were incubated over night at 30 to 37°C depending on
the nature of the transformed plasmid. It appeared that growing large (> 10 kb)
plasmids or vectors containing repetitive sequences (lacO or tetO arrays) in
standard bacterial strain (XL1 or XL10) at 37°C highly increased the probability of
unwanted DNA recombination. Therefore those constructs were systematically
transformed in recombinase-negative E.coli “Sure” cells and grown at ~ 30°C.

2.1.2 Isolation of plasmid DNA

E. coli containing the plasmid of interest were grown on agar plates. Colonies were
picked from the plates and grown for minipreps in 5 ml LB-medium in the presence
of the appropriate antibiotic in a shaking incubator at 37°C over night.

For maxipreps a 5 ml pre-culture in LB-medium was grown for 6 hours and
transferred to an overnight culture (100 ml for low-copy and 500 ml for high-copy
plasmids). Isolation of plasmid DNA was performed according to the
manufacturers protocol (Nucleospin Miniprep Kit and Nucleobond PC500 Plasmid
Maxi Kit).

2.1.3 Agarose gel electrophoresis

Agarose gel electrophoresis is used to separate DNA-fragments in an electric field

according to their size. The concentration of the agarose is dependent of the size
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of the DNA fragments. The agarose was melted by boiling in 1 x TBE buffer. The
solution was poured into a gel sled and was allowed to harden. For
electrophoresis, the gel was placed in a gel chamber and covered with 1 x TBE
buffer. The samples were mixed with loading buffer and loaded into the well of the
gel. Electrophoresis was run for 30 to 90 min at 90-120 V and 500 mA. The DNA
was stained by soaking the gel for 5 minutes in 1 pg/ml ethidium bromide at room
temperature. Images were taken with the digital camera device of the Gel
Documentation System.

2.1.4 Determination of DNA concentration

The concentration of DNA was determined from absorbance measurements with a
spectrophotometer (Jasco GmbH, Germany). The absorbance of the nucleic acid
solution was determined of a wavelength of A = 260 nm. Contaminations with
proteins or phenol can be detected by calculating the ratio of OD20/OD2go, as
protein or phenol increase the Agg. A ratio of 1.8 to 2.0 indicates low protein
contamination of the DNA. In general, the higher the ratio, the purer the nucleic
acids are. A ratio < 1.6 might show residual amounts of proteins or phenol,
whereas a ratio > 2 occurs if the sample is too diluted. An absorbance unit of the
optical density of 1 at A = 260 nm (ODys = 1) corresponds to a concentration of 50
Mg/ml of dsDNA.

2.1.5 Restriction digestion

Restriction endonucleases are nucleases from bacteria, which cut DNA sequences
at specific recognition sites, often containing a palindromic sequence. For cloning
purposes, using two different restriction nucleases that produce 5 overhangs
(‘sticky ends’) is advantageous, since sticky ends prevent re-ligation of the vector
without insert DNA and produce sense-orientated inserts. Double restriction

digests can be performed in many cases in the same buffer system.

Analytical restriction digestion

Analytical digestions were performed in 10 ul volume with 50 ng to 1 ug DNA for 1
hour with 5 Units (U) of enzyme at the required temperature (37°C for the large
majority of the enzymes). DNA fragments were analyzed by agarose gel

electrophoresis.
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Preparative restriction digestion

For preparative purpose up to 10 uyg DNA was digested in a final volume of 50 pl
with up to 40 U enzyme for 2 hours to overnight. In case of impossible double
digestion for buffer incompatibility reasons only one enzyme was used first. The
restricted fragment was then gel-purified and subsequently cut with the second

enzyme and finally purified again the same way.

Partial restriction digestion

4-5 ug of plasmid DNA was digested with 5-10 units of the single cutting enzyme
at 37°C in a final volume of 40 pul. After 1-2 hours, 5-10 units of the multi cutting
enzyme were added and the final volume was adjusted to 85 ul. Digests were
incubated at 37°C. 10 ul samples were taken after 2, 5, 10, 15, 20, 25, 30, and 40
minutes and mixed with 2 pyl of 6 x DNA loading buffer with 100 mM EDTA and
kept on ice. Subsequently, 2 ul of each sample were subjected to agarose gel
electrophoresis. Samples containing the desired DNA fragment were pooled and

purified on an agarose gel.

2.1.6 Gel purification

After digestion of vector and/or PCR products, restriction enzymes and side
products need to be removed from the samples to enable ligation. The DNA was
separated in a 1-2 % agarose gel. As the exposition to 254 nm UV light leads to
pyrimidine dimmers in the DNA that can cause mutation the gel observation and
handling time was kept as short as possible and reduced UV light source was
used (“preparative light” modus on the gel documentation device). The bands of
interest were cut out carefully with a sharp scalpel blade on the UV table and DNA
was extracted from the agarose gel with a gel purification kit according to the

manufacturer’s instructions (Qiaquick gel extraction kit).

2.1.7 Primer design

Primers are short, single stranded, DNA sequences used for sequencing, PCR
reactions and fluorescent in situ hybridization (FISH). Typically 19-20 base-long
primers were designed. As the annealing temperature is depending from the base
composition the primer were designed to contain a minimum of 50% G/C content
when possible. For cloning purposes it is often required to add a restriction site on
the 5 end of the primer. It is then necessary to add one or two more bases
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upstream to the enzyme site to assure a good cleavage. It is moreover possible to
add all kind of short sequences (Nuclear Localization Signal, stop codons, protein
recognition tags...) between the restriction site and the complementary sequence.
For all the PCR primers designed for the cloning of a sequence in an expression
plasmid a particular attention to the conservation of the reading frame is given.

2.1.8 PCR

In order to amplify a specific DNA target sequence, a forward and a reverse primer
were designed as described in the previous paragraph. The target sequences
were amplified with Pwo DNA polymerase. According to the enzyme provider
protocol the standard PCR reaction volume is 50 ul and is divided in two master-
mixes from 25 pl each (final concentration is given for the whole mix). Both

master-mixes are kept on ice.

Master-mix I:

Volume Final concentration
dNTP (10 mM each) 1 ul 200 uM
Downstream Primer (20 pM/ul) 1,5 pl 600 nM
Upstream Primer (20 pM/ul) 1,5 pl 600 nM
Template DNA - 0,1-0,5 ug
H.0 Fill to 25 pl -

Master-mix Il:
10 x reaction mix 5ul 1X
Pwo DNA polymerase 2,5yl 25U
H.0 Fill to 25 pl -

Table 11.7: PCR mix composition

The following PCR cycling program was used:

1 cycle initial denaturation | 1+3 minutes 94°C
denaturation 1 minute 94°C

25-35 cycles annealing 45 seconds 50 to 65°C
extension 1 minute/kbp 72°C
1 cycle final extension 10 minutes 72°C

Table 11.8: Typical PCR cycling program
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When starting only master-mix | is present in the thermocycler. The master-mix |l
is added after the first minute of the initial denaturation. This method is an
adaptation of the technique known as “hot start” that is used to reduce the
probability of unspecific DNA amplification. The annealing temperature was
modified according to the primers used. Extension time was calculated in function
of the expected amplified fragment length to one minute for each 1 kb amplified.

PCR products were then analyzed on a 1 % agarose gel.

2.1.9 Purification of PCR products

The PCR products were purified from primers and nucleotides before restriction
digestion. Purification was performed according to the protocol of a PCR
purification kit (Qiaquick PCR purification kit). The purified fragments were finally
dissolved in 50 ul TE buffer.

2.1.10 Removal of 5-phosphate residues from DNA fragments

In order to prevent re-ligation of a linearised vector, the phosphate groups that
deliver the reactive phosphor required for the sugar-phosphate bonds of the DNA,
were removed by an alkaline phosphatase (Calf Intestine Phosphatase, CIP). The
digested vector DNA was dephosphorylated for 1 hour with 1 unit CIP at 37°C and

subsequently inactivated for 15 minutes at 70°C.

2.1.11 Ligation

For the ligation reaction, insert DNA and vector DNA were mixed, such that the
molecular ratio between insert and vector was 6:1 for inserts smaller than 2 kb and
3:1 up to 1:1 for inserts greater than 2 kb. The ligation mix was prepared in a final
volume of 10 pl containing 1 U T4 DNA ligase and the appropriated buffer, on ice.
For small fragments (<1kb) ligation mix was incubated 1 hour at room temperature

and for bigger fragments (>1 kb) at 16°C overnight in a thermoblock.

2.1.12 Sequencing

All cloned expression plasmids were sent to Seqlab GmbH (Goéttingen, Germany)
for sequencing to verify the DNA sequence.

2.1.13 DNA sequences computing

The software DNA Strider (see paragraph 1.5) was used for routine DNA
sequences analysis, handling and archiving. The automatic sequencing of DNA
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leads sometimes to imprecision. Therefore sequencing raw data, provided as
chromatograms, were checked with 4Peaks (see paragraph 1.5) in order to solve

these imprecision.
2.1.14 Generation of mammalian expression plasmid

TetR-eGFP

A mammalian expression vector coding for the Tet receptor fused at the N-
terminus with the autofluorescent protein eGFP was generated. The TetR cDNA
was first amplified by PCR using the vector pLAU 53 (Lau et al., 2003) as a
template with the upstream primer “TetR Bgl Il ATG NLS For” (see paragraph
1.1.4) that codes for the Bgl Il restriction site and a nuclear localization signal
(NLS) and the downstream primer “TetR Eco Rl Rev” (see paragraph 1.1.4) that
codes for the Eco RI restriction site. After purification the PCR fragment and was
digested by Eco RI and Bgl Il. The mammalian expression vector pEGFP-N1
(Clontech) was digested with the same enzymes. Both DNA fragments were
purified on gel and ligged together with the T4 DNA ligase enzyme.

Replacement of autofluorescent proteins

It is possible to observe multiple autofluorescent-coupled proteins in living or fixed
cells by transfection if the autofluorescent proteins are emitting in a different
spectrum area. Therefore a large palette of XFP proteins is available. Depending
on the desired protein combination the substitution of the autofluorescent protein
coupled with one or the other is often required. The substitution of the
autofluorescent protein was performed as follow: The vector of interest is digested
with Nhe | (or Age ) and Bsr Gl (a partial digestion is sometimes required if one of
the chosen enzymes has more than one digestion site in the vector). The required
XFP is extracted from a peXFP plasmid family vector (Clontech) with the same
enzymes. The fragments of interest are purified on gel and ligged together with the
T4 DNA ligase.

2.2 Cell culture techniques

2.2.1 Cultivation of culture cell lines

Human osteosarcoma cell line U20S was grown in tissue culture flasks in an
incubator providing a constant 37°C temperature, 97 % relative humidity and 5 %
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CO; in low glucose D-MEM medium, without phenol red supplemented, with 10%
FCS, freshly added L-glutamine (2 mM final) and penicillin/streptomycin antibiotic
mixture (100 pg/ml final). Medium was renewed every three days.

Cells were passaged by using trypsin in PBS (0.02-0.05 % W/V) (typically 2 ml for
a T75 flask) for 5 to 10 min at 37°C after a short PBS wash. When the cells were
detached from the flask bottom fresh medium was immediately given in order to
inactivate the enzyme. Cells were separated by vigorously pipetting up and down,
diluted in an appropriated manner and transferred in a fresh flask. Cells were

typically passaged in a one to six fashion each week.

2.2.2 Freezing of cells

The freezing procedure was conducted as follow: A healthy looking, 80 %
confluence culture was detached from flask bottom by trypsin treatment and cells
were re-suspended in DMEM. Cells were then pelleted at 1200 rpm for 5 min.
Supernatant was discarded and cells were re-suspended in ice cold freezing
solution (10 % DMSO, 30 % FCS, 60 % D-MEM) at a final concentration of 2-4
million cells per 1 ml (typically 3 ml for a T75 flask). This cell suspension was then
alliquoted in 1 ml pre-cooled cryo-vials and directly stored at —80°C over months.
For long time conservation (over years) aliquots were transferred the following day
to a —150°C freezer.

2.2.3 Thawing of cells

Cells were thawed by rapidly warming the cryo-vials at 37°C in a water bath.
When the freezing solution was almost completely thawed (only one last small ice
cube visible) the cryo-vials were sprayed with 70 % ethanol to avoid contamination
and the whole aliquot was transferred to a T75 flask containing fresh pre-warmed
medium. The medium was renewed as soon as the cells were attached to the flask

bottom.

2.2.4 Transient transfection

Cells were splitted one or two days before and settled in order to reach 80 %
confluence for the transfection day. For subsequent fixation, cells were grown in a
12 or a 24 well plate on autoclaved coverslips. For live cell imaging cells were
grown on coverslips for scanning with Leica TS-SP2 or in Lab-Tech chamber
(Nunc, USA) for spinning disk Laser scanning microscopy (see paragraph 2.3).
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Cells were transfected either with Fugene 6 (Roche) or Effectene (Qiagen).
Amount of transfection medium and DNA was empirically optimized for each
vector but in a general manner the half of the amount of the manufacturer protocol
was used. Cells were studied 12 to 17 hrs after transfection. Medium was renewed
1 to 2 hrs prior to use.

