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ABSTRACT

Cancer cells escape senescence by activating a telomere maintenance mechanism
(TMM) to elongate telomeres and continue dividing. The most common TMM is the enzyme
telomerase that adds telomeric repeats. However, some cancer cells activate the Alternative
Lengthening of Telomeres (ALT), a recombination-based mechanism to extend shortened
telomeres. One of the most peculiar features of ALT+ cells is the instability at the MS32
minisatellite (D1S8), especially as six other minisatellites remained stable in these cells. As
MS32 instability correlates with activation of the ALT mechanism, it is likely that the
underlying process depends, at least in part, on the same proteins. Thus, a better understanding
of the molecular mechanism that underlies ALT may be gained through knowing how and why
the MS32 minisatellite becomes unstable in ALT+ cells.

Several hypotheses that might explain MS32 instability in ALT+ cells were
investigated. In this study it was shown that the instability is restricted to the minisatellite itself
and no transcriptional or copy-number changes distinguish this region between ALT+ and non-
ALT cells. Interestingly, changes in the DNA methylation-status adjacent to one end of the
minisatellite were found, which might indicate that ALT+ cells have a different chromatin
conformation around the MS32 minisatellite. Additionally, the mutant molecules arising at
MS32 in ALT+ cells seem to derive from intra-allelic processes. Also, EXO1 expression was
higher in ALT+ compared to ALT- cells. Thus, our current model proposes that a protein
(perhaps hEXO1) involved in lagging-strand synthesis and DNA repair is preferentially
recruited to the telomeres in ALT+ cells and this may cause the accumulation of unprocessed 5’
DNA flaps at MS32 during replication. Subsequent DNA repair at MS32, by error-prone

processes, may underlie the instability seen in ALT+ cells.
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Chapter 1 — Introduction

1. CHAPTER 1: INTRODUCTION

1.1 TELOMERES

Telomere: from the Greek nouns telos (télog) "end" and meros (pepoc) "part"

Telomeres first drew the attention of Muller and McClintock, who found that
natural chromosome-ends had unique “non-sticky” properties, which prevented end-to-end
fusions (Muller 1938, McClintock 1939). Later, with the discovery of DNA and the
mechanisms underlying its semi-conservative replication, the function and molecular
structure of these natural ends was again questioned. DNA polymerases can only synthesize
in a 5’ to 3 direction and require a primer (RNA or DNA). When the last primer is
removed from the lagging-strand, attrition occurs at the DNA sequences present at the very
end of chromosomes. As predicted by Olovnikov and later by Watson, if no other
mechanism acted on these ends, a natural consequence of the semi-conservative replication
mechanism would be the loss of genetic information that could prevent cells from
continuing to divide, a state later called by senescence (Olovnikov 1971, 1973; Watson
1972).

Also, McClintock had noticed that, without its natural ends, chromosomes fused
allowing cycles of breakage-fusion-bridge events to occur, which results in genetic
rearrangements. Currently, such genetic rearrangements are believed to be able to confer a
tumourigenic potential to cells that manage to evade telomere-attrition and persist on

dividing.
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1.1.1 TELOMERE STRUCTURE

Telomeres are nucleoprotein structures assembled at the end of each chromosome
and essential for the maintenance of genome stability as they “cap” chromosome ends
preventing their recognition as double-strand breaks, end-to-end fusion and illegitimate
recombination (Zakian et al 1995, Kurenova et al 1997).

Telomeres are formed by two major components: the telomeric DNA and its
associated proteins. Telomeric DNA sequences are highly conserved amongst eukaryotes
and, in vertebrates, comprise tandem repeats of TTAGGG. The double-stranded telomeric
DNA extends for 10-20 kb in the human germ-line but is shorter in somatic cells where it
varies between 2-20 kb between different chromosomes within a cell and also between cells
and tissues. The most proximal region of the telomeric DNA is characterized by an
interspersion of the consensus telomeric repeat (TTAGGG) with variant repeats
(TTGGGG; TCAGGG; TGAGGG; etc) whereas the distal region is formed by a
homogeneous array of the consensus repeat (Allshire et al. 1989, Varley et al. 2002). At the
distal end, telomeric DNA ends with a 150-200 nucleotide 3’ single-stranded DNA
overhang on the G-rich strand (de Lange 2002). The 3’-overhang can be “hidden” from
cellular activities, such as DNA repair or nucleases activity, by the formation of a t-loop
structure in which the overhang folds back invading the double-stranded region of the
telomere forming a t-loop and creating a displacement loop (D-loop) at the point of
insertion, as demonstrated by electron microscopy (Fig. 1.1) (Griffith et al. 1999, Nikitina

et al 2004). This “cap” structure is dynamic suffering dramatic changes during the cell
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cycle, particularly during S-phase, when telomeres undergo replication (Blackburn 2001,

Vega, Mateyak et al 2003, van Steensel et al 1998).

interspersed TTAGGG and variant repeats

Figure 1.1: Telomere capping structure.
The 3* G-rich overhang on the end of a linear chromosome can loop back, invading a proximal

double-stranded region and forming a displacement, the D-loop structure. The resulting cap
structure, known as t-loop, protects the telomere from being recognized as a double-strand break.
The proximal region of the telomere (marked by an arrow) is composed of an interspersion of
sequence variants and TTAGGG units, whilst the distal region is composed of a tandem array of the
TTAGGG units.

1.2 TELOMERE FUNCTION

1.2.1 SHELTERIN COMPLEX

Mammalian telomeres are bound by a protein complex known as Shelterin (de
Lange 2002). The Shelterin complex is formed by the binding of the Telomeric Repeat
binding Factors 1 and 2 (TRF1 and TRF2, respectively) to the double-stranded telomeric
DNA and the single-stranded overhang to the Protection of Telomeres 1 (POT1) protein.
TRF1 and TRF2 bind as homodimers to the telomeric DNA via their Myb domain (Palm et
al 2008), whereas POT1 binds to the single-strand portion with two OB
(oligonucleotide/oligosaccharide-binding) domains (Baumann et al 2001). These three

3
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telomere binding proteins recruit three additional proteins: TRF2 recruits the Repressor
Activator Protein 1 (RAP1), TRF1-Interacting Nuclear factor 2 (TIN2) associates with both
TRF1 + 2 and TPP1 (a POT1-binding partner) is recruited by POT1 and also interacts with
TIN2 (Palm et al 2008).

The main function of the shelterin complex is to protect chromosome ends from
being recognized as double-strand breaks. Thus, the shelterin complex promotes and
maintains the t-loop structure of telomeres and prevents non-homologous end-joining
(NHEJ) activity through the TRF2/RAP1 complex (Bae et al 2007, Sarthy et al. 2009).
Additionally, the shelterin complex can regulate telomere length by inhibiting telomerase
access to telomeres. In fact, long telomeres have enough bound shelterin complex to ensure
the formation of t-loop structures and thus, repress the access of telomerase to the
chromosome ends (Marcand et al. 1997). In contrast, short telomeres are bound to less
shelterin complexes, which may jeopardize the maintenance of the closed structure and

allow access to telomerase.

@®ron: (5 RAP1
. ez Qreer
() trF1 . TIN2

Figure 1.2: Shelterin complex.
The diagram represents a t-loop stabilized by the shelterin complex formed by the direct binding of

TRF1, TRF2 and POT1 to the telomeric repeats and consequent recruitment of RAP1 (TRF2), TPP1
(POT1) and TIN2 (TRF1, TRF2 and TPP1).
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1.2.2 REPLICATION AT TELOMERES

The semi-conservative replication mechanism poses a problem for the complete
replication of telomeres due to the “end-replication problem”. At every replication cycle,
removal of the very last RNA-primer of the nascent-strand leaves a gap in the lagging
strand, which causes a successive shortening of telomeres with cell divisions. The Origin of
Replication Complex (ORC) has been shown to locate and contribute to telomere
maintenance in cells with different telomere maintenance mechanisms. ORC2, one of the
essential core ORC proteins, was shown to bind specifically to telomeric repeats in a TRF2-
dependent manner and its depletion caused telomere attrition and formation of
extrachromosomal telomeric circles, a phenotype similar to the overexpression of the
TRF2AB (TRF2 mutant that lacks the amino-terminal domain inducing telomere
dysfunction) (Deng et al. 2007; McCarroll, et al 1988). In budding yeast, telomeres are late
replicating (McCarroll et al 1988) and seem to be able to delay the origin firing (Ferguson
et al 1992). Also, yeast telomeres were shown to replicate from subtelomeric origins of
replication, by a bidirectional replication fork that moves towards the ends of telomeres
(Wellinger et al. 1993). In humans, however, it still remains to be clarified whether the
ORC complex activates an origin of bidirectional replication within the telomeres or in the
adjacent subtelomeric region. Nonetheless, due to the conserved directionality of the
telomeric repeats the telomeric G-strand is replicated by lagging-strand synthesis whilst the
C-strand by leading-strand synthesis. Thus, the 3’ overhang on the leading-nascent strand is
thought to result from direct 5°-3” resection of the C-strand template, whilst the 3’ overhang
of the lagging-nascent strand is thought to arise by conventional DNA replication by

resection after the removal of the last Okazaki fragment (Chai et al. 2006) (Fig. 1.3).
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Figure 1.3: Replication at telomeres.
Due to the conserved directionality of telomeres, the C-rich nascent strand is replicated by lagging-

strand synthesis and the 3’overhang of the nascent strand is most likely initiated by conventional
DNA replication, by the removal of the last Okazaki fragment followed by 5’ resection. The G-rich
nascent strand is synthesized by leading-strand synthesis and 5’ resection of the template C-strand

may generate a 3’ overhang.

In addition to the end-replication problem, some sequences like repeated DNA pose
a challenge for the DNA replication machinery and may be prone to errors that can lead to
genomic instability. The repetitive nature of telomeres has been shown to cause replication
forks to stall (Gilson et al 2007) especially the G-strand, which has the potential to form G-
quadruplexes (G4) structures (Sundquist et al 1989; Wang SS et al. 1989, Wang Y, et al
1993). G4 structures are formed by the interaction of four G residues by Hoogsteen base
pairing, which confers an extreme stability to these structures and a possible barrier to a
replication fork’s progression. Indeed, DNA replication at telomeres is believed to facilitate
G4 formation when the G-rich single-strand is transiently exposed and intra or
intermolecular G4 structures may form between the newly synthesized and/or the parental
G-rich strand (Bichara, et al 2006, Zahler et al. 1991, Zauget al. 2005). Finally, the t-loop
structure itself may pose a topological barrier to the replication fork progression, since the

shelterin binding most likely prevents t-loop rotation causing an accumulation of
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supercoiling (Amiard et al. 2007). Stalled replication forks are usually tolerated at most
genomic sites, since a fork arriving from the opposite direction will eventually replicate the
region. At telomeres however, replication is thought to be uni-directional resulting in any
stalled fork having to be restarted by molecular mechanisms.

Although telomeres seem to be prone to replication-derived errors that could lead to
genomic instability, a vast and complex network of proteins involved in DNA replication
and repair are recruited by the shelterin complex to ensure an accurate telomere replication.
Amongst those proteins, Bloom (BLM) and WRN (Werner) RecQ helicases seem to be
essential to stabilize and/or resolve stalled replication forks at telomeres, since both
associate with telomeres during S-phase (Lillard-Wetherell et al. 2004, Opresko PL. et al.
2004) and WRN was shown to be essential for efficient lagging-strand replication on the
telomeric G-strand (Crabbe L. et al. 2004). The current model proposes that TRF2 and
POT1 recruit WRN and BLM to release the invading 3’ overhang strand (forming the D-
loop) to allow the replication fork to proceed. In addition, RecQ helicases might resolve
any secondary structures (like G4) formed during the replication fork progression, which is
then followed by POT1 binding and stabilization of the exposed G-strand (Zaug AJ et al. ,
Lillard-Wetherell et al. 2004 , Mohaghegh et al. 2001, Opresko et al. 2005, Londofio-

Vallejo et al 2009).

1.2.3 TELOMERIC CHROMATIN

Telomeres have long been classified as constitutive heterochromatic domains since
they are rich in epigenetic modifications characteristic of transcriptional repression, like

histone H3 trimethylated at lysine 9 (H3K9m3), histone H4 trimethylated at lysine 20
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(H4K20m3), histone hypoacetylation and accumulation of various isoforms of
heterochromatin protein 1(HP1). Although telomeric repeats, unlike centromeric, do not
contain CpG dinucleotides susceptible to methylation by DNMTSs, the subtelomeric regions
are composed of highly methylated cytosines in CpG dinucleotides in human somatic cells
(Benetti, et al 2007, Ottaviani, et al 2008, Tilman G et al. , Ng LJ et al. 2009).

The heterochromatic state of telomeres is thought to contribute to chromosome
positioning and movement within the nucleus and also to the regulation of telomerase.
Alterations to the telomeric chromatin state were associated to severe telomere loss,
suggesting crucial roles of this structure during telomere replication (Michishita et al. 2008;
Yehezkel et al. 2008). Another long known property of the heterochomatic telomeric state is
its silencing function. The insertion of reporter genes in subtelomeric regions undergoes
gene silencing, a conserved characteristic known as Telomere Position Effect (TPE) first
described in D. melanogaster (Hazelrigg, et al 1984, Levis R et al. 1985) but also observed
in yeast (Gottschling et al. 1990, Pryde et al 1999, Baur et al. 2001, Koering CE et al.
2002), in humans (Wright et al 2001) and in mouse (Murnane et al 2006).

The heterochromatic state of telomeres together with the TPE silencing has led to
the assumption that telomeric regions were transcriptionally silenced and that this silencing
extended to subtelomeric regions. Thus, it was surprising when different groups reported
that mammalian telomeres are transcribed into Telomeric Repeat containing RNA (TERRA)
molecules ranging from 100 bases to around 9 kb and present in nuclear fractions only. The
C-rich strand is transcribed from transcription sites within subtelomeric regions, thus,
TERRA molecules are composed of UUAGGG repeats and subtelomeric sequences
(Azzalin et al. 2007, Schoeftner, et al 2008). The exact function of TERRA is still under

investigation but it adds another level of complexity to telomere maintenance.
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1.3 TELOMERE MAINTENANCE MECHANISM

In 1961, Hayflick and Moorhead noticed that normal human diploid fibroblasts
could not grow indefinitely in culture. After 60-80 populations, somatic cells stop dividing
and enter a state phenotypically characterized by large and flat cells, with vacuolated
morphology and inability to synthesize DNA. The progressive telomere shortening in these
cells eventually results in structural telomere changes that can induce the P53- and
P16/retinoblastoma protein (P16/pRB)-dependent replicative senescence (Harley CB et al. ,
Shay, et al 1991, Karlseder, et al 2002). At this stage, cells stop dividing and enter a
replicative-senescent state or mortality stage 1 - M1, which is characterized by their
inability to divide despite being metabolically active and therefore, alive (Olovnikov et al
1973). This limit for the proliferative potential of somatic cells is also known as Hayflick
limit. The inactivation of the senescence-dependent pathways P53 and/or RB pathways by
some viral oncogenes and other agents allow the cell to bypass this replication checkpoint,
leading to a continuous telomere shortening and consequent compromise of the genetic
stability. Therefore, at mortality stage 2 — M2, telomeres are extremely short, which
triggers an increase in chromosomal rearrangements and genome instability, a state also
known as crisis. Almost all cells that undergo crisis die but some rare cells may acquire
infinite replicate potential emerging from crisis through the activation of one of the

Telomere Maintenance Mechanism (TMM) (Fig. 1.4).
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Figure 1.4: Telomere length along time.
Telomeres shorten with each cell cycle, which functions as a mitotic clock that limits the number of

divisions a cell can undertake. When telomeres reach a critical length, senescence happens. At M1,
if some checkpoints are compromised, cells can escape senescence and keep dividing. Telomere
dysfunction results in massive chromosome aberrations leading to cell death (crisis). Immortal cells

activate a TMM to maintain the length of telomeres, escaping to the crisis.

1.3.1 TELOMERASE

1.3.1.1 TELOMERASE STRUCTURE

The discovery of telomerase in the ciliate Tetrahymena thermophila by Greider and
Blackburn, in 1985 revolutionized telomere biology. The holo-enzyme telomerase is a
reverse transcriptase composed of a catalytic protein subunit (TERT) and a RNA
component (TERC) (Greider, et al 1985). The TERT component recognizes the free
telomeric 3’end as primer site and uses its TERC component as template for reverse-

transcription of one nucleotide at a time onto the 3° end of the telomeric G-rich strand. The
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complementary strand is synthesized by the conventional DNA polymerases (Blackburn

2001; Collins et al 2002).

1.3.1.2 TELOMERASE FUNCTION

In human adults, telomerase is active in the germ-line, stem cells and some
differentiated somatic cells (Collins 2000), probably due to the highly methylated region
present around the hTERT locus in somatic cells (Zhu et al. 2004). Nonetheless, cells under
telomere-induced crisis have the ability to express hTERT, activating telomerase to bypass
crisis and become immortal (Zhu J et al. 1999, Shay, et al 1989, Maser, et al 2002). A large
proportion (85%) of all human tumours and a high percentage of immortalized cell lines
reactivate telomerase preventing critical telomere shortening and facilitating cell
proliferation which favours growth of the tumour (Bryan, et al 1997). Cells expressing
telomerase often present short and length-homogeneous telomeres. Transcription of the
hTERT component of telomerase is the limiting factor for telomerase activity (Aisner, et al
2002), since the TERC subunit is highly expressed in many normal and cancer cells (Blasco
et al. 1996). Furthermore, hTERT ectopic expression stabilized telomeres, bypassing
senescence without causing neoplastic transformation (Bodnar et al. 1998, Jiang XR et al.
1999).

Several different mechanisms have been proposed to induce hTERT expression,
from transcription initiation by the binding of c-MYC (Wang et al. 1998, Greenberg et al.
1999) or the viral oncoprotein E6 of some human papillomaviruses (Klingelhutz et al.
1996, Veldman et al. 2003, Xu et al. 2008) to the hTERT promoter; to chromosome
rearrangements where the hTERT gene is translocated to heterologous loci, evading the

tight repressive chromatin state (Zhao et al. 2009).
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1.3.2 ALTERNATIVE LENGTHENING OF TELOMERE - ALT

Certain tumours, however, seem to preferentially activate the Alternative
Lenghtening of Telomeres (ALT) pathway. It remains to be elucidated what triggers one or
the other mechanism. Most ALT-positive (ALT+) tumours are from mesenchymal-derived
tissues, mainly sarcomas (osteosarcomas and glioblastoma multiforme), which show a
tighter telomerase repression at chromatin level that may facilitate ALT activation (Ulaner
et al. 2003, Hakin-Smith et al. 2003). Generally, 30-40% of human immortalized cell lines
and 10-15% of tumours lack telomerase activity and maintain or elongate their telomeres
(Bryan et al. 1997, Henson et al. 2002) and they would not be responsive to anti-telomerase
drug therapies.

Grobelny demonstrated that both TMM can be activated in the same cell (Grobelny,
et al 2001), though it seems that telomerase becomes dominant towards the ALT pathway,
since these cells have homogeneous-length telomeres. Moreover, ALT+ primary tumours
are able to progress to Tel+ secondary tumours and the opposite has also been observed
(Henson et al. 2002). Thus, it was suggested that either ALT is switched off in presence of
telomerase or the two mechanisms compete for the same molecular components and/or to

the telomeric DNA access (Henson et al. 2002).

1.3.2.1 ALT FEATURES

The phenotype of ALT+ cells has been widely characterised, facilitating their
distinction from normal and Tel+ cells. The most commonly used ALT-marker is the
presence of specialized promyelocytic leukaemia (PML) bodies (known as ALT-associated
PML bodies or APBs), as they are only formed upon ALT activation and disappear when

ALT is repressed (Dunham et al. 2000). APBs are defined as PML bodies containing
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telomeric DNA, shelterin and other proteins involved in DNA repair, DNA synthesis and
DNA recombination (Nabetani, et al 2004, Tarsounas et al. 2004). APBs are predominantly
present during G2 phase of the cell-cycle, which coincides with the phase where telomeres
seem to be elongated by the ALT mechanism (Grobelny et al 2000). The percentage of
APBs varies greatly between cell-lines, ranging from 0.5 to 50% (Yeager et al 1999;
Tarsounas et al 2004). The MRE11/RAD50/NBS1 MRN complex appears to be essential
for APBs formation. In fact, formation of APBs seems to require NBS1, which recruits
MRE11 and RAD50 (to form the MRN complex) into these structures (Wu et al. 2003,
Wei-Qin et al. 2005, Wu et al. 2003). Also, if one of the main components of PML bodies,
SP100, is over-expressed to sequester the MRN complex, APBs formation in ALT+ cells is
inhibited, causing the disruption of ALT features, including rapid disappearance of
telomere length heterogeneity accompanied by telomere shortening as seen in normal cells
(Henson et al. 2005). The role of APBs in the ALT mechanism is still under investigation.
Some evidence suggests that APBs are highly involved in the ALT process, as they
constitute sites for telomere elongation. In fact, APBs where shown to be the site where
telomeres converged and colocalized with the recombination-protein RAD51 and the
replication-protein RPA (Draskovic et al. 2009). However, APB formation seems to require
HP1-mediated chromatin compaction, which is likely to repress recombination, and APBs
were also detected in cells entering senescence after P53 activation (Jiang et al. 2009).
Thus, another model proposes that APBs might instead be repositories for by-products of
telomere elongation by ALT or sites where proteins required by ALT are held until needed.