2.2.5 Fixation and mounting of the cells

The cells were washed three times for 2 min with PBS. The fixation was made with
4% Paraformaldehyde in PBS for 12 min at room temperature (RT) followed by
three times 2 min PBS washing. Chromatin counterstaining was done either by
mounting fixed cells in DAPI-containing Vectashield or by incubation with 1 uM To-
Pro 3 iodide solution for 2 min followed by a 2 to 5 min PBS wash and mounting in
Vectashield.

2.2.6 Generation of cell lines with stably integrated /acO arrays and/or tetO
arrays

Cell lines with stably integrated /acO arrays were obtained by co-transfection with
a plasmid containing 240 repeats of /lac operator (pLAU 43, kindly provided by
David Sherrat, Oxford) (Lau et al., 2003) sequence together with a neomycin
resistance coding vector (pcDNA3.1). Both vectors were linearised and mixed in a
1:5 or 1:10 ratio. U20S cells growing in a 12-well plate were then transfected.
After 24 hrs cells were trypsinized and transferred to a 12 cm tissue culture dish
and 750 ug/ml G418 was added after 24 additional hours. The non-stably
transfected cells died after 4-5 days and the complete selection procedure lasted
for 10 days. During the selection phase the medium was exchanged daily in order
to remove the dead cells. About two to three weeks after beginning of the selection
single colonies were visible. Ideally the colonies were 1-1.5 mm in diameter and
separated. To ease the cloning procedure, the bottom of the dish was divided in
sectors and colony position was marked with a circle using a marker pen. 100-200
clones were then picked with a 10 pl pipette tip and transferred to a 48-well plate.
After one more week each surviving clones (30 to 50 %) were trypsinized and
transferred to two wells of a 24 well-plates. One of the plates, containing a glass
coverslip in each well, was transiently transfected with Lacl-eGFP in order to

screen the clones after fixation. The corresponding positive clones were grown
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from the other 24-well plate. A schematic representation of the cloning strategy is
given in Figure 11.1.

XSt pLAU 43 JacO

vector
TRANSFECTION x1—AE)——  Resistance

vector
U20S cells

80% confluence

12-well plate

After 24 h cells are transferred
to a bigger surface

12 cm? plate

48-well Plate

000000
000000000
000000000

000000000

SELECTION

750 ug/ml G418

About 2 weeks 10ul pipette tip

About 1
* week
Single clone
colonies 00000000
00000000
[0]0]0]0]0]0]0]0e)
Transfer of each grown clone 0/0]0/0/0/0)0/0@)
to 2 different 24 well plates QOOOQ0

Lacl-eGFP -
transient @
transfection Cover slip

AMPLIFICATION AND
CHARACTERISATION

OF THE POSITIVE
CLONES

Figure 11.1: Schematic representation of the strategy used for the /acO array stable
cloning in U20S

Double /acO and tetO clones were generated following the same procedure by
using a U20S-/acO stable cell line and co-transfecting a 240 tetO repeats plasmid

(PLAU 44) together with a Hygromycin resistance coding plasmid (pcDNAS3.1
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Hygro). Cells were then selected wit 500ug/ml Hygromycin. For all experiments
Lacl-XFP (or/and TetR-XFP) was transiently transfected with Effectene 12 to 18

hrs before observation or fixation.

2.3 Microscopy methods

2.3.1 Fixed cells microscopy

For fixed cell imaging purpose a Leica TCS SP2 was used with a 63 x oil
objective. Typically a zoom x 6 was used and cells were scanned in Z-axis with a

distance of 0.3 ym between the pictures.

2.3.2 Live cell imaging

Two different Laser Scanning Microscope types were used depending on the

experimental requirements:

Long time cell imaging

For long time cell imaging (up to 15 hours) a Leica TCS SP2 was used with an
objective heating and an environmental chamber (Helmut Sauer) providing heating
and COa,.

. Z stacks of 12 to 20 pictures with 0,3 ym distance were collected every 5

minutes.

High speed microscopy

For an optimal resolution in time a Perkin-Elmer Ultra-View or a Perkin Elmer

ERS-FRET spinning disk confocal microscope was used. A Tokai Hit chamber for

inverted microscope was used to ensure stable temperature and required humidity

to the cells. Experiments were conducted without CO; with medium containing 10

mM HEPES buffer pH 7.4.

. For minute scale experiments Z stacks of 10 to 16 pictures with 0.3 um
distance were collected every 8 to 15 s for 15 minutes.

. For second scale experiments cells where the three lacO loci were visible in
the same focal plan were searched. A single scan was performed every 70 to
150 ms for 5 minutes.
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2.3.3 Image treatment and spot tracking

For the single particle tracking all 3D stacks were submitted to maximum intensity
projection along the Z-axis. The coordinates for the translocation of the /acO spots
visualized by binding of Lacl-GFP were determined with the SpotTracker software
kindly provided by Daniel Sage (EPFL, Lausanne) (Sage et al., 2005) that
determines the centre of mass of the tracked particle. From the X-Y coordinates of
the tracked spots the mean squared displacement (MSD) over time was
determined according to Eq. 1.

MSD = (d?(At)) = <[d(t) ~d(t+ At)]2> (Eq. 1)

The squared distance d” between the two positions d(t) and d(t + At) of the particle
before and after a time At is measured, averaged for all identical values of At and
then plotted against the time difference At from the start point. It is noted that for
an isotropic movement of the particle in three dimensions (n = 3) the value
determined for D from projections to two dimensions (n = 2) will be the same as
that obtained from the analysis of 3-dimensional data sets.

2.4 Metaphase spreads

Cells were splitted the previous day in order reach 80 % confluence. The medium
was renewed and 0.5 pg/ml colcemid was added (CaryoMax). After 1 h 30 min
incubation at 37°C the culture flask was vigorously shaken and the supernatant
was collected. Remaining adherent cells were trypsinized, pooled together with the
previously collected supernatant and pelleted by centrifugation at 1000 x g for 10
min at RT. The pellet was re-suspended in 300 to 500 pl fresh medium and pre-
warmed (37°C) 75 mM KCI was added drop wise to a final volume equal to the
original culture volume. Cells were then incubated for 30 min at 37°C in a water
bath, pelleted by centrifugation and re-suspended in 300 to 500 ul KCI solution.
Ice cold fixation solution (freshly prepared methanol/glacial acetic acid, 3:1 V/V)
was added drop wise to a final volume equal to the original culture volume and
cells were incubated 30 min at —20°C. Cells were then pelleted at 1000 rpm for 5
min at RT and re-suspended in 2 ml fixation solution. This step was repeated five
times. Microscope slides were carefully washed with ethanol and water. After the

39



Dynamics of telomeres in a telomerase negative human osteosarcoma cell

last washing step cells were re-suspended in 100 to 500 pl fixation solution and
dropped from 10 to 30 cm height on the inclined slides. Breathing on the slides
prior to the dropping facilitated chromosome spreading. After drying slides were
submitted to a series of 5 min ethanol washes (70 %, 90 %, 100 %) and used
immediately or stored at —80 °C.

2.5 Fluorescent in situ hybridization (FISH) technique

2.5.1 Oligo-FISH

Chromosome spreads from each clone were prepared. After a 2-3 min treatment
with 250 ug/ml Pepsin in 10 mM HCL slides were washed with PBS and re-fixed
10 min in 4 % Paraformaldehyde in PBS at RT. After an additional PBS wash
slides were dehydrated by a series of 5 min ethanol washes (70 %, 90 %, 100 %).
For DNA denaturation cells were dipped in 70 % deionized formamid (Applichem),
2 x SSC, pH 7 at 72°C for 5 min and immediately dehydrated with a series of 3
min ethanol washes. After complete drying of the slide 30 ul of 1.5 M NaCl, 0.25 M
NaAC, pH 7 containing 200 ng of fluorescent labeled (fluorescein or Cy3) /lacO
oligonucleotide probe was given on the sample, a coverslip was applied and
sealed with Fixogum. The slides were incubated overnight at 37°C in a humid
chamber. The next day cells were washed in 4 x SSC, 0.2 % Tween 20 at RT for 5
min, mounted in Vectashield and pictures were taken by laser scanning

microscopy.

2.5.2 LacO oligo-FISH and Telomere PNA-FISH double hybridization

For telomere length estimation, chromosome spreads were prepared as described
in the previous paragraph. A small grid was drowned on the hybridization field on
the back of the slide with a diamond pen. Chromosome spreads were then
scanned and, for each one, the position on the grid was noted. Fixogum was
removed and slides were incubated in PBS to remove the coverslip. Telomere
PNA FISH (DakoCytomation) was then performed according to the manufacturers
protocol with an hybridization time extended from 2 h to overnight. Previously
scanned chromosome spreads were relocated by using the grid coordinate system

and scanned with a laser scanning microscope.
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2.5.3 Multicolor FISH (mFISH) and second hybridization

Multicolor FISH assays were done using the SpectarVysion (Vysis, Inc.) 24 color
chromosome paint assay. Chromosome spreads were treated prior to
hybridization: 1 ml 0.1ug/ml RNAse A (Sigma), in 2 x SSC was dropped directly on
the region of interest and the slides were incubated 30 min at 37°C. After two 5
min washes in 2 x SSC slides were incubated in a Pepsin (Amresco) solution
(20pg/ml in 0,1N HCI) for 5 min at 37°C. Pepsin was subsequently inactivated by
washing twice for 5 min in PBS at RT. The slides were then incubated 2 min in a
1% Formaldehyde (sigma), 0.05M MgCl, PBS solution, washed twice 5 min in
PBS at RT and dehydrated by a series of 5 min ethanol washes (70 %, 90 %, 100
%). Denaturation, hybridization and slide washing were conducted according to
the manufacturers protocol.

Images were acquired using a Axioplan 2 (Zeiss, Germany) microscope together
with a Sensys CCD camera (Photometrix) and the Smart Capture acquisition
software (Vysis, Inc.). For each chromosome spread acquisition the coordinates
on the microscope table were noted. Images were processed and karyotype was
composed using the Quips SpectraVysion software (Vysis, Inc.).

After mFISH picture acquisition, slides were incubated in PBS for 5 min and
coverslip was carefully removed. The slides were then incubated twice 10 min in a
4 x SSC solution containing 0.1 % Tween 20 (Roth), washed twice 5 min in 2 x
SSC and dehydrated in series of 5 min ethanol washes (70 %, 90 %, 100 %). A
lacO oligo-FISH was then conducted on the slides. From the previously noted
coordinates the mFISH-analyzed chromosome spreads were relocated and
images were taken using the same settings as for the mFISH.

2.6 Immunofluorescence

Cells were grown to 80 % confluence on 18 mm diameter coverslips. If required
cells were transiently transfected 12-18 h prior to fixation. Cells were fixed with 4
% PFA/PBS, washed and permeabilized by incubating the coverslips for 5 min
with ice cold 0.1 % (V/V) Triton X100 solution in PBS. After three PBS washes,
cells were incubated for 5 — 15 minutes with 10 % goat serum in PBS to block
unspecific antibody binding. After removal of the blocking solution, the cells were
incubated with 20 ul of the appropriate primary antibody adequately diluted in PBS
for 30 — 60 minutes. Coverslips were washed three time five minutes with PBS
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containing 0.002 % (V/V) NP40. The secondary antibody was diluted according to
the manufacturer instructions in PBS. A total volume of 20 ul was applied to the
cells and incubated for 30 to 60 minutes. After rinsing three times in PBS, the
coverslips were dipped briefly into ddH,O and were either directly mounted or
incubated for 1 minute in ethanol and air dried. Coverslips were mounted with

Vectashield on microscope slides. Slides were stored at 4°C.

42



lll. Results

1 Characterization of global chromatin mobility

The chromatin dynamics was analyzed in vivo in a global manner by fluorescence
recovery after photobleaching (FRAP) experiments. For these experiments a HelLa
cell line stably expressing H2A-eYFP was used (Fejes Toth et al., 2004). The H2A
histone protein incorporates in the nucleosomes and provides an in vivo labeling of
the chromatin. A grid pattern was bleached onto labeled chromatin at t=0 and the
recovery of the fluorescence in the bleached region was observed over a period of
20 minutes. At the same time, the influence of chromatin remodeling on the
fluorescence recovery was monitored (Fig. I1l.1). From previous experiments we
know that sodium Azide treatment leads to an ATP depletion and a compacting of
the chromatin whereas treatment with TSA, a chromatin deacetylase inhibitor,
leads to a global decondensation (Fejes Téth et al., 2004).

Figure lll.1: Effect of chromatin modifying factors on global chromatin dynamics

Hela cells with autofluorescent histone H2A-eYFP (Fejes Toéth et al., 2004) are studied. The H2A-
eYFP fluorescence was bleached in a 5 x 5 ym grid with a line width of 0.5 uym. Then the recovery
of the fluorescence was monitored. Images acquired directly after the bleach (1), after 10 minutes
(2) and after 20 minutes (3) are shown. (A) Control cells (B) ATP was depleted by adding 10mM
sodium azide to the medium and incubating the cells for 30 minutes. (C) Cells treated with 100
ng/ml TSA for 24 h.
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In these experiments it can be seen that upon ATP depletion (Fig. 1ll.1B) or
increased histone acetylation (Fig. 1ll.1C) the chromatin is somewhat more static
than in the control cells as indicated by a more prolonged visibility of the grid after
20 minutes (Fig. Ill.1, panel 3). This suggests, that the differences observed are
due to variations in chromatin mobility on a length scale of a few hundred
nanometers and in the exchange rate of histone H2A-eYFP.

The analysis of bleaching experiments revealed the difficulty of studying chromatin
dynamics on a global scale and the need for a more specific system. The lacO
Lacl in vivo chromatin labeling system introduced in mammalian cells for the first
time by the laboratory of A. Belmond (Robinett et al., 1996) was therefore used to

carry out further investigations on chromatin dynamics.

2 Generation of cell lines with stably integrated /acO
and/or tetO arrays

2.1 Cells with stably integrated /acO arrays

The plasmid pLAU 43 containing 240 copies of the /ac operator (Lau et al., 2003)
was stably transfected in the human osteosarcoma cell line U20S. The insertion
loci were then visualized in stable clones by transiently transfecting the cells with a
construct coding for the Lac inhibitor fused with eGFP or mRFP1. Figure I11.2 is
summarizing the technique. A serie of over 30 U20S clones with stably integrated
lacO arrays was generated by the procedure described in Figure II.1. These are
distinct with respect to the chromosomal integration loci, the integration sizes and
the number of integration sites per cell. A list of the most relevant clones is given
in Table 111.1.

The repetitive nature of the /acO arrays lead to a relative instability of the insert.
First, in order to minimize the intrinsic instability of the sequence, the transfected
constructs, pLAU 43 and pLAU 44 (respectively containing the lacO and the tetO
repeats) were build with non repetitive linker sequences between the operators
(Lau et al., 2003). Nevertheless some clones displayed a large heterogeneity in
the lacO array sizes and/or numbers. These clones were systematically rejected or
sub-cloned in order to obtain a stable phenotype. Thus, only highly homogenic
clones were used in this thesis. Finally, a large amount of cells of each used clone
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were frozen at an early stage after the cloning. After no more than 30 days of
culture, the cells were discarded and a fresh culture was re-started.

TedR-mREP TR-GEP /&

My

| 8 tatl) repeats

Laci-m&FP1

3w 8 =240 repeats " _.-"; 2w 8= 240 regeals
stable integraticn stable integration

of lacC amays of 1ol arrays

Figure 1l1.2: In vivo labeling of specific genomic loci using /acO/tetO repeats and
bound Lacl-eGFP/mRFP1 and/or TetR-eGFP/mRFP1 repressor.

A plasmid with 240 copies of lacO and/or tetO is transfected into U20S cells. The construct
integrates in the genome at single or multiple loci in a random fashion. By transient transfection
with Lacl-eGFP/mRFP1 and/or TetR-eGFP/mRFP1 the integration site can be visualized in vivo by
fluorescence microscopy

Clone lacO Insert chromosomal
designation localization
EC4 3p Telomere
FB4 3p Telomere
FC2 11q Telomere
F4 1B4 21p Telomere
F4 2B8 2q Centromere
F4 2C8 14p Telomere
Locus “b” 11q Telomere
F6B2 Locus “m” 6q Telomere
Locus “s” 12q Telomere
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1C3 n.d. Telomere
2A4 n.d. Telomere
2B2 n.d. Telomere
2C2 n.d. Telomere

Table Ill.1: Generated U20S cell lines with stably integrated /acO arrays.

Clones were generated by stably transfecting the /acO vector pLAU 43 in U20S cells. The table
displays the most relevant clones for experimental purpose. For precision on the /acO array
chromosomal location identification see paragraph 3. n.d.: clones currently under characterization.
The table lists only the clones retained for experimental purpose according to the characteristics
described in the text.

The lacO were visualized in vivo by transient transfection with a Lacl-eGFP or a
Lacl-mRFP1 construct as shown in Figure 1l.2. Most of the stable clones had a
single insert as shown in Figure I1l.3A, 3.3B 3.3C and Il1.3D for the clones EC4,
FB4 and F4 2B8 but a small number displayed several stable inserts like, for
example, the clone F6B2 (Fig. Ill.3E). As the unbound Lacl-eGFP stays confined
in the nuclear envelope it offered a convenient nuclear counter-staining during the

in vivo observations.

Figure 1ll.3: Examples of generated clones with stably integrated /acO arrays and/or
tetO arrays.

U20S clones with stably integrated /lacO arrays FB4 (A), EC4 (B), FC2 (C), F42B8 (D) and F6B2
(E) were transiently transfected with a Lac Inhibitor-eGFP vector. U20S /acO array and tetO array
double stable BiC3 (F) was transiently co-transfected with Lacl-mRFP1 together with TetR-eGFP.
BiC3 was obtained by stably transfecting a tetO array in the F6B2 cell line. Thus the three typical
lacO inserts of the clone F6B2 are visible in BiC3 (in red) as well as a large tetO array insert (in
green).
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2.2 Generation of stable clones with /lacO and tetO arrays
multiple inserts

A serie of over 30 clones with /acO arrays and tetO arrays was generated using
the clone F6B2 as starting cell line. The procedure used was the same as
described for the lacO arrays by stably co-transfecting the vector pLAU 44,
containing 240 tetO repeats, together with a different mammalian selection marker
(see paragraph 11.2.2.6). Like previously described, only clones displaying
homogeneity with respect to arrays size and number were retained. Other clones
were sub-cloned in order to get a more stable phenotype or were simply rejected.
An example for the clone BiC3 is shown in Figure III.3F. BiC3 displays the three
lacO array inserts b, m and s (in red), typical for F6B2, together with a single large
tetO array. A list of the most relevant clones for experimental purpose is given in
Table 111.2.

Bi A4
Bi B3
Bi C2
Bi C3
Bi D2
Bi D3
Bi B3-sA4
Bi B3-sB2
Bi B3-sC2
Bi B3-sC3
Bi B3-sD2
Bi A4-sA4
Bi A4-sC4
Bi A4-sC4

N

A OO IN | W WIW[W[ WIN W Ww| w|o
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Table IlIl.2: Generated U20S cell lines with stably integrated /acO arrays and tetO
array.

The clones were generated by stably transecting the tetO vector pLAU 44 in the F6B2 U20S clone
that have three stably integrated /acO arrays. The table displays the most relevant clones for
experimental purpose. The number of /acO and tetO inserts is indicated for each clones. The table
lists only the clones retained for experimental purposes according to the characteristics described
in the text.
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3 Characterization of the clones

3.1 Determination of the chromosomal integration

3.1.1 U20S karyotype

In order to characterize the clones, the karyotype of the U20S cell line was
determined. Metaphase chromosome spreads were submitted to Giemsa banding.
Picture of the chromosome spreads were taken and the karyotype was determined
from chromosome sizes, shapes (acrocentric, telocentric, ect...) and banding
pattern as shown in Figure Ill.4A. Several karyotypes were determined in this way.
U20S is a human osteosarcoma cell line that has the particularity to belong to the
group of telomerase-negative tumor cells. Like most of the cells of this group, the
U20S cell line displays a very complex karyotype. The number of chromosomes is
between 70 and 73. U20S is partially triploid and many chromosome

rearrangements are apparent.

A, »

5 pm

Figure Ill.4: Identification of the /acO array integration chromosomal locus by FISH.

(A) The karyotype of the U20S cell line was constituted by the Giemsa banding technique. The
image was made in collaboration with Dr. Antoaneta Mincheva. (B) The precise chromosomal
integration of the arrays is determined by FISH on metaphase chromosomes using a fluorescently
labeled probe coding for the /acO sequence. An example for the clone FB4 is given. (C) A typical
set of metaphase chromosomes from different clones isolated with the stably integrated /acO array
is shown.
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3.1.2 Fluorescence in situ hybridization (FISH)

The lacO arrays chromosomal integration loci were identified by FISH on
metaphase chromosomes with a fluorescently labeled oligonucleotide probe
coding for the /lacO sequence for each clones of interest. An example of
chromosomal oligo FISH for the clone FB4 is shown in Figure 11l.4 B. Examples of
several clone inserts loci are presented in Figure 11l.4C. Surprisingly, the large
majority of clones had an integration in the telomere region. As an exception, the
clone F4 2B8 displayed a peri-centromeric insert and was subsequently used as
non-telomeric /lacO array reference. The chromosome carrying the array

integration was then identified by comparison with the U20S karyotype.

3.1.3 Multicolor FISH

Since the U20S cell line displays a complex karyotype that leads to some
uncertainties in the determination of the genomic integration, a multicolor FISH
experiment was conducted. The multicolor FISH or mFISH is based on the whole
chromosome painting technique. Probes were generated in order to hybridize
specifically each chromosome, regularly on the whole length, so that it becomes
entirely visible (“painted”). With a five color combination it is not only possible to
identify each chromosomes but also to observe and describe karyotype

aberrations such as deletion, trisomia or translocation.

Figure lI.5: Example of a multicolor FISH (mFISH) experiment conducted on
metaphase chromosome spreads of the clone F6B2.

A mFISH experiment was conducted on chromosome spreads of the clone F6B2. Pictures were
taken at the five wavelengths associated with the five fluorescent dyes coupled to the chromosome
specific mFISH probes. The figure displays a merging of the five color channels.
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The mFISH assays were done using the SpectraVysion (Vysis, Denmark) kit. The
five color combination key is given in Table Il1.3. After hybridization, pictures of
interphase chromosomes were taken at each five wavelengths corresponding to
the five fluorescent dyes plus DAPI (in order to see all chromosomes at the same
time). Figure 111.5 displays one example of an hybridized karyotype with an overlay

Spectrum
Gold

of all five color channels.

STl 1e ({1 Spectrum
Chromosome
Fred Aqua

© ® N (o o bW N =
i
x

X
10 X X
11 X
12 X
13 X
14 X
15 X X
= B
17
18 X
19 A
20 X
= 5
22 X
X X
Y X X

Table I11.3: mFISH chromosome identification fluorescent dye color key.

Figure Il.6A shows the results of an mFISH experiment. Each chromosome was
identified with the help of the software and arranged to determine the karyotype.
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The picture displays a merging of all five colors. As previously observed with the G
banding experiment, the U20S karyotype displays many aberration among which
the chromosomal rearrangement became particularly visible with the mFISH
technique.

’ﬂ‘niii ‘!f ;“l iqaﬁ
'__‘,"f-,lf'

| Profie Red Gold Green Ager Fred Cospeaite

Figure 1l1.6: Characterization of F6B2 clone carrying three integrations of
chromosomal /lacO arrays by mFISH.

(A) mFISH conducted on chromosome spreads of the clone F6B2. Chromosomes were identified
and the karyotype was determined with the help of the Quips SpectraVysion software. The picture
displays a merging of the five mFISH colors. The identified /lacO array insertion locus of inserts b,
m and s is reported on the figure. (B) Example of a /acO oligo-FISH re-hybridization conducted on
a chromosome spread previously analyzed by mFISH. (C) The three chromosomes carrying the
lacO array inserts b, m and s detected by oligo-FISH with a DAPI staining next to their respective
mFISH profiles. ,Red”, ,Gold*, ,Green®, ,Aqua“ and ,Fred“ (far-red) are the five mFISH colors,
»,composite* is the merging of these five colors and ,mFISH" is a chromosome identification
representation generated by the software.

In order to identify the precise genomic locations of the three /acO inserts of the
clones F6B2 the mFISH procedure was followed by a re-hybridization with the
fluorescently labeled /acO oligonucleotide probe. Using a coordinate system on

the slides, it was possible to relocate the metaphase spreads that were previously
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analyzed with mFISH to identify the insertion locus of each /lacO arrays (Fig.
[11.6B). The software allowed to display the profiles in the five mFISH colors, the
color overlay or composite and a computer generated chromosome identification
color (mFISH) for each chromosome. The profile for the chromosomes carrying a
lacO array insert is given in Figure II.6C next to their respective lacO FISH
picture.

Chromosame &

Chromosome 8

Locus b Locus m Locus s

Figure IlIl.7: Schematic representation of the structure of the chromosomes carrying
the three lacO array inserts in the clone F6B2.

The integration sites were identified as follows:

* The biggest lacO array, b, is located at the telomere region on the g arm of
chromosome 11, in a translocated region that belongs to chromosome 5
(Fig. IIl.6C, Fig. 111.7).

* The medium size lacO array, m, is inserted at the telomere region on the g
arm of chromosome 6 (Fig. 111.6C, Fig. I11.7).

* The smallest lacO array, s, is, like the two other inserts, located at the
telomere on the ¢ arm of a chromosome. This chromosome is largely
composite: the p arm belongs to chromosome 12, the larger part of the q
arm belongs to chromosome 8 and the last part, where the array is actually
inserted, is translocated from chromosome 15 (Fig. 11.6C, Fig. 111.7).

A schematic representation of the structure of the three chromosomes carrying
telomeric lacO array inserts is given Figure II1.7.
The lacO array sequence appears to give an unspecific signal in “Gold” and

“‘Aqua” (Fig. lI11.6C). The color key indicates that this combination is specific for the
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“Y” chromosome. As the U20S cell are derived from a female patient this artefact
is not likely to interfere with the mFISH data interpretation.