ALT-positive cells can also be recognized by their highly heterogeneous telomeres,
ranging from undetectable to 50 Kb, the presence of extrachromosomal telomeric DNA

(ECTR), both in linear and circular forms (Yeager et al. 1999, Cesare, Griffith 2004).
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Another characteristic of ALT+ cells is the increase sister-chromatid exchange exclusively
at telomeres, known as telomeric sister-chromatic exchange (T-SCE), even though they
could derive from non-sister chromatids or from extrachromosomal telomeric DNA
(Bailey, et al 2004, Bechter et al. 2003, Londono-Vallejo et al. 2004). Finally, the extreme
instability at the MS32 minisatellite was only found at ALT+ cells, providing another

molecular marker for these cells (Jeyapalan et al. 2005).

1.3.2.2 THE ALT MECHANISM

The telomeres in ALT+ cells shorten gradually until they undergo a sudden and
rapid elongation of many kb of DNA. Thus, it is very likely that the ALT mechanism is
based on a single extension event (Murnane et al. 1994, Wang, et al 2004, Li et al 1996).
To determine the molecular mechanisms underlying the ALT pathway, Dunham et al.
incorporated a tag into ALT+ telomeres and, after several population doublings, observed
that the tag had been copied to previously untagged telomeres (Dunham et al. 2000).
Accordingly, studies on the mutational processes occurring at telomeres showed that, in
normal and telomerase-positive cells, mutations are dominated by simple intra-allelic
events whilst telomeres elongated by ALT show complex mutations likely to have arisen by
inter-telomeric exchange. In fact, single-telomere analysis, which allows the mapping of the
interspersion pattern of the variant and normal telomeric repeats within a single telomere,
showed that a small proportion of ALT+ progenitor telomeres underwent partial
replacement with new repeats that come from elsewhere in the genome. The progenitor
allele was truncated (within the proximal 1 kb) and distal to the breakpoint a novel
interspersion of TTAGGG and sequence-variant repeats was observed. Interestingly, no

similar complex mutations were observed in normal, pre-crisis or telomerase-positive cell-
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lines (Varley et al. 2002). Simple insertions and deletions were also observed in ALT+
telomeres, suggesting that intra-allelic events are also contributing to rearrangements
mutations in the telomeric DNA in these cells. Accordingly, a recent study demonstrated
that intratelomeric (intramolecular and/or telomeric sister-chromatid) recombination also
occurs at ALT+ telomeres (Muntoni A et al. 2009). Furthermore, the presence at APBs of
several proteins involved in recombination at ALT telomeres, like RAD50, RAD51,
RAD52, MRE11, NBS1, BLM and WRN, represents indirect evidence for an ALT
recombination-based mechanism (Henson et al. 2002, Henson et al. 2002). Accordingly,
the high T-SCE exclusively in ALT+ cells also supports a recombination-based model for
the ALT-mechanism. Finally, the presence of extrachromosomal telomeric circles (t-
circles) has also been proposed to result from recombination processes at telomeres,
specifically intra-allelic recombination events. In the absence of a functional TRF2 (under
expression of the dominant negative allele TRF2AB that lacks the basic domain), t-loops
seem to be resolved by homologous-recombination (HR) involving NBS1 and XRCC3
proteins, resulting in a shortened telomere and a free t-circle (Wang et al 2004). Supporting
the HR-dependent t-circle formation via t-loop resolution, RNAi knockdown of XRCC3 or
NBS1 or inhibition of the latter via over-expression of SP100 in ALT+ cells resulted in a
decrease of t-circles, suggesting that these structures derive from on-going HR-dependent t-
loop resolution (Jiang et al. 2005, Compton et al. 2007).

Therefore, there is clear evidence for telomere recombination in ALT+ cells, at least
as three distinct forms: HR-dependent telomere copying; post-replicative telomere
exchanges (T-SCE) and t-loop resolution in ALT+ cells. Hence, ALT must be a
recombination-like mechanism involving intra and/or inter-telomeric copying, although the

precise template for the newly elongated telomeres remains unclear. Several models have
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been proposed and all agree that after crisis, DNA repair machinery might interpret
critically short telomeres as double-strand breaks, which might activate a recombination-
mediated process leading to elongation of the short telomere (McEachern et al 1996). The
repair might involve strand invasion into a homologous DNA sequence, followed by
replication until the chromosome end. The resulting crossover structure could be resolved
by a nuclease generating a recombinant molecule and/or unwind and rewind processes may
result in a non-recombinant molecule (Bryan et al. 1997). Though, the various models for
ALT-recombination mechanism differ in the template for the copying events and on the

exact processes involved.

1.3.2.2.1 UNEQUAL SISTER-TELOMERE EXCHANGE (T-SCE)

A specific inter-telomeric recombination mechanism is Telomeric Sister Chromatid

Exchange (T-SCE). T-SCE occur spontaneously and at high rate in ALT+ cells compared
to normal cells or tel+ cells (Bailey et al 2003). The factors required for the high rate of T-
SCE in ALT+ cells have not yet been found. Cells from BLM-syndrome patients (lack a
functional BLM helicases) show no elevation of telomeric exchanges, though the SCE rate
across the genome is 10-12 fold higher than normal cells (Londono-Vallejo et al. 2004),
suggesting a different mechanism for T-SCE than normal SCE. Also, this model presents
no net gain in telomere length, since one sister-telomere would be elongated at the expense
of another (Fig. 1.5). To overcome this problem, a bias on the segregation of chromatids
with elongated telomeres to the same daughter cell that could confer a higher replicative
potential to that daughter-cell compared to the other, was proposed and confirmed by

mathematical modelling (Bailey et al 2004, Muntoni et al 2005, Blagoev et al 2008).
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Figure 1.5: Unequal sister-chromatic exchange at telomeres.
If recombination happens between telomeric sister-chromatids aligned out of register (i), one

telomeric sister-chromatid will be elongated at the expense of the donor one, resulting on a long and
a short telomeric sister-chromatid (ii).

1.3.2.2.2T-LOOP EXCISION AND ROLLING-TELOMERIC ELONGATION
(RTE)

Besides preserving the telomeres from degradation, t-loops have also been proposed

as the perfect structure for the elongation and shortening of ALT-telomeres, as they
resemble a recombination-dependent replication structure. T-loop resolution could explain
the rapid reduction in telomere length (Murnane et al 1994) as well as extrachromosomal
telomeric circles generation (Dunham et al 2000), both of which are features of ALT+ cells
(Henson et al 2002). D-loop resolution by XRCC3 and NBS1 would result on
extrachromosomal telomeric circles and a shortened telomere with a 3’ overhang that,
depending on the length, could form another t-loop structure or be the substrate for
telomere copying (Fig. 1.6-a) (de Lange 2004). Additionally, replication could initiate
within the D-loop, with extension of the 3’ G-strand. Progression of the replication fork
round the t-loop, by rolling-circle amplification or rolling-telomeric elongation (RTE)
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would generate extension of the telomere by an intramolecular process (Fig. 1.6-b) (Cesare
et al 2004, Wang, et al 2004, Tomaska et al. 2000). Indeed, studies in Kluyveromyces lactis
(Natarajan, et al 2002) and the mitochondria of the yeast Candida parapsilosis that contain
a linear genome capped by telomeres maintained exclusively in the absence of telomerase
(Nosek J et al. 2005) show evidence for telomeric rolling-circle amplification. However,
this model cannot occur by itself since it fails to explain how telomeric sequences move

from one chromosome to other.

a)

3!

5’
short unprotected telomere

Figure 1.6: T-loop excision and extension by RTE
a) The HR-dependent resolution of the t-loop would originate a shortened telomere, with a 3’-free

end passive for further copying and a t-circle. b) Telomere copying initiated within the D-loop

could proceed along the loop, generating new telomeric DNA.

1.3.2.2.4 BREAK-INDUCED REPLICATION (BIR)

The 3’ single-stranded end of the G-strand on short and consequently deprotected

telomeres (d'Adda di Fagagna et al. 2003, Takai, et al 2003) can invade a double-stranded

DNA at another telomeric template (other chromosome, t-circles or sister-chromatid),
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forming a D-loop structure and using the donor C-strand for telomere copying. The
resolution of the D-loop structure would result on an elongated telomere without loss of
telomeric repeats from the donor sequence, which could be the end of another chromosome
and/or a sister-chromatid (McEachern et al 2006, Lydeard et al. 2007). The different

products of BIR at telomeres are represented in Fig. 1.7.
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Figure 1.7: BIR-elongation of telomeres.
The 3’-end of a shortened telomere invades a donor telomere (i) (on another chromosome, sister-

chromatid or t-circle) forming a D-loop. The telomere can be elongated by either copying one
strand and the complement will be synthesized by normal DNA replication (a) or copying of both
strands of the template (b). In both cases, a branch migration of the Holliday junction will displace
two newly synthesized strands resulting on an elongated telomere and an unaltered donor telomere.
Alternatively, if a unidirectional replication fork is formed, the copying process extends till the end
of the template and the resolution of the Holliday junction leaves two semi-conservative replicated

products (c). This process could also be perceived by sister-chromatid exchange.
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1.3.2.3 ALTERNATIVE ALT

An alternative ALT mechanism has been reported in a cell-line derived from a
Werner syndrome (WS) patient. This cell-line (AG11395, SV40-transformed Werner
mutant fibroblast) shows telomeres with heterogeneous lengths that undergo rapid length
changes, a typical ALT-telomere dynamics but lack APBs, the ALT-associated nuclear
aggregates. Additionally, the telomeres of these cells are composed of non-telomeric DNA
(SV40 derived sequences) interspersed with telomeric DNA sequences. The interspersion
pattern observed resembles type | yeast survivors (see section 1.4) that are dependent on
RAD51 whereas type 2 survivor depends on RAD50 and SGS1, the yeast homologue of
WRN and BLM gene helicases and their telomeres are characterized by a simple telomeric
array with heterogeneous lengths (reminiscent of human ALT). The finding of this peculiar
ALT cell-line suggests that ALT might be underlined by more than one mechanism, one of
them arising by the absence of a functional WRN protein (Marciniak et al. 2005, Fasching,

et al 2005).