3.2 Interphase chromatin localization

The interphase chromatin localization was also studied in fixed cells. LacO arrays
were detected by a Lacl-eGFP transient transfection and the chromatin was
stained by co-transfection with H2A-mRFP1, as shown in Figure 111.8 for the clone
F6B2. The observation of single as well as multiple telomeric integration clones did
not show a clear preferential interphase nuclear localization. Nevertheless, arrays
could often be observed at the nucleolar periphery or close to the cell membrane.
Figure IIl.8 displays representative examples. The observation of the relative
positioning of the /acO arrays in clones with multiple integration did not show a

preferential pattern or fixed positioning of the loci with regard to each other.

10 um

Figure 111.8: Interphase chromatin localization of the three lacO array inserts of the
clone F6B2.

Telomeres appear not to locate at a preferential region in the U20S interphase nucleus. F6B2 cells
were fransiently co-transfected with Lacl-eGFP together with H2A-mRFP1 and fixed with 4%
paraformaldehyde after 14 hours incubation. Z axis picture stacks were recorded with a LSM.
Maximum intensity projections of the Z axis picture stacks are shown for six representative cells.
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3.3 Influence of cell cycle

The influence of the cell cycle on the characteristics of the /acO arrays with
respect to appearance, localization and mobility was also observed. For this
purpose the cell cycle marker protein PCNA was co-transfected, as a PCNA-eCFP
construct, together with Lacl-mRFP1. Figure 11l.9 displays two cells at different
phases in the cell cycle. The lower cell is in G1 or G2 phase according to the
PCNA diffuse pattern, whereas the upper cell displays the typical S phase pattern
with PCNA localizing in the replication foci.

LacO array labeled telomere mobility on the hour time scale was measured (see
paragraph 4.5) in parallel to a PCNA pattern monitoring by co-transfecting Lacl-
mFRP1 together with PCNA-eCFP (Fig. 1l11.9). No significant difference in the
mobility value were observed in cells displaying G1/G2 pattern with regards to
cells displaying a S phase pattern. However the cell cycle seemed to be blocked at
the end of the S phase in cells transiently transfected with Lacl fused to an

autofluorescent protein and no cell division was observed.

Figure 111.9: Observation of the influence of then cell cycle on F6B2 cells.

F6B2 cells were co-transfected with Lacl-mRFP1 together with PCNA-eCFP. The upper cell
displays the typical S phase pattern as PCNA co-localizes with replication foci, whereas the lower
cell displays the diffuse G1/G2 pattern.
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4 Measurement of the telomere mobility on the scale of
seconds, minutes and hours

4.1 The “moving corral” model

To describe the mobility of particles in the nucleus we used the so called “moving
corral” (MC) model that was introduced previously (Gérisch et al., 2005; Garisch et
al., 2004). A careful analysis of the data on the mobility of /acO loci indicated that
this approach is also appropriate to represent the mobility of chromatin on different
time scales. The MC model describes the mobility of a particle/locus in n
dimensions according to Eq. 1.

2n DS|0W At 2N Drast At
: 1—exp - (Eq. 1)

) )

The overall mobility is determined by three parameters: the corral radius re, in

MSD = <r02>- 1+

which the particle experiences fast but confined diffusion with a diffusion
coefficient Drst. These regions of fast mobility, the corrals, can then translocate
according to a free diffusion model with a diffusion coefficient Dsow. For the case of
neglectable mobility within the corral as described by Drst = 0 the exponential term
is equal to one, and the above expression reduces to that of simple diffusion with
an offset:

MSD = <rf> + 21 Dyow At (Eq. 2)

On the other hand if there is no translocation of the corral, i. e. Dyow=0 one
obtains the diffusion displacement of the particle that is confined to a corral with

radius re.

_ 2n Drast At

T (Eq. 3)
Ie

MSD = <r02>- 1-exp
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4.2 Chromatin mobility measurement of U20S clone F6B2 with
three /acO inserts

The accurate measurements of the chromatin mobility and the determination of the
three parameters described by the “moving corral” model is hampered by two
problems. First, the comparison between two different cells is problematic due to
heterogeneities in the cell population for example with respect to the cell cycle
state. Second, the cells itself move during the measurement. As also the cell
shape changes the alignment to correct for this is fraught with difficulties.
Accordingly, we have developed an alternative approach that uses the multiple
label in clones like F6B2 (Fig. Ill.3E, Fig. I1.10). If multiple particles/loci are
present the difference in distance Ad between two particles with indices 1 and 2

can be measured to determine the diffusion coefficient:

MSAD = (Ad*(An)) = ([Ad(r) - Ad(1 + A)]) (Eq. 4)

Using the same approach as described previously (Gorisch et al., 2004) an
expression for a mobility described by the MC model is derived in Eq. 5. That is

valid for Dyast 1/<rc 1°>= Diast 2/<fc2>>.

) 2 2 2n(Ds|ow,1 + Dslow,z)At 2n(Dfast,1 + Drast 2 )At
MSAD = Ad*(0) + <rc,1>+<rc,2> |1+ ‘|1-exp| -

(el || ()

(Eq. 3)

For a set of three loci with indices 1, 2, and 3 one can measure the distance
between 1 and 2 (index 1-2), 2 and 3 (index 2-3) and 1 and 3 (index 1-3). For the
analysis, Eq. 4 is applied with three single fit parameter for r;, Dsow and Dyast and to
obtain three values for each of these parameters by analysis of the distances 1-2,
2-3 and 1-3. The resulting values from the fit can then be decomposed according
to Eq. 6 to determine the individual parameter values for each spot.
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2 2 2 2 2 2 2 2 2
2 )={lca )+ ({lc2 leo3 )=(l2 )+ (/I3 i3 )={lca )+ ({lc3
Dslow,1-2 = Dslow,1 + Dslow,2 Dslow,2-3 = Dslow,2 + Dslow,3 Dslow,1-3 = Dslow,1 + Dslow,3 (EQ- 6)

Dfast,1-2 = Dfast,1 + Dfast,2 Dfast,2—3 = Dfast,2 + Dfast,3 Dfast,1-3 = Dfast,1 + Dfast,3

This approach has the advantage that it is insensitive to movements of the whole
cell and therefore no alignment of the cell needs to be done. Furthermore, it allows
a direct and faithful comparison within a single cell: For example in F6B2 clone,
the loci b, m and s. A comparative study of individual telomere mobility is then
obtained by determining changes in the distance between b and m (b-m), b and s
(b-s) and m and s (m-s) (Fig. 111.10).

Distance

i.:h_s.li

Distance

"I'I"I-S”
Distance
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Figure I1l.10: The clone F6B2 is a valuable tool for chromatin mobility
measurements.

U20S clone F6B2 was used in all chromatin mobility measurements as it displayed three lacO
array inserts easily differentiable by their apparent size. Cells were transiently transfected with
Lacl-eGFP. The three individual telomere mobilities were obtained by measuring changes in the
distance between the loci, referred as distance “b-m”, “b-s” and “m-s”, over several time scales.

The analysis was conducted at three different time scales: the second, the minute
and the hour with respective resolutions of milliseconds, seconds and minutes. For
the hour time scale, Z axis stacks of pictures were collected with a laser scanning
microscope (LSM). For the second and the minute scales a spinning disk laser

confocal microscope was used. This particular type of LSM allowed scanning
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speed in the range of 10-20 pictures per second, which over ten fold faster than a
classical LSM. The quantitative analysis of telomere mobility (MSAD versus time)
according to the MC model was conducted as described in the preceding
paragraph.

4.3 The second time scale

In order to minimize the scanning time, cells that had the three /acO arrays inserts
were visible in the same focal plan were selected. A single scan was then
necessary for each time point and thus an average time resolution of ~ 80 ms was
obtained. Pictures were recorded for a total time of 3 to 5 min. The spots were
tracked using the software ImageJ, the squared changes in distance between the
loci Ad? was then calculated and plotted against the time. An average of 22 cells
(66 telomeres) is shown in Figure Ill.11. The curve shows two phases: a first
phase characterized by a fast increase and a second one, more moderate. The
curve was fitted with the “moving corral” model. In order to calibrate the system,

fixed cells were measured under the same conditions.
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Figure 1ll.11: Chromatin mobility analysis on the second time scale

Pictures were recorded every 70-150 ms for 3 to 5 min with a spinning disk confocal laser scanning
microscope. Loci were tracked and the squared changes Ad? in the distance between two
telomeres was plotted against the time. The data was fitted with the MC model (see text for
details). An average of 66 telomere mobility measurements is displayed. The corresponding trace
for fixed cells is also included.
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4.4 The minute time scale

As for the second time scale, a spinning disk LSM was used. Z axis stacks were
recorded each 8 to 15 s for a total time of 15 min. The maximum intensity
projection was calculated for each picture stack, and the loci were tracked. The
squared changes in distance between the telomeres, Ad?, were calculated and
plotted against the time. An average of 14 cells (42 telomeres) is shown in Figure
[11.12. Like for the second time scale, the curve comprises two different phases
and was fitted using the MC model.
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Figure 1ll.12: Chromatin mobility analysis on the minute time scale

Image stacks were recorded every 8 to 15 s for 15 min with a spinning disk confocal laser scanning
microscope. Tracking of the loci was conducted on the maximum intensity projections of each
stack. The squared changes Ad® in the distance between two telomeres was plotted against the
time. The data was fitted with the MC model. an average of 42 telomeres mobility measurements.
Is displayed

4.5 The hour time scale

For the hour time scale, Z axis stacks of transiently transfected F6B2 cells were
scanned every 5 minutes for a total time of up to 5 hours. The cells used for all

mobility experiments at the hour time scale were from the same batch of frozen
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aliquots and are therefore displaying almost the same number of divisions since
the cloning of the cell line.
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Figure 1ll.13: Chromatin mobility analysis on the hour time scale

Image stacks were taken every 5 min for a total of 5 hours with a confocal laser scanning
microscope. Tracking of the loci was conducted on the maximum intensity projections of each
stack. The squared changes Ad® in the distance between two telomeres were plotted against the
time. The data was fitted with a confined diffusion model. An average of 60 telomeres mobility
measurements is displayed.

The maximum intensity projections were calculated for each picture stack and then
the loci were tracked. The squared changes in distance between the telomeres,
Ad?, were calculated, plotted against the time and fitted with a confined diffusion
model. An average of 20 cells (60 telomeres) is shown in Figure II1.13. The end of
the curve displays large fluctuations associated with an increasing standard
deviation. Indeed, a closer look to the raw data revealed large differences in
individual telomere mobility. A characteristic example is shown in Figure 111.14.
Whereas most of the time telomeres displayed a ,standard“ mobility (Fig. Ill.14A),
some telomeres, like for example telomere b and telomere s in Figure 111.14B,

showed, for certain periods, an additional long range translocation.
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Figure 1l1.14: Some telomeres show a dramatically enhanced mobility on the hour
time scale.

Images at the indicated time points and a maximum intensity projection of all images are shown.
Examples for two experiments are presented that reveal large differences in the mobility of
telomeres. Individual telomere mobility can be calculated as described in the text from the plotted
distance b-s, b-m and m-s. (A) A cell with slow moving telomeres, which represent the majority of
our observations. (B) A cell showing three loci with dramatic differences in mobility. The telomeres
b and s display a very fast motion, while telomere m is only moderately mobile. The quantitative
analysis from distance variation between the three spots is shown in (C) for the slow and in (D) for
the cell with fast moving telomeres b and s. (Movies are included on the supplementary CD under
the references IlI-14 M1 and 111-14 M2).

4.6 Quantitative description of telomere mobility

The analysis of the data obtained on the second, the minute and the hour time
scale, demonstrates that all telomeres display a fast mobility Drns = 2.2:10° um? s™
in a region (“corral”’) of 80 nm radius and a further slower translocations in a radius
of 190 nm with Dsec = 2.9-10* um? s (Fig. 3.11, 3.12, 3.13 and 3.14). On the hour
time scale, the telomeres are sharing the same diffusion coefficient D, = 5.2:107
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um? s with the majority of the telomeres constricted to an average radius r. =
0.3 um whereas a small fraction extends to an average corral radius r. = 0.8 pm.
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Figure 111.15: Mobility of telomeres on all length scales

Combined plot of the squared changes Ad? in the distance between two telomeres for all the
measured time scales.

08+04um

Dmin = 2-10-% ym2 -1

' nm, Oms,= 2:10-3 ym2 s-1
%-— afl telomeres —J

[ gocessible for ~30 % of ime

T

vl

Figure I11.16: Schematic representation of all collected mobility data.

Results from the analysis of telomere mobility are summarized. From experiments on different time
scales the indicated diffusion coefficients and translocation ranges were determined (Fig. 3.10,
3.11,3.12 and 3.13).
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The experiments analyzed so far show that this striking increase of the mobility
can be observed for a certain period of time for all three telomeres (b, m, s) in
clone F6B2. Thus, the same telomere adopts a low-mobility state during ~70% of
the time, in which its mobility is the same as that of other non-telomeric chromatin
regions. A combination of the measurements at the three time scales with the
“‘normal” and the “extended” mobility is presented in Figure 111.15 and a summary
of the numerical values for the telomere mobility is given in Figure I11.16.