1.3.3 PROTEINS AND ALT

Although several proteins have been implicated in the ALT mechanism, very few
have been shown to be required for telomere elongation by ALT. Thus, the list for
candidate “ALT proteins” is still extensive. The MRN complex has been shown to be
required for APB formation (see section 1.3.2.1) since NBS1 recruitment by SP100
overexpression inhibited APB formation and, consequently, the ALT phenotype was lost
(Jiang et al. 2005). Another piece of evidence for ALT deregulation via inhibition of APBs
came from studies with the structural maintenance of chromosomes (SMC5/6)

recombination complex. The SMC5/6 complex was shown to be present at APBs, but more
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interesting was the finding that the SUMOylation of several shelterin-proteins by the E3
SUMO-protein ligase (MMS21) component of the SMC5/6 complex was required for APB
formation (Potts, Yu 2007). The authors proposed that the MMS21-induced shelterin
SUMOQylation may trigger telomere deprotection, allowing the ALT-recombination like
processes to access and elongate telomeres in ALT+ cells. More recently, topoisomerase
Il (TOP3A) was implicated in ALT since its depletion resulted in loss of the G-strand
overhangs and reduction of cell viability (Temime-Smaali et al. 2008). Interestingly,
TOP3A forms a complex with TRF1, TRF2 and the heat shock protein 90 (HSP90) to
localize the BLM helicase to telomeres in ALT+ cells (Bhattacharyya et al. 2009).
Furthermore, Bloom-syndrome patients show cancer-predisposition and elevated SCE
(Londono-Vallejo et al. 2004) but no T-SCE, suggesting that BLM might have a role in
telomere elongation by ALT. Another protein shown to be essential for ALT+ cells
viability through regulation of telomere recombination is the endonuclease MUS81. Since
its depletion resulted in the reduction of ALT-specific telomere recombination and lead to
proliferation arrest of ALT cells (Zeng, et al 2009). A similar effect on the ALT mechanism
was also observed after depletion of either FANCD2 or FANCA, components of the
Fanconi anemia (FA) complex. Its depletion was associated to a decrease in T-SCE and
with a drastic loss of detectable telomeres exclusively in ALT+ cells, suggesting that the
FA pathway might participate in telomeric recombination and/or control the resolution of
recombinational events at telomeres in ALT+ cells (Fan et al. 2009). Many other proteins
are known to have an effect in telomere function, for example the telomere dysfunction
seen in cells with a defect in the DSB repair BRCAL protein (Al-Wahiby et al 2005, Cabuy

et al 2008), may be also found to play an active role in the ALT mechanism. Despite all
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these advances, the identification of the proteins involved in ALT activation and/or

suppression have not yet been identified.

1.4 FROM YEAST TO HUMANS

A considerable amount of the telomere biology already elucidated has come from
studies in the budding yeast Saccharomyces cerevisae. The S. cerevisae telomeric DNA
consists of an array of 350 +/- 75 bp TG;.3 and, internally to this repeat track, repetitive
DNA elements known as X and Y~ (Zakian et al 1995). The double-stranded telomeric
DNA is bound by RAP1, while the single-stranded 3' overhang is bound by the trimeric
CDC13/STNL/TEN1 complex (Alexander et al 2003, Hug et al 2006). Interestingly,
RAPLP regulates telomerase function at telomeres by the recruitment of both negative
telomerase regulators RIF1 and RIF2 (Marcand, et al 1997, Hardy, et al 1992) and a
complex responsible for establishing the heterochromatin-like state in the subtelomeric
regions (Moretti et al. 1994, Marcand et al. 1996). This cis-acting negative regulation of
telomerase access to the telomere is controlled by the number of negative regulators bound
to the telomeric DNA, which is directly associated to the length of the telomere (Marcand,
et al 1997; Cooper et al. 1997; Maringele et al 2004 and 2005). However, S. cerevisae
strains deficient in telomerase can survive crisis by the activation of recombination-based
pathways dependent on RAD52 (Lundblad et al 2002). The type-I survivors depend on
RAD52 and the RAD51-pathway genes (RADS55 and RADS57). Their telomeres are
composed of a variable copy number of the Y’ subterminal repeats (Y’ element
interspersed with telomeric repeats) terminated by a very short array of telomeric repeats
(Chen et al 2001). These yeast cells are slow growing and can convert to type Il survivors

(Chen et al 2001). Type Il survivors are dependent on RAD52, RAD50 and the SGS1
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genes, since SGS1A telomerase-negative mutants give rise to type | survivors only
(Johnson et al 2001). Type-II survivors have telomeres with highly heterogeneous-length
telomeres, with a similar pattern of shortening and sudden elongation observed in human
ALT cells (Lundblad et al 2002; Teng et al 2000). Finally, S. cerevisiae telomerase-
negative cells (TLC1A RAD52A EXO1A) also utilize a recombination-independent survival
pathway that involves repair of DNA double-strand breaks by palindromic DNA structures
(Maringele et al 2004 and 2005).

Interestingly, the exonuclease 1 seems to be essential for the initiation of
recombination in telomerase-negative survivors, since TLC1A EXOI1A survivors arise
much latter than TLC1A only survivors (Maringele et al 2004). Also, the nonessential
subunit of DNA POLS required for BIR, POL32, was shown to be required for the
generation of both types of survivors (Lydeard et al 2007).

Regardless of the different possibilities of recombination-based TLCI1A survivors,
the type-I1 survivors clearly resemble human ALT the most. The human proteins that bear a
conserved function with SGS1, required for the activation of type Il yeast survivors, are
Bloom (BLM) and Werner (WRN) (REQ4 helicases). BLM complemented SGS1 function
in SGS1 mutants (Lillard-Wetherell et al 2005). WRN can also promote the resolution of
recombination intermediates (Swanson et al. 2004). Furthermore, it is located on
chromosome 8, a chromosome that has been implicated with ALT activation by LOH just
seen in ALT (Shigeeda et al. 2003). However, an ALT phenotype similar to the type | yeast
survivors (variant with tandem array telomeres) has been described in another WRN
deficient cell line (Henson et al 2003; Bryan et al 1997). Thus, it is tempting to speculate
that, similar to yeast lacking telomerase activity, humans also have two pathways for

telomere elongation that might have different RecQ requirements.
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1.5 MINISATELLITES

It was back in late 1960s that the discovery of repetitive DNA as part of mammalian
genomes was highlighted by the re-association kinetic experiments (COT curves) (Britten
et al 1968). However, it has not been until quite recently that the various genome-
sequencing projects have uncovered the extent to which repetitive DNA composes
mammalian genomes (Venter et al. 2001, Lander et al. 2001). Repetitive DNA in the
human genome can be classified in different categories: dispersed elements (transposons,
retrotransposons, tDNAs, etc), tandem repeats (satellites, minisatellites, microsatellites and
rDNAs) that include elements like telomeres and centromeres. Almost half of the
euchromatic genome sequence (45%) is composed of transposable elements (Wang et al.
2005; Nishihara, et al 2002). Copy number variants, including deletions and duplication of
large regions (1-200 kb long) have recently been considered to constitute 10% of the
human genome (lafrate et al. 2004). Tandem repeats, which are composed of an array of the
same repeat units, are thought to constitute 3% of euchromatic DNA. According to the size
of the repeat units, tandem repeats can be further divided in microsatellites (1-10 bp),

minisatellites (10-100 bp) and satellites (above 100 bp).

1.5.1 MINISATELLITE STRUCTURE

Minisatellites were first described in humans, by Wyman and White (Wyman,
1980) and ever since minisatellites have been described in many organisms, including
bacteria (Jeffreys et al. 1985). Minisatellites are composed of 6-100 bp repeats, organized
on a tandem array that can range from 0.5 to many kilobases in length. Generally,
minisatellites are GC rich and, in humans, cluster in subtelomeric regions (Royle et al.

1988). Most G-rich minisatellites described share a core sequence of 10-15 bp
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(GGAGGTGGGCAGGARG) similar to the y sequence, a recombination signal in E. coli
(Jeffreys et al 1985). AT-rich minisatellites, although not as frequent, have also been

characterized, like the first haploid minisatellite described MSY1 (Jobling, et al 1998).

1.5.2 MINISATELLITE BIOLOGY

Minisatellites were first used for individual identification in DNA fingerprinting, a
technique based on minisatellites length polymorphisms that reflect repeat number
variation and on their capacity to cross-hybridize to several other loci throughout the
genome (Nakamura et al. 1987). Following this application, highly polymorphic
minisatellites were used as the first multiallelic markers for linkage studies (Nakamura et
al. 1987). Since then, minisatellites have been implicated in genome function through a
variety of different mechanisms like transcriptional regulation, imprinting control and
proper chromosomal segregation (see below). Especially, alterations in minisatellites have
been linked to changes in transcription levels of nearby genes and to human disease
phenotypes, including oncogenesis.

Several studies provide evidence for direct protein binding to certain minisatellites
and, even though the function of most identified proteins is still not known, some
transcription factors have been characterized. The insulin-linked polymorphic region
(ILPR) is a minisatellite located in the 5’ region of the insulin gene with affinity to the
transcription factor PUR-1. In vitro, this affinity controls the expression of the insulin gene
since the longer the allele the higher the affinity to PUR-1 (Kennedy, et al 1995). A
reduction in the transcription of the cystatin B gene has been associated with the expansion
of a minisatellite located within its promoter region, which is thought to be the underlying

cause of the myoclonic epilepsy of the Unverricht—Lundborg type (Joensuu et al. 2007).
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More recently, a minisatellite located within the promoter region of X-ray repair cross-
complementing 5 (XRCC5) was also implicated in the regulation of gene expression due to
its affinity to the transcription factor SP1, which may be evidence for direct contribution of
a polymorphic minisatellite to susceptibility to bladder cancer (Wang et al. 2008). Another
minisatellite, 6-16, is composed of repeat units with a similar sequence to the mammalian
splicing donor consensus sequence. When located within an intronic sequence was shown
to provide functional splice donor sites, originating different spliced transcripts (Turri et al
1995). Also, minisatellites have been associated with imprinting control, as minisatellites
were found at imprinted loci (Chaillet et al 1994). Furthermore, minisatellites have been
proposed as sites for chromosome fragility, like FRA10B and FRA16B, both amplified AT-
rich minisatellite repeats (Yu et al. 1997, Debrauwere et al. 1997). Finally, the most recent
application for minisatellites relies on its sensitivity to genotoxic agents. Minisatellites have
been proposed as biomarkers for genotoxicity as ionizing radiation was shown to affect
hypermutable minisatellite stability in mouse (Dubrova et al 1993) and in humans exposed
to radioactive material released after the Chernobyl explosion (Dubrova et al. 1996).
However, it is not clear if the target of genotoxic agents is the tandem array, a flanking
DSB hotspot or the replication machinery itself and further investigations in yeast models
are underway. Thus, minisatellites seem to be involved in a wide range of human genome
biology, participating in processes as different as gene regulation, fragile sites and
imprinting as well as providing insights into meiotic recombination and being biomarkers

for genotoxicity.
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1.5.3 MINISATELLITE STABILITY

Minisatellites are the genomic regions with higher tendency for instability,
especially when the genome is exposed to genotoxic agents and ionising radiation, which
might be a consequence of the repetitive and phenotypically-neutral nature. A better
understanding of the factors that interfere with minisatellite stability may shed light onto
molecular mechanisms responsible for genome rearrangements. Particularly minisatellites
have been associated with various human diseases, thus the identification of the causes of
minisatellite instability might prove helpful for the development of more efficient therapies.

Studies in human minisatellites have allowed the proposition of several models for
the mechanisms underlying minisatellite instability in both germline and soma. Several
techniques were developed for this purpose, facilitating the detection of mutant alleles
directly from the genomic DNA. Small-pool PCR (SP-PCR) is based on the amplification
of multiple pools of genomic DNA containing a minimum number of minisatellite
molecules that, by gel electrophoresis resolution, allow the identification of length-mutant
minisatellite molecules (Jeffreys et al. 1994). SP-PCR allowed the reliable estimation of
mutation rates above 1x10° per progenitor allele (Jeffreys et al. 1994, Jeffreys et al. 1990),
although the addition of a size enrichment step (recovery of multiple size-fractions
excluding the progenitor alleles after gel electrophoresis resolution) prior to the SP-PCR
reaction can lower the mutation rate estimation to 1x10™-1x10° (Jeffreys, et al 1997). The
characterization of the internal structure (interspersion of the repeat unit sequence variation
along the array) by Minisatellite Variant Repeat (MVR)-PCR facilitates the elucidation of
the molecular mechanism responsible for the instability (Jeffreys et al. 1991). Therefore,

the application of these methodologies to the analysis of several hypermutable human GC-
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rich minisatellites has elucidated differences on the mechanisms responsible for the
instability in germ line and somatic cells.

In the soma, blood DNA analysis revealed that minisatellite length alterations
usually derive from rare simple insertions and/or deletions of repeat units, rearrangements
that can be explained by unequal sister chromatid exchange, intramolecular recombination
or perhaps replication slippage (Jeffreys, et al 1997). In tumours, minisatellite instability
might increase, as instability was observed at the H-RAS minisatellite in human clonal
tumour cell-populations and during tumour progression (Kiaris et al. 1995, Kiaris, et al
1996). However, this minisatellite changes in tumours may reflect general genome
instability and the mechanisms involved might differ from the normal somatic instability.

In contrast, the germ-line shows extreme minisatellite instability, which accounts
for the large number of alleles of different lengths within the human population and
suggests that the stability of these tandem repeats in the human germ-line is more relaxed
than in soma. In fact, during meiosis, minisatellites can be the substrate for recombination
events, as seen at the highly unstable minisatellite MS32, where a base transversion in the
DNA sequence adjacent to one end of the MS32 repeat array (for more detail see section
1.6.3) is associated with rare stable alleles that seems to suppress instability (Monckton et
al. 1994). Furthermore, the presence of a meiotic recombination hotspot adjacent to one end
of highly variable minisatellites, like CEB1, MS31a and MS32 (Jeffreys 1997, Alec J.
Jeffreys, et al. 1994), suggests that minisatellites might have evolved as byproducts of
localized meiotic recombination hotspots in the human genome. The germline
rearrangements in the GC-rich minisatellites are believed to arise from complex process
involving the copying and transfer of blocks of repeats from one allele to the other. In the

MS31A, MS32, and MS205 minisatellites the mutations arise mainly by gene conversion-
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like transfers of repeat units between alleles that are largely restricted to only one of the
ends of the array (polarized mutations) and do not involve exchange of flanking markers
(Jeffreys et al. 1993, Jeffreys et al. 1994, May, et al 1996). CEB1 shows polar interallelic
conversion but also has complex and nonpolar intra-allelic rearrangements that still appear
to be meiotic in origin (Buard, et al 1994 and 1998). Some alleles of the AT-rich
minisatellite (3’ end of the apolipoprotein B gene) were shown to be in linkage
disequilibrium with flanking polymorphisms, an indication that intramolecular
recombination events may predominate, like unequal sister chromatid exchange (Ellsworth
et al 1995). These observations support a model where the instability of a minisatellite
might depend on its DNA sequence, more precisely on its ability to form secondary
structures. In fact, GC-rich minisatellites that might form more stable secondary structures
compared to the AT-rich ones seem to be more prone to instability than the former.
Accordingly, the exceptionally unstable AT-rich minisatellites FRA10B and FRA16B
associated with fragile-sites, are formed by short inverted repeats, which enable the
formation of hairpin structures (Debrauwere et al. 1997), which might underlie their
instability.

Despite this evidence, the mechanisms underlying minisatellite instability in the
soma remain unknown. The only insight to potential participants was reported in tumour
cells deficient in the mismatch repair that showed MS1 instability (Hoff-Olsen et al 1995).
However, dysfunction in the mismatch repair has been associated with microsatellite
instability (Aaltonen et al. 1993, Parsons et al. 1993) thus, the observed MS1 instability
might be a consequence of its short unit repeat (9 bp), instead of a function of mismatch

repair on minisatellite stability.
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1.5.4 FROM YEAST TO HUMANS

Thus far, the only model organism used to dissect the molecular basis of mutation
events at minisatellites has been Sacharomyces cerevisae. In addition to allow meiotic
studies through tetrad analysis, yeast models provide a platform for mitotic studies and
pathway dissection. Several human minisatellites have been integrated near defined meiotic
hotspots for DSBs so that their repair by recombination events extends to the repeat array
causing mutations at the minisatellite.

Studies performed in yeast models have shown that, during meiosis, minisatellite
stability depends on the meiotic recombination-initiation protein — Spollp — and on the
DNA loop mismatch repair activity — Radlp (Jauert et al. 2002). Additionally, during
mitosis minisatellite stability can be compromised by mutations affecting genes involved in
DNA replication, like Rad27p (a FEN1-like endonuclease responsible for processing of
Okazaki fragments), proliferating cell nuclear antigen - PCNA or DNA polymerase 111 —
Pol3 (Lopes et al. 2002, Maleki, et al 2002). An interesting study has found that a
minisatellite tract in S. cerevisiae can be destabilized during stationary-phase by mutation
of zinc homeostasis genes, in a rad50-dependent manner (Kelly et al. 2007). Particularly
mutations in genes encoding the high-affinity zinc transporter —ZRT1 and the zinc-
dependent transcription factor ZAP1 specifically destabilize minisatellites, since
microsatellites and simple insertions were not affected. The authors propose an interesting
model where loss of the ZRT1 (directly or through loss of its transcriptional factor ZAP1)
reduces the cellular zinc-intake, which can consequently compromise several cellular
processes dependent on proteins that use zinc as cofactor. One of those proteins, rad50,

which binds to zinc (Hopfner et al. 2002, Wiltzius et al. 2005) and was shown to be
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required for the zinc-dependent instability observed, might be involved in minisatellite
stability, thus, zinc deficiency might facilitate its instability (Kelly et al. 2007).
Nonetheless, these findings were observed in stationary-phase and a further investigation
whether this mechanism is involved in minisatellite stability in actively growing

populations is essential.

1.6 MS32 MINISATELLITE

1.6.1 MS32 MINISATELLITE STRUCTURE

MS32 (D1S8) is the most studied human minisatellite and is located interstitially on
chromosome 1, position 1g42.3. The minisatellite, composed of 29 bp unit repeats, has a
G/C content of 62% and is composed of a tandem array of 12 to 800 repeat units (Wong et
al 1987). Each repeat unit has two polymorphic sites resulting from base substitutions: site |
consists of a G-A transition that creates a polymorphic Haelll restriction site while site Il is
formed by a C-T transition (Fig. 1.8). These polymorphisms define four types of MS32
repeat units, described as E-, e-, Y- and y- and are equally distributed across the array (Fig.

1.8).

SiteI: T-C

Site IT. G-A

A\
A
\{
A

TGACTCAGAATGGAGCAGG G CCAGGGG
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Sequence of the four MS32 repeat types:

E TGACTCAGAATGGAGCAGGTGGCCAGGGG
e TGACTCAGAATGGAGCAGGCGGCCAGGGG
Y TGACTCAGAATGGAGCAGGTGACCAGGGG
TGACTCAGAATGGAGCAGGCGACCAGGGG

Figure 1.8: MS32 minisatellite structure
The diagram shows the MS32 unit repeat sequence and the position of the two polymorphic sites,

with the respective base transversions. The table shows the individual sequence of each of the four
MS32 repeats and each polymorphism is emphasized in bold.

1.6.2 REGION AROUND MS32 MINISATELLITE

The region around MS32 minisatellite has been well characterized (Jeffreys, et al
1998). Most human minisatellites form clusters in subtelomeric positions but the
minisatellite closest to MS32 is 57 kb downstream. Another peculiarity is the high level of
Alu elements; Alus are found throughout the genome, but the region surrounding MS32
locus has a four times higher incidence than the rest of genome. Also, due to its high G/C
content, MS32 is refractory to thermal denaturation (probability of DNA helix to open
determined for three different temperatures per locus on the basis of overall base
composition for each locus) but there is a DNA region showing propensity to opening 4 kb
upstream the minisatellite (Murray et al. 1999). However, this region is probably too far
away to affect the minisatellite stability, since the O1G/C transversion, responsible for a
cis-suppression of the initiation of recombination in and near the minisatellite in germline
(see below), does not affect the denaturation observed. Nonetheless, the O1G/C
transversion seems to influence the ability of this region to bend, since it decreases the

curvature propensity (Murray et al. 1999). A change in flexibility could affect the
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nucleosome positioning and, consequently, the chromatin structure, since curved DNA is
more easily wrapped around a histone octamer. Finally, according to a database compiling
all the predicted G-quadruplexes formed across the genome (www.quadruplex.org), the
MS32 locus cannot form G-quadruplexes and only one could be formed approximately 1kb
downstream the minisatellite. This was further supported by G4 formation experiments
with the MS32 sequence that failed to form the structures (Mergny J., personal
communication).

MS32 is situated in a 77 kb non-coding region between genes NID and TM7SFL1.
Several meiotic hotspots were detected in this region: four in and near the NID gene and
three between MS32 and GPR173B gene (Jeffreys et al 2005). A simple tandem-repeat
(STR) composed of short unit repeats is located 1080 bp downstream MS32. The STR is
50-52% GC-rich and is flanked upstream by an Alu element. MSNID is a small
minisatellite composed of seven repeats of 34 bp palindromic AT-rich sequence (Fig. 1.9).
The MSNID germ-line mutation rate was estimated as 3x10° per gamete, low

heterozigosity and is flanked by two meiotic recombination hotspots (Jeffreys et al 2005).
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Figure 1.9: MS32 minisatellite region.