5 Alternative lengthening of telomeres

As already mentioned, U20S cells belong to the telomerase negative tumor cell
lines and maintain their telomere length through the so called “alternative”
lengthening (ALT) pathway. The ALT system appears to be characterized by a
high rate of telomere recombination (Laud et al., 2005; Londono-Vallejo et al.,
2004; Muntoni and Reddel, 2005) and the presence of a particular class of
promyelocytic Leukemia associated (PML) bodies, the ALT-associated PML
bodies (APBs) that are co-localizing with the telomeres (Nabetani et al., 2004).
The U20S stable clones with telomeric /acO array generated in this thesis offered

an interesting tool to investigate the ALT system.

5.1 Telomere length at /acO inserts

Because of their important chromosomes number and large telomere length
variability (see below), it is very hard to monitor precisely the telomere lengthening
dynamics in ALT cell lines. The lacO system provides the possibility to mark a
specific chromosome allele and observe the variability of the telomere length at

this precise locus on a whole population.

5.1.1 Telomere length in U20S cells

Using a labeled PNA probe, the telomere repeats could be stained by FISH (Fig.
[11.17). PNA are peptide nucleic acid that have a pseudopeptidic backbone instead
of the canonical L-desoxyribose-phosphate. Accordingly, PNA is not charged and
is therefore not submitted to the repulsion forces involved in DNA/DNA interactions
so that DNA/PNA hybrid is more stable than DNA duplex. These properties make
PNA probes much reliable than standard DNA for the quantification of FISH
experiments (Boukamp et al., 2005; Molenaar et al., 2003).
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A comparison between the U20S cells and human lymphocytes telomere length is
shown in Figure IlIl.17. Both pictures were taken with the same exposure time.
Whereas in lymphocytes all telomeres are visible and display a regular size (10 to
15 kb in human cells), in the U20S cells large variations in the repeat length of the
telomeres can be observed. Some of the telomeres were not detectable and a few
chromosomes with asymmetrical telomere length at one end could be observed.
These characteristics are shared by all cell lines using the ALT telomere
lengthening pathway.

Figure ll.17: ALT cells display a large variability in telomere length.

Telomere staining by FISH with a (TTTAGG);-Cy3 PNA probe of metaphase chromosome spreads.
Both images were recorded with the same exposure time. (A) Human lymphocytes show an
homogenous distribution of relatively short telomeres with repeats that are typically 10-15 kb in
length. (B) U20S cell line. The alternative telomere lengthening (ALT) mechanism leads to large
variations in telomere length. Images in collaboration with Dr Karin Greulich-Bode.

5.1.2 Telomere repeat length of /lacO array labeled telomere

By using a /acO FISH (Fig. Ill.18A) followed by a re-hybridization with a telomeric
repeat complementary PNA probe (Fig. 111.18B), we where able to observe the
telomere repeats length variation at a precise telomere in a cell population. 45
metaphase spreads of the clone F6B2 were analyzed. Typical examples of
telomeric repeat length variations for each loci are given in Figure 111.18C.

All cells used for these experiments were from a single batch of aliquots frozen at
an early stage after the clone isolation that was used also in the hour time scale
telomere mobility experiments (see paragraph 4.5). Each lacO array labeled

telomere displayed a large variety of telomere repeat length. The telomere repeat
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signal was not detectable in about 20 % of the /acO array labeled telomere (Table

111.2).

Figure I11.18: Measurement of the repeat length at /JacO array labeled telomeres.

(A) FISH experiment conducted on metaphase chromosomes of the F6B2 clone using a
fluorescently labeled probe coding for the lacO. DNA was DAPI-stained. (B) Re-hybridization of the
previous metaphase chromosome spreads with a (TTTAGG);-Cy3 PNA probe in order to visualize
the telomere repeat length. The same chromosome spread as in (A) was re-located using the
coordinate system. DNA is stained with DAPI. (C) Examples of evaluation of telomere length at the
three different integration sites by using the same method as in (A) and (B).
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Table IlIl.4: Percentage of telomeres repeats detectable by mFISH at the loci b, m
and s in F6B2 cells.
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6 PML body mobility relative to telomeres

Promyelocytic leukemia associated (PML) bodies are nuclear protein complexes
that are involved in multiple nuclear functions. Although the mobility of PML body
was already precisely described recently (Gorisch et al., 2004) there is little
information available on the PML bodies mobility in dependence to their
environment, the nuclear chromatin. Cells with stably integrated /lacO arrays offer
the opportunity to visualize PML bodies together with various well defined
chromatin loci in vivo. Moreover in the U20S stable clones generated in this
thesis, the lacO arrays are inserted at the telomeres. U20S are using the
alternative telomere lengthening pathway (Nabetani et al., 2004) and, since in ALT
cells PML bodies are interacting with telomeric DNA, our method appeared to be a

very interesting tool for the study of PML body mobility.

Figure I11.19: Measurement of PML bodies mobility with regard to telomeres.

U20S F6B2 clones were transiently co-transfected with Lacl-mRFP1 together with PML III-GFP.
For each Telomeric lacO arrays inserts (locus b, m or s) the distance changes to the respective
proximal PML body was measured (PML,;, PML,,, PML,, and PML).

Cells of the F6B2 clone were co-transfected with PMLIII-GFP and Lacl-mRFP1 to
examine the relation between telomere and PML body mobility. Translocations of
the three telomeric /lacO inserts and that of PML bodies were monitored (Fig.
[11.19). The relative mobility of PML body to telomere was determined by
measuring the distance changes between the closest PML body to each /lacO
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array (b, m or s). Positions of these arrays are referred to as PML,, PML,, and
PML;. A single lacO array can be close to several PML bodies, like the locus b in
Figure 111.19 (PML,s and PML;y). In this case the distance variation to each close
PML body is measured. On the contrary, PML bodies that never approached a
lacO closer than 2 um over the measured time were ignored.
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Figure 111.20: Relative mobility of PML bodies and telomeres.

The U20S cell line F6B2 was transiently co-transfected with PMLIII-GFP and Lacl-mRFP1. (A) The
mobility of the three lacO inserts (b, m and s) and proximal PML bodies was studied by recording
changes in the relative distance between the spots and fitting these to a confined diffusion model.
The figure displays a typical example (Movies is included on the supplementary CD under the
reference 11I-20 M). (B) Mean squared distance changes, Ad?, in the distance between PML bodies
ant its proximal telomeres in the previous cell were plotted against the time.
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6.1 The three classes of PML body mobility relative to the

telomeres

The Figure [II.20A shows a typical example of the mobility of PML bodies with

respect to close lacO labeled telomeres. After tracking of lacO arrays and PML

bodies, the squared distance changes, Ad?, were plotted against time for each of

three couples (Fig. I11.20B). The Figure 111.21 shows the averages of 30 different

measurements grouped in three main categories :

PML bodies that are independent from the proximal telomere, like PML, in
Figure 111.20. theses are represented by the group 1 in Figure I11.21. This quite
heterogeneous PML body class displays an average mobility of 7.4:10° +
1.7-10° um? s in a 280 nm confinement radius .

PML bodies that show a completely correlated mobility relative to the telomere
like PML, in Figure [11.20. These PML bodies, represented by the group 2a in
Figure 1l1.21, did not necessarily had a physical contact with the telomere and
could be distant of up to 0.5-1 ym from it. These PML bodies were
characterized by a very small mobility relative to the telomere (1.3:10° +
1.1-107 ym? s") with a confinement radius of 80 nm.

PML bodies that show a correlated movement with the telomere with some
independency, like PML, Figure I11.20, represented by the group 2b in Figure
[11.21. Although these PML bodies displayed a low mobility relative to the
telomere, this was two times higher than the value obtained for the group 2a:
2.410° + 7.4-107 um? s with a confinement radius of 170 nm.

The relative mobility of the PML body was independent of the telomere insert

localization. Thus, all three classes of PML mobility were indifferently observed at

locus b, mor s.

68

In addition , a specific class of PML body was also observed during these
experiments: PML bodies that are forming ALT-associated PML bodies or
APBs (see further).
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Figure 111.21: PML relative mobility can be classified in three main classes.

The curves obtained by plotting the distance changes of a PML body towards the proximal /acO
labeled telomere can be grouped in three main tendencies referred as group 1, 2a and 2b. Average
of ten measurements for each curve are shown. Data were fitted with a confined diffusion model.

e

6.2 The ALT-associated PML body (APB)

In cell lines using the ALT telomere lengthening pathway, a special class of PML
bodies can be observed: the ALT-associated PML bodies or APBs. These
structures are shown to co-localize with telomeres and are thought to be the site of

the telomere lengthening process of the ALT pathway (Nabetani et al., 2004).

6.2.1 Structure of the APB

Figure 111.22 shows two examples of APBs forming around telomeric /acO inserts
in F6B2 cell line at locus b. The APB can be observed in fixed cells with anti-PML
antibody after Lacl-mRFP1 transfection (Fig. I1.22A) as well as in vivo by co-
transfection of PML Ill-eGFP construct together with lacl-mRFP1 (Fig. 111.22B).
These structures can be observed at all three loci in the same proportions (see
supplementary CD for more examples). The observation of the enlargement (Fig.
[11.22C) indicates that APBs are formed by an hollow-spherical PML body
surrounding the telomeric lacO array. Several observations and 3D reconstitutions
of the Z axis image stacks demonstrate that, in the APB, the PML body does not
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form a complete sphere but rather a spherical cap sitting on the telomere (see
supplementary material).

Lacl-GFP PML-3 merge

Figure 111.22: Structure of an APB formed around a telomeric /lacO insert.

The PML body forms a cap-like structure around the /acO/telomere label, referred to as an APB.
(A) U20S cell line F6B2 transiently transfected with Lacl-mRFP1 and fixed with PFA. PML bodies
are stained with antibody against PML Il together with an Alexa 488-coupled secondary antibody.
DNA is stained with DAPIL.(B) U20S cell line F6B2 transiently co-transfected with Lacl-mRFP1
together with PML 1l GFP. Cells are fixed with PFA and chromatin is stained with To-pro 3. (C)
Enlargement of the PML lll/telomeric lacO array co-localization structure observed in B. Movies of
3 D reconstitutions of the Z axis image stacks the are included on the supplementary CD under the
references 11I-22 M1 and 111-22 M2.

6.2.2 Mechanism of APB formation

The study of the PML body in vivo was also the occasion to observe the formation
of APBs. The image series shown in the Figure 111.23 is a representative example
of several observations. The observation of this picture sequence revealed that a
pre-existing PML body is first binding to the telomere. The PML Ill protein is then
accumulating around the telomere until it has formed a surrounding structure. A
close look to the movie (included on the supplementary CD) suggest that
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accumulating PML Il protein is not freely diffusing but clustered in small and very

mobile aggregates, previously described as PML microbodies (Eskiw et al., 2004).

0 min 5 min 10 min

Figure 111.23: Observation of the formation of an APB.

F6B2 cells were transiently co-transfected with Lacl-mRFP1 together with PML I[lI-GFP. The
formation of an APB complex could be followed over time as shown here for locus b. Starting from
an telomere bound PML body, PML 1l protein (under the form of PML microbody) is accumulating
until it forms the typical APB surrounding structure. The movie is included on the supplementary
CD under the reference 111-23 M1.

7 Telomere-telomere interactions in U20S cells

Interaction between telomere is a phenomenon hard to observe in cells using the
ALT pathway. As a matter of fact, on the contrary of telomerase positive cells, in
ATL cells telomeres are displaying a large variety in size. Direct estimation of
telomere clustering by quantitative FISH (Q-FISH) with PNA probes (Nagele et al.,
2001) is therefore not possible. For the same reasons in vivo labeling with PNA
probe (Molenaar et al., 2003) only allows to observe the relatively long telomeres
and clustering can only be observed if telomeres are aggregating or separating
during the observation time.

Telomere clustering however appears to be an crucial event in ALT cells where
inter- and intra-chromosomal telomere DNA recombination plays a central role in
the telomere lengthening system (Laud et al., 2005; Londono-Vallejo et al., 2004;
Muntoni and Reddel, 2005). First attempts of in vivo observation of interphase
telomeres interaction in F6B2 clones appeared to be unsatisfying as it was difficult

to discriminate two co-localizing loci displaying the same color.
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Figure 111.24: The JacO/tetO double labeling system allows the observation of

telomere-telomere interaction in vivo.

The lacO and tetO double stable cell lines BiC3 (A) and BiB3-sd2 (B) were transiently co-
transfected with lacl-mRFP1 together with TetR-eGFP. The fixed cells were scanned with a LSM.
The pictures are displaying a maximum intensity projection of the Z axis stacks. Movies of 3 D
reconstitutions of the Z axis image stacks are included on the supplementary CD under the
references 11l-24 M1 and I1I-24 M2.

The second generation of clone with stable /lacO and tetO arrays offered a
convenient tool to observe in vivo interaction between specifically labeled
telomeres regardless to the telomere repeat length since the two arrays can be
labeled with different colors. Representative examples for double /lacO and tetO
arrays stable cell lines are shown in Figure 111.24. The clone BiC3 (Fig. 111.24A) and
the clone BiB3-sd2 (Fig. 111.24B) were generated by stably transfecting tetO arrays
in the clone F6B2. The /acO and the tetO arrays were visualized by transiently co-
transfecting the cells with Lacl-mRFP1 together with TetR-eGFP. Both cell lines
are indeed displaying like F6B2 the three /acO arrays loci b, m and s, visible in red
but at the same time BiC3 displays a single and BiB3-sd2 two supplementary tetO
array inserts, visible in green. The interaction between the locus m and the tetO
insert in Figure 111.24A and the locus b and the smallest tetO array insert in the
Figure 111.24B are clearly visible. A movie of the 3D reconstitution of the Z axis

image stacks is given in supplementary material (111-24 M1 and IlI-24 M2).
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The higher order chromatin organization and its dynamic properties are directly
related to gene expression, replication, DNA repair and recombination (Cremer
and Cremer, 2001; Gorski et al., 2006; Horowitz-Scherer and Woodcock, 2006;
Sproul et al., 2005). In this thesis, chromatin mobility was first studied using
fluorescence recovery after photobleaching (FRAP) and then using the lacO/Lacl
chromatin labeling system. This chromatin labeling method allows to monitor in
vivo dynamics of a defined locus and is therefore a powerful tool for a fine
chromatin mobility analysis. For this purpose a clone of the U20S cell line was
generated with three different /lacO arrays, stably integrated in the telomeres
region of three different chromosomes. The mobility of the loci was studied at time
scales ranging from the millisecond to the hour using high performance laser
scanning microscopy. Based on the data obtained a model is proposed for the
overall chromatin mobility in the mammalian cell nucleus. It was moreover shown
that in the U20S cells, which elongate the telomeres through the alternative
telomere lengthening (ALT) pathway, a subset of about 30 % of the telomere
displays an extended mobility. A correlation between this extended mobility and
telomere repeat length was also demonstrated suggesting that long telomeres are
anchored to a stable structure in the nucleus, whereas telomeres with too short
repeats are released and therefore move more freely. The relative mobility of PML
bodies with regards to telomeres was also measured. The data obtained allowed
us to re-define the previous observations of the absolute PML body mobility with
regard to its chromatin environment. In parallel, the structure and mechanism of
formation of the ALT-associated PML body (APB) was investigated. APBs are a
particular class of PML bodies that forms a distinct structure with the telomeres
and that is thought to play a central role in the ALT pathway. Altogether, these
data conducted to the proposal of a model for the alternative telomeric lengthening
pathway dynamics.
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1 Analysis of chromatin dynamics in response to
histones acetylation and ATP depletion

The global chromatin mobility in vivo was first investigated by FRAP analysis on
H2A-eYFP stably transfected HelLa cells (Fig. lll.1). The relatively fast recovery of
the chromatin after photobleaching (= 20 min) suggests a localized diffusive
mobility of chromatin since core histones turnover is known to be extremely slow in
the mammalian cell nucleus with a half-life time of ~200 min (Gerlich et al., 2003;
Kimura et al., 2004). ATP depletion, through sodium azide treatment, as well as
chromatin hyperacetylation induced by TSA, a deacetylase inhibitor, both
considerably reduced the fluorescence recovery after photobleaching, suggesting
that they reduce global chromatin translocations. These analogue consequences
on chromatin mobility are surprising as the two treatments lead to opposite effects
on chromatin folding: ATP depletion induces a global condensation of chromatin
whereas hyperacetylation induces a global decondensation (Fejes Toéth et al.,
2004; Gorisch et al.,, 2004). These results demonstrate differential mobility of
chromatin. However, their seemingly paradoxal nature as well as the complexity of
the model do complicates a precise interpretation and sets the light on the difficulty
to study chromatin mobility on the whole nucleus scale and the need for more
specific analysis. The /ac operator / Lac Inhibitor system, that provides the
possibility to monitor in vivo a defined chromatin locus, was therefore used in order

to continue the investigations on interphase chromatin mobility.

2 Mobility of telomeres in U20S cells

The mobility measurement of nuclear sub-structures such as nuclear bodies,
labeled chromatin loci as well as PNA-labeled telomeres was already the object of
several publications. Data are summarized in Table IV.1. However most of theses
studies are focusing on a limited time scale with often reduced accuracy and
statistics. Moreover, the use of cell-nucleus alignments software to compensate for
the cell mobility may have brought artifacts in the measurements. Finally, these
studies were all conducted in cell lines derived from different species (human,
hamster, drosophila...) what considerably complicates the comparisons between
the different data sets.
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In this thesis, we used the human U20S clone F6B2 that displays three telomeric
lacO arrays inserts of different apparent size. The measurement of the distance
variation between the tree loci allowed to circumvolve all the problems linked to
the cell mobility without the requirement of a cell nucleus alignment software.
High-performance live cell imaging systems was used, with a time resolution
ranging from the millisecond to the hour. Finally, the major achievement of this
study was the comprehensive description of the overall telomeres mobility of at all

relevant time scales.

2.1 Telomeres are located in the nucleus in a random manner

A preliminary observation, before studying the mobility of telomeres was
conducted to get a precise picture of their starting conformation. The possible
preferential location of telomeres inside the nucleus as well as their relative
positioning with each other was investigated. In agreement with previous studies
(Luderus et al., 1996; Molenaar et al., 2003), telomeres neither seemed to have a
clear preferential location inside the nucleus nor did they displayed a conserved
pattern with regard to their relative positioning.

2.2 The three levels of telomere mobility in the mammalian
nucleus

Here, a model of telomere mobility in human cells is proposed, that is composed of
three individual mobility levels at the second, minute and hour time scale, all
associated with a specific confinement radius (r¢: corral radius).

The first level of mobility refers to the time scale of a second where all telomeres
exhibit a fast movement within a region of 80 nm radius and a diffusion coefficient
of Dms = 2.2:10° pym? s™'. Further translocations in a radius of 150 nm and a
diffusion coefficient Dsec = 4:10™* ym? s are observed at the minute time scale
(Fig. .11 and 111.12). Finally on the hour time scale, telomeres show two types of
mobility that share the same diffusion coefficient Dyin = 2:10° pm? s™ but differ on
the accessible space. Whereas the majority of telomeres translocate within an
average radius of ~0.3 ym, a subset of about 30 % displayed an extended mobility
with translocations over ~0.8 p radius (Fig. I11.13, 111.14, 111.15 and I11.16)
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particle/locus reference
Mx1-YFP 1.8:10™ 280 (Gorisch et al., 2004)
Cajal bodies 1.1-10™ 310 (Gorisch et al., 2004)
PML bodies 1.2:10™ 260 (Gorisch et al., 2004)
Nanospheres 4-10™ 150 (Tseng et al., 2004)
Nucleoplasmic chromatin 1310* 300- (Chubb et al., 2002)
(HT-1080 human cells) 480
Nucleoplasmic chromatin Dfast 3.1-10° | 40 (Levi et al., 2005)
(CHO hamster cells) Dsiow 2.4-10* -
Nucleoplasmic chromatin Dfast 1.3-107 | 500
(drosophila spermatocytes) Dsiow 1-107° - (Vazquez et al., 2001)
Dense chromatin regions 4.810° 180 (Gorisch et al., 2004)
1 Mb chromatin domain 0.5t01.5:10° - (Bornfleth et al., 1999)
Centromeres 1.8:10™ 500 (Molenaar et al., 2003)
Telomeres (in vivo PNA Slow species | 1.8:10 | 500
labeling, U20S cells) Fast species | 5.8:10” | 1200 | (Molenaar et al., 2003)

D/ ms

Telomeres (lacO arra D
( ! 8¢ This thesis

labeling, U20S cells)  p, standard

D/min €xtended

Table VI.9: Mobility of different chromatin loci and nuclear bodies.

2.3 Comparison of the mobility of the telomeres and other
chromatin loci

On the minute time scale, telomeres appear to move in the same range than
fluorescently tagged sub-chromosomal foci, fluorescent centromere protein
clusters, or nuclear bodies for which respective diffusion coefficients between
1.1-10™* and 1.8:10™ pm? s were calculated (Table 1V.1) (Chubb et al., 2002;
Gorisch et al.,, 2004; Molenaar et al.,, 2003). The telomere mobility values
calculated from measurements in this thesis are also very similar to those obtained
by Levi and co-workers in the hamster CHO cell line (Levi et al., 2005) on the
second and minute time scales with a comparably high time resolution imaging
system (Table 1V.1). Levi and co-workers interestingly observed as well several

levels of mobility. Data were moreover fitted into a model similar to the “moving
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corral” model used in this thesis. However, the “jumps” described in this study
were not observed during our measurements. Several level of confinement in the
mobility of /acO arrays labeled chromatin loci were also demonstrated in
drosophila spermatocytes (Vazquez et al., 2001), although the telomere mobility in
human U20S cells measured here is several fold slower than the values obtained
by Vazquez and co-workers. However, the different species and the extreme
differentiation level of the spermatocyte cells make it hard to make more than a
qualitative comparison. Interestingly, the calculated mobility value of the telomeres
on the hour time scale is very close to the one observed by Bornfleth and co-
workers, for 1 Mb chromatin domains labeled with Cy3-UTP on an analogue time
scale (Table IV.1) (Bornfleth et al., 1999), suggesting a general ground state of
slow mobility for large chromatin domains in the nucleus, in the range of 1-2:10

um?s™.

Dms = 2-10-3 pm?2 s-1
R, =80 nm
30 nm Fiber Chromatin fast
and localized
motility

Ds = 4104 pm?2 s-1

Loop R, =150 nm

50-100 kb 30 nm fiber

flexibility

Dmin = 2105 pm?2 s-1

R. = 300-800 nm

1 Mb Domain

Large scale chro-
matin domain

difusive mobility

Figure IV.1: Schematic representation of the proposed model for the three levels of
chromatin mobility.

The first level of very fast and localized mobility observed on the second time scale
corresponds in this model to the chromatin fiber motility. The second level of mobility is
induced by the flexibility of the 30 nm fiber. Finally the third level of slow mobility observed
on the hour time scale corresponds to a slow diffusion of large chromatin domains.
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Thus, comparison with previous studies indicates that telomeres behave similarly
to other chromatin loci, although apparently slightly faster on the minute time
scale. The particular extended mobility of about 30 % of the telomere population
on the hour time scale is discussed in paragraph 2.5. The description derived here
and depicted schematically in Figure IV.1 of a single chromatin locus is the first
comprehensive description that correlates the different levels of chromatin mobility

and chromatin compaction.

24 LacO array telomere labeling allows a more accurate
measurement of telomere mobility than PNA labeling

The mobility measured in this study on the minute time scale appears to be very
similar to the results previously obtained by labeling telomeres in vivo with PNA
probes (Molenaar et al., 2003). With this method, Molenaar and co-workers
observed two classes of telomeres with regards to their mobility (Table 1V.1): a
slow telomere population displaying a diffusion coefficient of 1.8:10~* pm? s and a
relatively fast moving population representing about 10 % of the telomeres with a
diffusion coefficient of 5.8:10* pm? s™*. The mobility calculated for the same time
scale in this thesis, Dsec, appears to be in the same range although slightly faster
than the main slow population. Variability in the single telomere mobility was
observed in our measurements, but statistical analysis did not show two distinct
groups. The estimated radius of constraint calculated for PNA-labeled telomeres
appears to be on the contrary much higher than the value we obtained for the
same time scale and correspond to 0.5 pym for the slow population and 1.2 pym for
the fast subset of telomeres. These values are however close to the corral radius
values calculated in this thesis for the two telomeres groups observed on the hour
time scale. A first explanation for this discrepancy could be that Molenaar and co-
workers measurements were conducted on a limited time scale, and the telomere
mobility was described with a simple constrained diffusion model. Accordingly, the
higher level of telomere mobility on the hour time scale may actually have
interfered with the analysis. A second explanation for these differences may be
related to the different telomere labeling techniques: in vivo PNA labeling allows to
monitor a larger amount of telomeres in a single nucleus but limits the observation
species that display the longer repeats. More than the half of the telomere
population is thus not detectable. In this thesis, only three telomeres were
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measured but in a specific manner and regardless of their repeats length, which
might reflect the whole telomere population more accurately.