The MS32 minisatellite is flanked by the MSNID minisatellite at 57 kb and a STR at 1 kb. There
are three hotspots in the region (red stars), one 200 bp from MS32 and the other flanking MSNID.
The O1G/O1C base locates between the hotspot and MS32. The region located on the hotspot-side
of MS32 is usually referred to as upstream whilst the other side is considered the downstream

region of the minisatellite.
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1.6.3 MS32 MUTATION MECHANISM IN GERM-LINE

In somatic blood cells, rare somatic MS32 mutants were detected after genomic
size-fractioning and SP-PCR, with a mutation frequency of 0.004% per haploid genome,
that most likely arise by unequal sister-chromatid exchange and/or intramolecular
recombination (Jeffreys, et al 1997). In contrast, SP-PCR in gametic DNA (germ-line)
revealed a high instability at MS32 (0.81% per sperm per generation) with a mutational
pattern much more complex than somatic cells. MVR-PCR analysis showed polar
mutations in the germline, since the changes observed were largely restricted to one end of
the MS32 array (Jeffreys et al. 1991, Tamaki et al. 1993). This polarity was also observed
in two other human minisatellites, MS31 (D7S21) and MS205 (DI 6S309) (Jeffreys et al.
1993, Monckton et al. 1993). In addition, the germline mutations frequently involve the
transfer of repeat units from one allele to another via a complex gene conversion process
(Jeffreys et al. 1994). One working model is that minisatellite mutation is driven by cis-
acting elements which lie adjacent to the repeat array and introduce double-strand breaks
into the 5' end of the repeat unit array (Monckton et al. 1993). In fact, the analysis of the
DNA flanking the highly unstable MS32 minisatellite (D1S8) by crossover linkage studies
revealed a meiotic hotspot centred 200 bp upstream of the array (on the end where the
germline mutations predominantly occur). Therefore, a direct effect of the meiotic hotspot
on the MS32 minisatellite provides a simple explanation for the polarity observed at this
minisatellite. Additionally, a base transversion, known as O1G—> O1C and located 48 bp
from the MS32 minisatellite on the hotspot side, directly affects the minisatellite instability
since it was associated with the suppression of mutational events in germ-line.

Furthermore, the suppression was observed in a variety of MS32 lengths, suggesting that
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the single base change is responsible for the suppression of the instability (Jeffreys, et al
1994). In summary, the mutations in germ-line cluster to the 5’ end and are mainly
complex, polar inter-allelic exchanges (crossovers and conversion-like events). Thus,
meiotic recombination is the most plausible mutation mechanism to be affecting MS32
stability, whereas unequal sister chromatid exchange/intramolecular recombination are

more likely to cause MS32 mutations in somatic cells (Jeffreys, et al 1994).

1.6.4 MS32 MUTATION MECHANISM IN YEAST

MS32 minisatellite was integrated in yeast and the mutation profile observed in
yeast correlated with the previously described in humans: very sporadic mutations in
mitotic cells but high instability during meiosis derived by both simple intra-allelic events
and more complex inter-allelic events (Appelgren, et al 1997). However, the meiotic
mutation rate in yeast was 10x higher than in humans, mutations occurred in both ends of
the array, in contrast to the 5’ polarity observed in humans and the proportion of inter-
allelic events in yeast (around 30%) was lower than in humans (80%) (Jeffreys et al. 1994).
MS32 stability has also been analysed in a RAD27A haploid yeast strain and, like other
minisatellites (CEB1, MS1) was more unstable than in wild-type, suggesting that RAD27
(yeast flap-endonuclease homologue of hFEN1 and hEXO1) stabilizes minisatellites,
probably by processing of replication intermediates. Although the spectrum of mutations of
MS32 was not analysed, CEB1 mutations observed in RAD27A haploid yeast has been
reported (Lopes, et al 2006). Complex contraction events are frequently accompanied by
duplications and depend on the integration position on the genome (the level of

destabilization between two integration sites differed).
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1.6.5 MS32 MINISATELLITE AND ALT

Attempting to determine the degree of tandem repeat instability in ALT+ cells, in
loci other than telomeres, Jeyapalan et al found that one particular minisatellite, MS32, was
~2000 fold more instable in these cells than in tel+ or normal cells (Jeyapalan et al 2005).
In ALT+ cells, the MS32 mutation mechanism is not understood but it seems to be far more
complex than simple deletions or duplications (as seen in normal somatic DNA). In
addition, there is some evidence that it differs from the inter-allelic exchanges seen in the
germ-line (Jeyapalan, et al 2005). Since ALT+ cells have a high level of inter-telomeric
exchange, sister-chromatid exchange events could be promoting the high mutation rate at
MS32 minisatellite as well. However, genome-wide sister-chromatid exchange is not
increased in ALT+ cells compared to Tel+ or normal cells and the increase in sister-
chromatid exchanges in ALT+ cells is restricted to telomeres (Bechter et al 2003).
Furthermore, six other minisatellites (MS1, MS31, CEB1, MS205, B6.7 and DXY14)
remain stable after ALT activation. Thus, the relaxation of general repression of
recombination-like processes in tandem repeats, by ALT activation, does not underlie the
instability of MS32, suggesting that other factors may be participating. MS32 instability
was also observed in vivo, in samples from soft tissue sarcomas and in liposarcomas, hence
the instability associated to ALT is not a culture artefact (Jeyapalan et al 2005; Jeyapalan et

al 2008).
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1.7 PROJECT AIMS

More than a decade after the first descriptions of the ALT pathway, little is still
known about its underlying mechanism. One of the markers for the ALT activation is the
extreme instability at the hypervariable minisatellite MS32 (Jeyapalan et al. 2005). MS32 is
one of the most well studied minisatellites and the mutational mechanisms affecting its
stability in both germ-line and soma have already been analysed and described (Jeffreys et
al. 1994, Jeffreys, et al 1997), respectively. Nonetheless, the relationship between ALT
activation and consequent MS32 instability remains unclear and deciphering it might
enlighten some of the molecular processes involved in the ALT process.

Since the reasons triggering MS32 instability in ALT+ cells are not obvious (no
similarities with telomeric repeats, no subtelomeric location, etc), several different
hypothesis can be raised. This project aims to:

1. Determine whether the MS32 minisatellite is the only minisatellite affected by ALT
activation and determine the extent of the instability in the MS32 region.

2. Detect potential gene expression alterations around MS32 minisatellite that could
elicit chromatin alterations exposing MS32 minisatellite to the mechanism(s)
responsible for its instability in ALT+ cells.

3. Determine the mutational spectrum resulting from the MS32 instability in ALT+ to
facilitate the identification of the molecular mechanism involved.

4. ldentify other alterations in the MS32 minisatellite region that could explain its

instability in ALT+ cells.
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CHAPTER TWO: MATERIAL AND METHODS

2.1 MATERIALS

2.1.1 CHEMICALS AND GENERAL REAGENTS

The chemicals were obtained from Cambrex Biowhittaker Molecular Applications
(BMA) (Rockland, USA), Fisher Scientific (Loughborough, UK), Flowgen (Ashby de la
Zouch, UK) and Sigma-Aldrich Company Ltd (Poole, UK).

Molecular biology reagents were obtained from ABgene (Epsom, UK), Ambion,
Inc. (Austin, USA), Amersham Biosciences (Little Chalfont, UK), Applied Biosystems
(Warrington, UK), Biogenesis (Poole, UK), Bio-Rad (Hemel Hempstead, UK), Bio
Wittaker Molecular Applications (BMA) (Rockland, USA), Dynal Ltd (Merseyside, UK),
Invitrogen UK (Paisley, UK), Millipore (Watford, UK), New England Biolabs (NEB)
(Hitchin, UK), Perkin Elmer LAS Ltd (Bucks, UK), Promega (Southampton, UK), Qiagen
Ltd (Crawley, UK), Raymond A Lamb Ltd (East Sussex, UK), ResGen (Division of
Invitrogen Ltd, Paisley, UK), Roche Molecular Biochemicals (Mannheim, Germany),
Sigma-Aldrich Company Ltd (Poole, UK), and Stratagene (Amsterdam, The Netherlands).

Specialised equipment was obtained from Applied Biosystems (Warrington, UK),
Becton Dickinson-Pharmingen (Oxford, UK), Bio-Rad (Hemel Hempstead, UK), Cecil
Instruments (Cambridge, UK), Eppendorf (Hamburg, Germany), Fisher Scientific
(Loughborough, UK), Genetic Research Instrumentation (GRI) (Braintree, UK), Helena
Biosciences (Sunderland, UK), Heraeus Instruments (Hanau, Germany), Labtech
International Ltd (East Sussex), Life Sciences (Cambridge, UK), Perkin-Elmer applied
biosystems (Beaconsfield, UK), MJ Research (Waltham, USA) and Walker safety cabinets

Ltd (USA).
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2.1.2 BUFFERS AND SOLUTIONS

The solutions used throughout all experimental procedures are listed on Appendix-1

and were stored at room temperature, except when indicated.

2.1.3 OLIGONUCLEOTIDES, ENZYMES AND RADIOLABELLED
REAGENTS

Primers were designed according to the DNA sequences obtained from the NCBI
database (http://www.ncbi.nlm.nih.gov) and obtained from Sigma-Aldrich Company Ltd
(Poole, UK). A list of all oligonucleotides used on this thesis is shown in Appendix-3.

Restriction enzymes were supplied by New England Biolabs (NEB) (Hitchin, UK).
Taq polymerase was supplied by ABgene (Epsom, UK). Pfu polymerase was supplied by
Stratagene (Amsterdam, The Netherlands). Proteinase K and RNase A were supplied by
Sigma-Aldrich Company Ltd (Poole, UK). y-32P-ATP (10mCi/ml) and a-32P-dCTP

(3000Ci/mmol) were supplied by Amersham Pharmacia Biotech (Amersham, UK).

2.1.4 CELL-LINES

The cell-lines used in this PhD thesis are outlined on Appendix-2. The
JFCF6T.1J/11C, JFCF6T.1J/11E and I1ICF/a2 cell-lines were a kind gift from Dr. R. Reddel
(Cancer research unit, Children’s Medical Research Institutes, Sydney, Australia). SuSM1
cell-line was kindly given by Professor O. M. Pereira-Smith (Worcester Polytechnic
Institute, USA). SaOS and U20S cell-lines were a gift from Dr. P. Salomini (MRC,
Leicester, UK). WI38, WI38VAL13/2RA and NT2D1 were obtained from the European
collection of Cell Cultures (ECACC). HT1080, MRC5, GMO3798 were obtained from the
American Type Culture Collection (ATCC).

The DNA from Centre d’Etude du Polymorphism Human (CEPH) family were

obtained from Professor H. Cann and Dr. J. Dausset (Paris, France).
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The cDNAs for the genes around MS32 minisatellite were obtained from

Geneservice Ltd (Cambridge, UK).

2.2 CELL CULTURE

2.2.1 CONDITIONS FOR CULTURE OF CELL-LINES

Table 2.1:
Cell-line Specific medium
SUSM-1 Fibroblast MEM*+ 10% FCS
JFCF6T.1J/11C Fibroblast DMEM:? + 15% FCS + 1% NEAA*
JFCF6T.1IJ/11E Fibroblast DMEM + 15% FCS
GMO03798 Lymphoblastoid RPMI+10% FCS

'Minimum Essential Medium (Gibco RBL)
’Foetal Calf Serum (Gibco RBL)
*Dulbecco’s Modified Eagles Medium (Gibco RBL)

* non essential aminoacids (Gibco RBL)

All cell-work was performed in a suitable category Il laminar flow hood (Walker
safety cabinets Ltd). Cells were incubated at 37° C, in saturated humid atmosphere under
5% CO2 with the specific growing-medium (table 2.1). Sub-culturing was performed when
cells reached confluence: the cells were washed with trypsin, trypsinized (1 ml) and diluted

into fresh medium in a new flask.

2.2.2 CELL CLONING

The medium of actively growing SUSM1 cells was removed when they were
confluent and kept to be used as conditioned medium (contains nutrients produced by cells

that are essential to promote growth). The cells were trypsinized to obtain a single-cell
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suspension, counted and recovered by centrifugation (1100 rpm, 8 min). The cell pellet was
suspended in the conditioned medium and a final concentration of 8 cells/ml was reached
after successive dilutions. Each well of a 96-well plate was seeded with approximately 100
pl in order to obtain 0,8 cells/well. Some visible colonies derived from a single cell were
selected for clonal expansion into 25 cm2 and the cloned cells were harvested and counted

after 20, 30 and 40 population doublings.

2.3 DNA AND RNA EXTRACTION

2.3.1 DNA

Genomic DNA was extracted from frozen cell-pellets, by phenol/chloroform
extraction. Firstly, the medium from populations that had reached confluence was removed
and the cells trypsinized. The cell-suspension was transferred to a tube with 9 ml of
medium + 10% FCS and cells were counted with a haemocytometer. Then, the cell-
suspension was centrifuged at 1100 rpm for 8 min., the pellet was washed by ressuspension
in 4 ml 1X PBS and cells recovered with an additional centrifugation. The obtained cell-
pellet was ressuspended in 100-250 pl 1X SSC and stored at -80° C until required.

To isolate DNA from the cell-pellets, cells were lysed with Lysis Buffer and the
RNA degraded by addition of RNase (final concentration of 10 mg/ml) at room
temperature, for 20 min. Then, proteinase K (final concentration of 20 mg/ml) was added to
digest proteins at 55°C, for 6 hours. After the incubation, 1 ml phenol/chloroform/isoamyl
alcohol (25:24:1) added in 2 ml phase lock tubes, the mixture was emulsified by gently
inverted to minimize DNA shearing and centrifuged at 13000 rpm for 5 min. The DNA-
containing aqueous phase (upper) was separated from the phenol and proteins organic

phase (lower). DNA was ethanol-precipitated by adding 1 ml of isopropanol and 100 ul 3M
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NaAc (pH 5.5). The tubes were inverted to precipitate the DNA, which was transferred to 1
ml 70% (v/v) ethanol (EtOH). Finally, DNA was again precipitated by centrifugation for 10
minutes at 3000rpm, the EtOH was removed and the pellet air dried. According to the pellet

size, DNA was re-suspended in 50-200 ul ddH20 (nuclease-free water) and stored at 4°C.

2.3.2 RNA

Total RNA was extracted from adherent cells (JFCF6T.1J/11C and JFCF6T.1J/11E)
and suspension cells (GM03798) using TRI Reagent (SIGMA). This reagent is a mixture of
guanidine thiocyanate and phenol that effectively lyses the cells and dissolves DNA, RNA
and proteins into a homogeneous lysate. Adding chloroform to this lysate and centrifuging,
the mixture separates in 3 phases: an upper aqueous phase containing RNA, an interphase
composed of DNA and a lower organic phase formed by proteins. The purified RNA was
quantified measuring the absorbance at 260 nm. In water, an absorbance of 1 unit at 260
nm corresponds to 40 mg of RNA per ml (A260 = 1 = 40 mg/ml) and the ratio 260/280

should be higher than 1.70.

2.4. DNA-RESTRICTION DIGESTION.

All the enzymes used for DNA (genomic, plasmid or PCR product) digestion were
supplied by New England Biolabs (NEB) (Hitchin, UK) and Fermentas (UK). Digestion
conditions and buffer used were as recommended by the supplier. BSA was also added to
the reaction when recommended. The incubation time varied from 5 min. to overnight
periods. The glycerol concentration (<5%), enzyme concentration and pH (>8) were kept at

recommended levels, to avoid star activity.
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2.5 CDNA SYNTHESIS

The cDNA synthesis was performed with the Verso™ cDNA kit (Thermo Fisher
Scientific). 1 pug of RNA was denatured for 5 min at 70°C and 9 pul of previously prepared
reaction mix (1x cDNA synthesis buffer [Thermo Scientific], 500 puM each dNTP, 1 pl of
random hexamers, RT enhancer [DNA degradation] and 1 pl of Verso enzyme mix). The
reverse transcription was performed at 42°C for 30 minutes and the reaction was stopped by
heat inactivation at 95°C for 2 minutes. To the final reaction, 80 pl of dH,O were added to

obtain a final working concentration of 100 ng/pl.

2.6 POLYMERASE CHAIN REACTION (PCR)

The regions of interest throughout the development of this thesis were amplified by
PCR. To minimize the contamination risk, all PCR reaction from genomic DNA and PCR
mixes for plasmid or previously PCR-amplified templates were prepared in a category Il
laminar-flow hood with equipment exclusively used for PCR purposes. The latter templates
were then added to the PCR mix on the bench.

The PCR reactions were prepared in 0.2ml sterile tubes and performed on Peltier
Thermal Cycler (PCT)-200 engine thermal-cycler (MJ research). Generally, 10 ng of DNA
was amplified in a 10pl reaction containing: 1x 11.1x-buffer (to obtain the final
concentrations: 45mM Tris-HCI [pH 8.8], 11mM ammonium sulphate, 4.5mM magnesium
chloride, 0.045% 2-mercaptoethanol, 4.4uM EDTA pH 8.8 at 25°C, 1mM of each dNTP,
and 13 pg/ml BSA), 0.3-0.4 uM of each primer, 40 mM of Tris and 0.07 U of Taq
polymerase (ABgene, Epsom, UK). When it was necessary to increase the PCR fidelity,
Pfu polymerase (1:20 (U/U) was added to the reaction. The PCR conditions were specific
to each reaction, accordingly to the primer annealing temperature and fragment size, but
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usually common on the following steps: 1 min. of denaturation at 96°C, followed by 20-38

cycles of: 20 sec. of denaturation at 96°C, 30 sec. at the appropriate annealing temperature

followed by a size-dependent (usually 1 min. per 1 kb of region to be amplified) elongation

step at an appropriate temperature. The tables below represent the PCR mix and conditions

used for each DNA target amplified during the development of this thesis.

The PCR products were resolved by, unless differently stated, 1.2% agarose gel

electrophoresis (see section 2.8).

Tables 2.2:
PCR mix for STR amplification Conditions for STR amplification
Final conc. | Reagent (stock concentration) Temperature | Time Cycles
40 mM 1M Tris 96°C 1 min.
0.07U 0.5 U/ul Taq 96°C 1 min.
0.4 pM 32+1.4F primer 68°C 1min. | x5cycles
0.4 pM 32+0.6R primer 70°C 2 min.
1x 11.1x buffer 96°C 1 min.
67°C 1 min. | x33cycles
70°C 2 min.
Tables 2.3:

PCR mix for MSNID amplification

Conditions for MSNID amplification

Final conc. | Reagent (stock concentration) || Temperature | Time Cycles
40 mM 1M Tris 96°C 1 min.
0.07 U 0.5 U/ul Taq 96°C 20 sec.
0.3 uM M-59.0F primer 57°C 30sec. | x33cycles
0.3 uM M-57.7R primer 61°C 5 min.
1X 11.1x buffer

Tables 2.4:
PCR mix for IMAGE clones amplification Conditions for IMAGE clones
Final conc. | Reagent (stock concentration) amplification
40 mM 1M Tris Temperature [ Time Cycles
0.07U 0.5 U/ul Taq 96°C 1 min.
0.4 uM T7 or M13 primer 96°C 20 sec.
0.4 uM T3 or M13rev. primer 59°C 30 sec. x30 cycles
1X 11.1x buffer 70°C 3 min.
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PCR mix for MS32 amplification

Conditions for MS32 amplification

Final conc. | Reagent (stock concentration) || Temperature | Time Cycles

12 mM 1M Tris 96°C 1 min.

0.05U 0.5 U/ul Taq 96°C 20 sec.

0.0025 U 0.05 U/ul pfu 59°C 30 sec. x25 cycles

0.2 uyM 32B primer 70°C 10 min.

0.2 uyM 32E primer 56 °C 1 min.

1x 11.1x buffer 70 °C 10 min.

Tables 2.6:

PCR mix for MS32 probe amplification Conditions for MS32 probe

Final conc. | Reagent (stock concentration) amplification

12 mM 1M Tris Temperature | Time Cycles

0.07U 0.5 U/ul Taq 96°C 1 min.

0.015 U 0.05 U/ul pfu 96°C 20 sec.

0.4 utM 32D2 primer 66°C 30 sec. x36 cycles

0.4 pnM 32E primer 68°C 2 min.

1X 11.1x buffer

1nl DNA Ceph member 104.5 (25

ng/ul)
Tables 2.7:

PCR mix for STR probe amplification Conditions for STR probe

Final conc. | Reagent (stock concentration) amplification

12 mM 1M Tris Temperature | Time Cycles

0.07U 0.5 U/ul Taq 96°C 1 min.

0.015U 0.05 U/ul pfu 96°C 1 min.

0.4 uM 32+1.ANNF primer 68°C 30 sec. x5 cycles

0.4 pM 32+0.6F2NR primer 70°C 1.5 min.

1x 11.1x buffer 96°C 1 min.