2.5 Possible mechanisms for different mobility rates on the hour
time scale

Analysis of telomeres mobility on the hour time scale demonstrated that these are
divided in two groups that differ by the accessible space but had the same mobility
coefficient. The majority of the telomeres displayed a ~0.3 pm radius corral
whereas a sub-population of about 30 % freely moved in an ~0.8 ym radius corral.
This observation suggests that human telomeres are mostly constrained in their
movements by association or anchoring with other structures in the nucleus, but
can be released and freely diffuse about 30 % of the time. A further clue for
telomere anchoring comes from observations in yeast: unlike in the mammalian
cells, yeast telomeres are known to be anchored at the nuclear envelope and to be
clustered there together with the silent subtelomeric chromatin (Gotta et al., 1996;
Laroche et al., 1998; Laroche et al., 2000). Interestingly the behavior of /acO
labeled telomeres in yeast is, at least in the G1 phase (Hediger et al., 2002), very
close to our observation in human cells for the putative bound fraction: fast
movements of the telomeres were observed in a constrained area of 150 to 300
nm on the minute time scale. Although telomeres are positioned randomly in the
mammalian cell nucleus, the similarity of behavior between yeast and human
telomeres observed using the same in vivo labeling system, suggests that human
telomeres are also anchored to a stable structure. A recent study in mammalian
cells provides another interesting comparison (Soutoglou et al., 2007): Soutoglou
and co-workers generated a cell line with stably integrated /lacO and tetO arrays
inserts at a single locus and separated by a cleavage site. When the DNA
cleavage is induced both arrays are released and undergo a slow diffusive
mobility. The DNA fragments that flank the cleavage site resemble to short
telomeres with disrupted telosome ones the cleavage is induced. The behavior of
the two fragments is indeed similar to the telomeres that show an extended
mobility observed in this thesis. The observation of Soutoglou and co-workers thus
confirms the relatively slow mobility of telomeres on long time scale. It moreover
corroborates the assumption that the releasing of the telomeres from the
anchoring only increases the accessible space but not the mobility.
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The nature of the telomere anchoring support is subject to speculations.
Association of telomeres with the nuclear matrix was suggested by using
biochemical approaches (Luderus et al., 1996; Weipoltshammer et al., 1999).
However the possible existence of the nuclear matrix remains itself controversial
(Pederson, 2000). Another possibility could be the association of the telomeres
with a stable heterochromatin clusters. Indeed, the behavior as well as the
measured mobility value of the telomere displaying the extended mobility on the
hour time scale is very analogue to what was observed by Chuang and co-workers
in the long range transition mobility of a VP16 inducible gene locus in CHO cells
(Chuang et al., 2006). The activation of a /lacO labeled gene region triggers a
dramatic increase of its mobility, presumably by inducing its de-clustering from a
stable heterochromatin region. Telomeres as well as sub-telomeric regions display
constitutive heterochromatin markers. Interestingly, when the telomere repeats are
shortened over a given limit, the telosome is disrupted and theses markers are lost
(Benetti et al., 2007). A third possibility, non exclusive from the previous one, is
that telomeres could cluster together, at least in small groups, and thus restricting
their mobility. /In vivo PNA labeling in U20S cells (Molenaar et al., 2003),
quantitative FISH observation in human fibroblast (Nagele et al., 2001) as well as
observation of the /lacO and tetO arrays double stable clones (Fig. 11l.24) as
described in this thesis have indeed shown that telomeres can directly interact with
each other. Moreover, the ALT pathway system is assumed to function through
DNA recombination and therefore requires physical contact between the

telomeres.

2.6 The size of the lacO insert does not interfere with telomere
mobility

One potential source of artifacts in the lacO/Lacl in vivo chromatin labeling system
lies on the nature of the DNA insert itself. The inserted /ac operator array is indeed
composed of the repetition of a bacterial DNA sequence and could be susceptible
to influence its environment. The clone F6B2 was used as the main tool for
telomere mobility studies. This clone displays three different lacO arrays inserts
that could easily be recognized by their apparent sizes in vivo, trough a Lacl-XFP
transfection (Fig. 111.10), as well as in fluorescence in situ hybridization (FISH, Fig.
[11.12). All three loci had a spherical appearance. The locus b has an average
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diameter of ~ 1 ym, the locus m ~ 0.6 ym and the locus s ~ 0.4 um, which means
that the apparent volume of the locus b is about 16-fold bigger than the volume of
the locus s. The mobility of the three individual loci was calculated on the time
scale of the second, the minute and the hour. No statistically significant differences
were observed, strongly suggesting that the size of /lacO array inserts does not

influence telomere mobility and dynamic properties in the cell nucleus.

3 The three types of PML body mobility in regards to
telomeres

The parallel study of telomere and PML body mobility is of multiple interests. First,
it offers the possibility to compare the behavior of two sub-nuclear structures of
very dissimilar nature, in the same model and with the same setting: a DNA strand
and a large protein cluster. The absolute mobility of PML and Cajal bodies was
already the object of several studies (Gorisch et al., 2004; Muratani et al., 2002;
Platani et al., 2002; Platani et al., 2000). This mobility appeared to be very
dependant on the nuclear bodies chromatin environment. In addition, chromatin
has been shown to play a critical role in the structural integrity of PML bodies
(Eskiw et al., 2004; Eskiw et al., 2003) Therefore we took advantage of the F6B2
cell line with /lacO-labeled telomeres to observe a possible mobility correlation
and/or interactions between the PML body and a defined chromatin locus. Finally,
as already mentioned, in ALT cells, PML bodies appear to play a central role by
forming a particular structure with telomeres, the APB, in which the elongation
process is thought to take place. A dynamic study of the relationship between
telomeres and PML bodies would therefore bring valuable information on the
mechanism of the ALT system.

With regard to their mobility, three types of PML bodies can be distinguished in
U20S cells on the minute time scale: (i) PML bodies with translocations that are
independent from a close /lacO-labeled telomere. These PML bodies are confined
in areas with an average radius of 280 nm where they diffuse freely. This
observation indicates that the nucleus contains surprisingly large areas where the
chromatin density allows the free diffusion of large protein clusters. (ii) One group
of PML bodies showed a correlated mobility with a nearby chromatin region. The
group is constituted of two different sub-category: 2a and 2b shown on Figure

[11.21. The data suggest that these PML bodies are either confined to a very small

81



Dynamics of telomeres in a telomerase negative human osteosarcoma cell

interchromatin region, literally trapped, or (at least transiently) associated with
chromatin. The data suggests that PML bodies of the category 2a are associated
directly with the chromatin region where the /acO array is inserted. In contrast, the
category 2b associates with a different but spatially close region. Even if some
PML bodies of this class show some contact to the nearby telomere (but no co-
localization), this does not seem to be necessary to lead to a coordinated
movement. Thus, some PML bodies from the category 2a were distant by 0.5-
1 um to the nearby telomere, suggesting that the chromatin region where the
telomeres are associated is rather large. (iii) A significant group of PML bodies
forms distinct complexes with telomeres, the APBs as discussed further.

PML body mobility in telomere proximity (d <2 pm, n = 30)

AT

re label

& chromatin

caged or bound mobile PML-telomere
PML body PML body complex (APB)
Adiay €017 pm Ady,, 20.28 um d=0pum

Figure IV.2: Three different PML bodies mobility classes in relation to telomeres.

A model for the three different classes of PML bodies with regard to telomeres observed
in this thesis is given. The first class is constituted by PML bodies that move freely in the
interchromatin space and therefore does no show any correlation with telomere mobility.
In the second class, PML bodies are mechanically trapped in or associated with the same
chromatin region than the telomere and therefore display a large mobility correlation with
it. Finally, PML bodies that form distinct structures with telomeres: the APBs.
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However, the diffusion coefficients derived here do not describe the absolute
mobility of the PML body but its relative mobility with regard to a proximal
chromatin locus or in other words the chromatin-independent part of the total PML
mobility. This explains why, the relative mobility of the PML bodies measured in
this thesis is significantly lower than previously published mobility values to which
they can not be directly compared (Gorisch et al., 2004; Muratani et al., 2002). The
observations made in this thesis appear however to correlate with the observation
made previously on the several regimes of PML mobility. Our measurements
allowed us to better understand their significance in with respect to chromatin
mobility: Thus chromatin-associated PML bodies are not necessarily immobile and
represent the largest fraction of PML bodies in the nucleus. Our measurements
furthermore allowed it to calculate the average confinement radius (~280 nm) of a
freely diffusing nuclear body within the nucleus. This indicates interchromatin
space can display a surprisingly large accessible area at certain time or locations
within the nucleus. This observation can be related with the relatively slow large
scale chromatin domain diffusion quantified in this thesis. Thus our observations
emphasize the picture of a nucleus as a dynamic environment, in which large

mobile chromosomal domains define the accessible space.

4 A model for the mechanism of alternative lengthening
of telomeres

The clones used for this thesis are all based on the human osteosarcoma cell line
U20S which to belongs to the group of telomerase-negative tumor cells that
maintain their telomeres with the ALT system. Only little is known about the ALT
system. Tumor cell lines of this group display a large variability in telomere length
and exhibit a very complex karyotype (Fig 1.4 and Fig 111.6). The ALT mechanism
is associated with a special class of PML bodies designated APBs that are shown
to co-localize with telomeric DNA (Yeager et al., 1999). Although DNA synthesis
was demonstrated to occur in APBs (Nabetani et al., 2004) it is thought that the
central mechanism of the ALT system is based on inter- or intra-chromosomal

telomere recombination (Muntoni and Reddel, 2005).
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4.1 Telomeres are recombination “hot spots” In U20S cells

Analysis of the chromosomal insertion sites of the /acO inserts in the stable clones
showed that all inserts except a single one are located at the telomeres. Moreover,
these inserts are sometimes surprisingly large in comparison to stable clones
obtained with other human cell lines (Chubb et al., 2002). Thus, our data indicate
that in U20S cells telomeres are recombination “hot spots”. This observation
strongly supports the assumption that the ALT system is based on recombination-
mediated telomere lengthening (Dunham et al., 2000; Laud et al., 2005; Londono-
Vallejo et al., 2004; Muntoni and Reddel, 2005). This indicates that the plasmid
containing the lacO arrays may have used the recombination machinery already

present at telomeres to integrate in the host genome.

4.2 The APB display a hollow-spherical shape with telomeric and
sub-telomeric DNA at the center

The APBs is clearly identifiable in Figure 111.22. The lacO array appears to be
included into the internal compartment of the PML body. The structure is very
similar to the observation made in centromeric instability and facial dysmorphy
(ICF) patients cells (Luciani et al., 2006). The ICF syndrome is associated with
extremely large hollow-spherical PML bodies that offer a valuable structural model.
Interestingly, large amount of satellite DNA can be detected in the internal
compartment of these giant PML bodies. The presence of satellite DNA is
noteworthy as it displays the same repetitive nature as the telomeres. Satellite
DNA is moreover displaying the epigenetic markers of constitutive
heterochromatin that also characterize the telomeres and sub-telomeric regions.

Immunolabeling experiments on of PML proteins show that the transient
transfection of cells with Lacl-mRFP1 does not modify number, size or shape of
PML bodies. Experiments indicate that APBs do not only include telomeric DNA
but also a large part of the sub telomeric region. Moreover 3D reconstitution of Z
axis scans of APBs forming with large /acO arrays (for example the locus b of the
clone F6B2) shows that the structure does not enclose the whole array but rather
forms a sort of cap. This observation indicates that APB does not have an affinity
for the lacO array per se as it was suggested by Tsukamoto and co-workers
(Tsukamoto et al., 2000), but includes a large part of the chromatin which flanks

the telomere. Moreover Tsukamoto and co-workers also used U20S cells for their
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work but did not characterize their clones with respect to the /lacO array insertion
locus. Our experimental data suggest that these clones had telomeric lacO array
inserts as well.

Finally, PML bodies were shown to play a critical role in the establishment of the
constitutive heterochromatin markers in satellite DNA (Luciani et al., 2006).
Moreover, the heterochromatin protein 1 (HP1), one important factor in the
establishment of constitutive heterochromatin, is known to be one of the prominent
components of PML bodies. With respect to this analogy it would be of great
interest to investigate the possible relationship between telomeric and
subtelomeric DNA chromatin folding and the PML body in the ALT as well as in

telomerase positive cells.

4.3 The formation of APBs occurs in a two steps fashion

The lacO array labeling of the telomeres in vivo was also used to investigate the
mechanism of APB formation (Fig. 111.23). In contrast to previous reports
(Molenaar et al., 2003) that indicated only transient contacts between PML bodies
and telomeres, the data presented here demonstrates that the APBs form in two
steps: the first step is the binding of a pre-existing PML body to the telomere. In a
second step the PML protein accumulates at the locus until the typical telomere
surrounding structure of the APB has formed. In this step, the PML protein
seemed not to accumulate as freely diffusing protein but under the form of small
and very mobile aggregates already referred in the literature as PML microbodies
(Eskiw et al., 2004).

4.4 The alternative telomere lengthening is a slow process that
does not show preferences for certain telomeres

All the telomere length analysis experiments were carried out with cells from the
same batch that have the same number of passages since the isolation of the
clone. As a consequence, the experiment constitutes a sort of snapshot in the
clone history with respect to the telomeres.

The analysis of the repeat length by PNA FISH combined with /acO arrays oligo-
FISH re-hybridization demonstrated that the repeats are not detectable in about 20
% of the cases for the telomeres located at the loci b, m and s (Fig. I11.18 and

Table 111.2). As this proportion appears to be representative of the whole telomere
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population (Fig. I11.17 and I11.18), this indicates that the ALT telomere lengthening
pathway does not seem to preferentially elongate specific telomeres. Moreover,
the relatively high proportion of undetectable telomeres indicates that the ALT
pathway is a rather slow process. Finally, the absence of differences in the
telomere lengthening between the observed telomeres with each other and with
the rest of the population confirms that the /acO arrays inserts do not interfere with
the neighboring sequences in nature and/or function.

4.5 Proposed model for the ALT pathway

One valuable advantage of the /acO array telomere labeling for the study of the
ALT system is the possibility to follow a single telomere over time in a manner
independent of its TTAGGG repeats length. With this construct, we were able to
observe the mobility of the lacO array labeled telomeres in the clone F6B2 in
parallel with the monitoring of telomere repeat.

On the one hand, the study of the mobility of the /acO array loci b, m and s shows
that, at the hour scale, telomeres have an extended mobility in about 30% of the
time. On the other hand investigations of the telomere repeats length of the same
three telomeres indicates that telomeric repeats are undetectable in a correlated
fraction in cells from the same cell batch (Fig 111.14, Fig 111.18 and Table II1.2). This
observation conducted us to propose a working model for principal determinants of
the ALT mechanism as depicted in Figure IV.3. Telomeres are bound to stable
structure in 70% of the cases (or 70% of the time). We propose here that these are
bound through the action of the constituted telosome, the protein complex forming
with the intact telomere, by associating with a stable (hetero)chromatin domain.
Under these conditions, the mobility of the /acO array is very constrained. With the
successive divisions, the telomere repeat is shortening. When a certain length is
reached the telosome is disrupted, thereby releasing the telomere from its
anchoring point. The lacO array diffusion area is subsequently increased. The
telomeric DNA appears at this point naked, resembling thus a double—strand
break. Interestingly, many proteins involved in the detection and repair of double
stand breaks, like for example Rad51, are found to accumulate (at least
transiently) in PML bodies in general and in APBs in particular (Nabetani et al.,
2004). A PML body then associates with the naked telomeres and PML protein is

accumulating at the locus until it forms an APB where the telomere is re-
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elongated. Finally, telomeric proteins accumulate at the newly synthesized
telomere repeat, reforming the telosome that mediates the telomere to re-

anchoring. The /acO array constrained mobility is then recovered.

telomere shortening
-= telosome dissociation

ftelomernic
| proteins

-2 talomeare

short telomere
-= extended mobility

ot
intact telosome \ /
-= reduced mobiity

FPML-telomere complex
-= lelomere extension by recombination/repair

Figure IV.3: Schematic representation of the proposed model for the ALT pathway.

In 70% of the telomeres of U20S cells the repeat length is sufficient for the formation of
the telosome that mediates the anchoring to a stable (hetero)chromatin structure with
restricted mobility. The telomere repeats length is reduced with each cell division. When
the telomere become to short the telosome is disrupted and the anchoring lost. At this
point, telomeres move freely and the accessible space is increased. The short telomere
then associates with a PML body and form an APB where the repeats are re-elongated.
The telosome can at this point be re-established and promote a new telomere anchoring.
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5 Perspectives

The telomeric lacO array labeling system provides a valuable tool to further study
the ALT pathway mechanism as well as the telomere structure itself. The first step
to extend the work achieved in this thesis would be to combine the two available in
vivo telomere labeling techniques by microinjecting PNAs coding for telomeric
sequences in our F6B2 cell line. This would allow to directly correlate telomere
length to enhanced mobility at the hour time scale in vivo an therefore to validate
our hypothesis. In a similar approach the co-localization of /lacO-labeled telomeres
with proteins involved in the detection and the reparation of double-strand breaks
could be examined in vivo by co-transfection. The possible correlation with
telomere mobility could also be investigated. The double stable clones, with
multiple /acO and tetO telomeric inserts would give us the opportunity to monitor
the dynamics of telomere interactions, which is one of the key aspects of the ALT
pathway. As the elongation in the alternative pathway is based on recombination,
it requires direct telomere-telomere interactions. A possible co-localization of two
telomeres in a single APB could be therefore investigated to observe if the
recombination event involved in the ALT pathway takes actually place in this
structure.

The recent cloning of single-chain antibodies isolated from camels provides a very
interesting new tool to the field of cell biology research (Rothbauer et al., 2006).
These single-chain antibodies, called nanobodies, can indeed be transfected into
cells like any other protein and display the binding affinity of a normal antibody. An
anti-eGFP nanobody construct is already available. By transfecting this nanobody
fused to the Lacl into our cell lines with telomeric /lacO arrays it should be possible
to recruit any eGFP-coupled protein specifically at the telomeric/sub-telomeric
region. This strategy is analogue to the one used by Chuang and co-workers that
targeted transcriptional activators to /acO arrays in CHO cells (Chuang et al.,
2006). The nanobody strategy is however much more convenient as it does not
require the generation of specific Lacl-fusion proteins. A schematic representation
of this experimental strategy is given in Figure IV.4. Our attention would
particularly focus on chromatin modifying proteins. This method could thus allow to
study the complex relationships that exist between the telomere, sub-telomere,
constitutive heterochromatin formation and telomere lengthening that appears to
be tightly related in ALT cells as well as in telomerase-positive cell lines.
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Chromatin
remodeler |
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Figure 1V.4: Recruitment of chromatin modifying proteins at specific chromatin loci
by using an anti-eGFP nanobody/Lacl fusion.

Cells with stably integrated /acO arrays are transiently co-transfected with the Lacl/anti-
eGFP nanobody fusion protein together with a chromatin remodeler fused to eGFP. The
Lacl/nanobody fusion protein binds first at the /acO site. The eGFP binds then to the
nanobody recruiting chromosomal proteins to the /lacO array. The eGFP fluorescence
allows to visualize the array and to monitor the effects of the recruited protein in vivo.
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3D

Acc No.

ALT
APB
ATP
BIR

bp
BrUTP
cDNA
DAPI
DSB
DSBR
dsDNA
D-MEM
DMSO
DNA
DNMTs
dNTP
eCFP
E. coli
EDTA
eGFP
ES
eXFP
eYFP
FA
FCS
FCS
FISH
FRAP
GFP

VI. Abbreviations

three dimensional

Accession Number

Alternative telomere lengthening

ALT associated PML body
Adenosine-5'triphosphate
Break-Induced Replication

base pair
5-bromo-uridin-5-triphosphate
Complementary deoxyribonucleic acid
4’,6-diamidin-2’-phenyllindol-dihydrochloride
Double Strand Break

DSB Repair

double-stranded DNA

Dubeco’s modified Eagle Medium
Dimethylsulfoxyd

Deoxyribonucleic acid

DNA Methyltransferases
2’-deoxyribonucleotide (5'-triphosphate)
enhanced Cyan Fluorescent Protein

Escherichia coli

Ethylendiaminotetraacetate, exists as sodium salt

enhanced Green Fluorescent Protein
Embryonic Stem cell

eCFP, eGFP, eYFP or mRFP1

enhanced Cyan Yellow Fluorescent Protein
Formamid

Fetal Calf Serum

Fluorescence Correlation Spectroscopy
Fluorescence in situ Hybridization
Fluorescence Recovery After Photobleaching

Green Fluorescent Protein
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HP1
hrs

ICF
kbp
Lacl
lacO
LB
LSM
mFISH
min
mRFP1
MmRNA
msec
NLS
oD
PBS
PCR
PFA
PML
PNA
Q-FISH
RNA
RNAse
RT
rRNA
SDS
SDSA
sec
SSC
ssDNA
TBE
tetO
TetR
TERP

Heterochromatin Protein 1

hours

Centromeric instability and facial dysmorphy
kilo base pair

Lac Inhibitor

lac Operator

“Luria Bertani”, full medium for bacteria
Laser Scanning Microscope

multicolor FISH

minutes

monomeric Red Fluorescent Protein 1
messenger RNA

milliseconds

Nuclear Localization Signal

Optical Density

“Phosphate Buffered Saline”, buffer
Polymerase Chain Reaction
Paraformaldehyde

Promyelocytic Leukemia associated protein/body
Peptide Nucleic Acid

Quantitative FISH

Ribonucleic Acid

Ribonuclease

Room Temperature

ribosomal RNA

Sodiumdodecylsulfate
Synthesis-Dependant Strand Annealing
seconds

Sodium chloride/Sodium Citrate buffer
single-stranded DNA

Tris-HCL Boric acid EDTA, buffer for agarose gel electrophoresis
tet Operator

Tet Repressor

Telomerase reverse transcriptase subunit
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TERC
TRF1
TRF2

VIV
VIW

Telomerase template-RNA subunit
Telomere Repeat binding Factor 1
Telomere Repeat binding Factor 2
Enzymatical Unit

Volume per Volume

Volume per Weight

VI. Abreviations
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Vil. Summary

The higher order chromatin organization and its dynamic properties are directly
related to gene expression, replication, DNA repair and recombination. In this
thesis the mobility of telomeres was studied with a human U20S osteosarcoma
cell line that had lacO operator repeats stably integrated at the telomeres of
chromosomes 6, 11 and 12. The mobility of these three telomeres during
interphase was monitored by fluorescence microscopy via bound proteins of Lacl
repressor fused to the autofluorescent GFP or mRFP1 domains. From
measurements of the distance change between pairs of two tagged telomeres a
confined diffusion model was derived that described the translocation of telomeres
in the nucleus on the time scale from milliseconds to hours, using high
performance live cell imaging. Three types of movements were identified: (i) Fast
local movements on the (milli)second scale with a diffusion constant of Dyn,s = 210
% um? s restricted to a region with radius rms ~ 80 nm, (i) movement in the
second/minute range with Dsec = 4:10* um? s and rsec = 150 nm, and (iii)
movements on the minute/hour time scale with Dmin = 2:10° um? s™. For the later
translocations average confinement radii of rn = 0.3 £ 0.1 ym where determined,
while a ~30% fraction of the telomeres showed a highly extended mobility with rmin
= 0.8 £ 0.4 ym, suggesting that the majority of the telomere are anchored to a
stable structure in the nucleus whereas a given fraction can move more freely. We
could moreover show a correlation between the proportion of telomere having
short repeat length and telomere displaying extended mobility, suggesting that an
intact telomere is required for anchoring. In addition, the mobility of promyelocytic
leukemia (PML) nuclear bodies relative to the telomeres was analyzed. The PML
bodies formed complexes with the telomeres in the telomerase-negative U20S
cell line that have been reported previously to be involved in an alternative
lengthening of telomeres (ALT) pathway: the ALT associated PML bodies (APBs).
The dynamics of the formation of the APB was monitored. With regards to the
differences in telomere mobility, the length of the telomere repeat sequences and
their interaction with PML bodies we proposed a model to describe the dynamics
of the ALT pathway.
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VIIl. Zusamenfassung

Die hohere Ordnung der Chromatinorganisation und ihre dynamischen
Eigenschaften sind direkt mit Vorgangen wie Genexpression, Replikation, DNA
Reparatur und Rekombination verbunden. In dieser Doktorarbeit wurde die
Mobilitdt von Telomeren in einer humanen Osteosarcoma-Zellinie U20S
untersucht, in welche zuvor lacO-Operator Widerholungseinheiten an den
Telomeren der Chromosomen 6, 11 und 12 stabil integriert wurden. Die Mobilitat
dieser drei Telomere wurde  wahrend der Interphase mittels
Fluoreszenzmikroskopie durch gebundene Lacl-Repressoren, welche mit
autofluoreszenten GFP oder mRFP1 Domanen fusioniert waren, beobachtet.
Durch Messungen der Distanzanderungen zwischen zwei markierten
Telomerpaaren mittels Hochgeschwindigkeits-Lebendzellbeobachtung wurde ein
begrenztes Diffusionsmodell abgeleitet, welches die Ortsveranderung der
Telomere im Zellkern in einer Zeitskala von Millisekunden bis Stunden beschreibt.
Drei Arten von Bewegungen wurden identifiziert: (i) Schnelle, lokale Bewegungen
im (Milli-)Sekundenbereich mit einer Diffusionskonstante von Dms = 2:10° pm? s™,
welche auf eine Region mit einem Radius von rms ~ 80 nm begrenzt waren, (ii)
Bewegungen im Sekunden/Minutenbereich mir Dsec = 4:10™* um? s und rsec =
150 nm und (iii) Bewegungen im Minuten/Stundenbereich mit Dmin = 2:10®° pm? s~
' Fir die letztgenannten Ortsveranderungen wurden mittlere Begrenzungsradien
von rmin = 0.3 £ 0.1 uym bestimmt, wobei ein Anteil von ~ 30% der Telomere eine
hohe ausgedehnte Mobilitat mit rmin = 0.8 £ 0.4 uym zeigte. Dies legt den Schluss
nahe, dass die Mehrheit der Telomere an eine stabile Struktur im Zellkern
verankert ist , wogegen sich ein gewisser Anteil der Telomere freier bewegen
kann. DarlUberhinaus konnten wir zeigen, dass eine Korrelation zwischen einem
Teil der Telomere mit kurzen Wiederholungssequenzlangen und Telomeren mit
ausgeweiteter Mobilitat besteht, was darauf hinweist, dass intakte Telomere zur
Verankerung notwendig sind. Zudem wurde die Mobilitdt von Promyelozytische-
Leukamie (PML) - Zellkernkdrperchen relativ zu den Telomeren analysiert. Die
PML Korperchen formten Komplexe mit den Telomeren in der Telomerase-
negativen U20S Zellinie. Diese wurden schon zuvor beschrieben im Weg einer
alternativen Verlangerung von Telomeren (alternative lengthening of telomeres,
ALT) involviert zu sein und daher ALT assoziierte PML Korperchen (ALT
associated PML bodies, APBs) genannt. Die Dynamik der Bildung von APBs
wurde beobachtet. Im Hinblick auf die Unterschiede der Telomermobilitat, der
Lange der Telomersequenzwiederholungen und ihrer Interaktion mit den PML
Korperchen erstellten wir ein Modell zur Beschreibung der Dynamik des ALT
Wegs.

107