1l HT1080 DNA (20 ng/ul) 65°C 30 sec. x34 cycles
70°C 1.5 min.
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Tables 2.8:
PCR mix for 33.15 and 33.6 probes Conditions for 33.15 and 33.6
amplification probes amplification
Final conc. | Reagent (stock concentration) Temp. Time Cycles
12 mM 1M Tris 96°C 1 min.
1x 11.1x buffer 96°C 20 sec.
0.07 U 0.5 U/ul Taq 57°C | 30sec. | x33cycles
0.015U 0.05 U/ul pfu 70°C | 1.5 min.
0.15 uM T7 primer
0.15 uM T3primer
1l 33.15 pBlueScript (2 ng/ul)
33.6 pBlueScript (1.2 ng/ul)

2.6.1 SMALL-POOL AND SINGLE-MOLECULE PCR

Small-pool and Single-Molecule PCR (SP-PCR and SM-PCR, respectively) are
alternatives to the PCR technique were aliquots from serially diluted genomic DNA
containing approximately 20 (SP-PCR) or a single molecule (SM-PCR) are amplified. The
subsequent resolution of the PCR products by gel electrophoresis allows the identification
(and isolation in SM-PCR) of abnormal-length molecules. Approximately 6 pg of DNA
will contain 1 molecule consequently, to amplify 20 molecules per reaction, 120 pg of
DNA should be added to each PCR tube. The aimed dilutions were achieved by serial
dilutions from a 10 ng/pl Mbol-digested genomic DNA stock with a carrier tRNA buffer.
The SP-PCR or SM-PCR mixes and conditions used for each amplicon are shown in the
tables in section 2.2.2.1, except for the DNA input (120 pg or 20 pg of DNA per SP-PCR or
SM-PCR reactions, respectively) and the addition of the carrier tRNA to a final
concentration of 1 ng/pl.

The quantification of the number of amplifiable DNA molecules present in the
limiting dilutions of genomic DNA by Poisson analysis permits the direct measurement of
mutation frequencies. For the Poisson analysis, serial dilutions of the DNA were performed
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with tRNA buffer, so that a final concentration of 20 pg/pl was achieved for the
amplification of 0.2-1.5 molecules per reaction (a total of 10 reactions were performed for
each nr. molecules trial). A correction factor [-In (negative tracks/total reactions)] was
multiplied by the ratio of final DNA input in SP-PCR and Poisson reactions to determine
the total number of amplifiable molecules per reaction. Consequently, the total number of
molecules amplified on the SP-PCR experiment was calculated, which determined the
mutation frequency or mutation rate, if the population divisions were known.

The SP-PCR and SM-PCR products were resolved on 1.2% agarose gel
electrophoresis (Tables 2.5, section 2.8) and detect by Southern-hybridization (see section

2.9) with a radioactive-labelled MS32 probe (see section 2.9.1).

2.6.2 MINISATELLITE VARIANT REPEAT (MVR)-PCR

Minisatellite-variant repeat PCR (MVR-PCR) is another PCR amplification that
takes advantage of the natural repeat variation within minisatellites to map the interspersion
pattern of each of those variant repeats along the array. The alignment of MVR-PCR maps
of mutant-length with the progenitor (most common) alleles facilitates the analysis of the
processes underlying minisatellite instability. In this study, a forward and reverse four-state
MVR-PCR (Tamaki et al. 2004) methodology was used to determine complete maps of the
mutant-length molecules identified by SM-PCR (see section 2.4.2.2).

The MS32 amplification master-mix specified in section 2.6 was divided in four
separate MVVR-PCR reactions and a variant-repeat specific primer added to each one of

them (3.6 nM primer TAG-E, TAG-e or TAG-y and 7 nM of TAG-Y). The isolated SM-
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PCR products were diluted 1:20 in dH,O and 0.5 ul were added as template for the each of
the four MVVR-PCR mixes on the bench, to avoid PCR-contamination.

The MVR-PCR products were resolved by agarose gel electrophoresis (see section
2.8) and detected by Southern-hybridization (see section 2.9) with a radioactive-labelled

MS32 probe (see section 2.9.1).

Tables 2.9:
PCR master-mix for MVR-PCR Conditions for MVR-PCR
Final conc. | Reagent (stock concentration) | Temp. Time Cycles
12 mM 1M Tris 96°C 1 min.
1X 11.1x buffer 96°C 20 sec. x4 forward
0.05U 0.5 U/ul Taq 64°C 30 sec. x5 reverse
0.0025U [ 0.05 U/ul pfu 70°C 3 min. cycles
0.2uM | TAG primer 96°C 20 sec.
0.2 M 32HIC_primer (forward MVR) x13 forward
' 32E primer (reverse MVR) 62°C | 30sec. | x19 reverse
0.5 pl SM-PCR product (1:20) cycles
70°C 3 min.

2.6.3 TCA REACTION
A reaction mix was prepared with 1 pg of ExoV-digested genomic DNA, 1 uM of

the respective primer (telomere or MS32-specific) and 1x annealing buffer (see appendix-
1). the reaction was denatured for 5 minutes at 96°C and the annealing of the primer to the
DNA was achieved by letting the reaction cool down to 25°C for approximately 1 hour. The
DNA was precipitated with sodium acetate and ethanol and resuspended in 20 ul dH,O.
The annealed-DNA solution was divided into two tubes: the positive and a negative
reaction (with or without @29 polymerase, respectively). To both tubes 9.25 pul of premix

(final 2x @29 buffer, 0.5 mM dNTP mix and 6.25 ul dH,0) and 7.5 U of @29 polymerase
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(+ reaction) or 0.75 ul dH,O (- reaction) were added. The amplification reaction was
carried out at 30°C for 12 hours and stopped by heat inactivation at 65°C for 20 minutes.

To the final products, 5 ul of loading buffer (100 pl 6x LBI, 3 ul NAOH [10M] and
1.2 ul EDTA [0.5M]) were added and the mixture was loaded into a denaturing gel (0.8%
agarose [HGT], 50 mM NaOH, 1 mM EDTA) for electrophoresis resolution at 2V/cm,
under alkaline conditions (50 MM NaOH, 1 mM EDTA). After resolution, gel was washed
7 minutes in depurinating solution, 30 minutes in denaturing solution and 30 minutes in

neutralizing conditions and Southern-hybridized as usual (section 2.9).

2.6.4 QPCR

All gPCR reactions were performed with the MESA GREEN gPCR Master Mix
Plus (Eurogentec). The reactions were prepared in a final volume of 20 pl with 1x reaction
buffer, 300nM of forward and reverse primers (unless otherwise stated) and 2 pl of cDNA
(100 ng/ul). The amplification was carried out under the following conditions (see table
2.10), on a DNA Engine Opticon 2 system (MJ Research). After the amplification, a
melting curve was performed between 45°C to 96°C, with a 1 second hold every 0.5°C,

followed by a plate read.

Table 2.10:
Conditions for gPCR amplification
Temperature | Time Cycles
95°C 5 min.
95°C 15 sec.
58-60°C 20 sec. x40 cycles
72°C 40 sec.
Plate read
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2.6.5 MLPA

The MLPA reactions were performed with the X-014 test MLPA kit (MRC-
Holland) that includes all the PCR reaction reagents, as well as the probemix. Genomic
DNA was diluted to a working stock of 30 ng/ul using dH,O and 150 ng were denatured for
5 min at 98°C. To each DNA sample 1.5 pl MLPA buffer and 1.5 pl probemix were added
when the sample-reaction reached the 25 °C. The mixture was incubated for 1 minute at 95
°C and left overnight for 60 °C, to ensure hybridization of the probemix to the target
sequences. The reaction was lowered to 54 °C and 32 ul of ligase buffer mix (3 pl Ligase-
65 buffer A, 3 pl Ligase-65 buffer B and 25 pl water) were added and mixed by pipetting
up and down. The reaction was incubated for 15 minutes at 54 °C, followed by 5 minutes at
98 °C. The ligation products were stored at 4 °C until used.

In a new PCR tube, 15 ul of PCR buffer mix (2 pl SALSA PCR buffer, 13 ul water)
and 5 pl of ligation product were mixed and placed at 60 °C in a PCR machine. 5 ul of PCR
mix (1 pul SALSA primers, 1 pl SALSA enzyme dilution buffer, 2.75 ul water and 0.25 pl

SALSA polymerase) were added to the reaction and a PCR cycling was performed as

follows:
Table 2.11:
Conditions for MLPA amplification

Temperature [ Time Cycles
95°C 30 sec.
60°C 30 sec. x35 cycles
72°C 1 min.
72°C 20 min

Following the PCR reaction, 3 pul of PCR product were mixed with 10 pl of internal
size standard (20 ul LI1Z 500 [ABI] and 1 ml formamide) and denatured for 3 min at 95 °C

before placed on ice.
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The products were resolved by electrophoresis ABI 3100 Genetic Analyzer
(Applied Biosystems) with 16 36cm-long capillaries according to the following settings:
run at 60 °C, POP-7 polymers, capillary fill volume 6500, pre-run voltage 15 kV for 180
sec, injection voltage 3 kV for 23 sec and run at 15 kV with a data delay time of 1 sec. The

run was performed for 1500 sec.

2.7 SEQUENCING.

The PCR products were either cleaned by EXO/SAP reaction (see section 2.6.1) or
recovered after resolution from the agarose gel (Qiagen extraction kit [Qiagen]), according
to the manufacturer’s instructions. 20-40 ng/kb of PCR products were mixed with 1 pl of
Big dye mix version 3.1 (Applied Biosystems), 1.5 ul 5x sequencing buffer and 3.2 pmol of
the sequencing primer. The reactions were cycled for 10 sec. at 96°C, 5 sec. at 50°C and 4
min. at 60°C for 27 cycles. After cycling, 10 ul dH,O and 2 pl 2.2% SDS were added to the
reactions and heated at 98°C for 5 min, followed by a 10 minute invubation at 25°C.
Performa DTR Gel filtration columns were prepared by centrifugation at 3.4*1000 rpm for
3 min in a Eppendorf 5415. The columns were placed in clean tubes and the samples
applied directly to the gel bed. Finally, samples were eluted by centrifugation (as above)
and submitted to the Protein and Nucleic Acid Chemistry Laboratory (PNACL, University
of Leicester, UK).  The sequence data was analysed and edited with the FacturaTM
Release 1.2.0 (Applied Biosystems, Warrington, UK) and sequences were aligned with
reference sequences obtained from the NCBI site (http://www.ncbi.nlm.nih.gov/) and

edited in Autoassembler Release 1.4.0 (Applied Biosystems, Warrington, UK).
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2.7.1 EXO/SAP CLEANING

PCR products were cleaned by adding 1.5 U of shrimp alkaline phosphatise SAP
[Roche] and 10U exonuclease | (Exol) [NEB]. The reactions were incubated at 37°C for 1

hour and stopped by heat inactivation at 85°C for 15 minutes.

2.8 AGAROSE GEL ELECTROPHORESIS.

DNA fragments were separated by horizontal agarose gel electrophoresis. Agarose
gels (0.4-4.0% (w/v)) were prepared by boiling agarose in 1XTBE (which contained
Ethidium Bromide when required) and cast in sealed gel trays. Gel combs were used to
generate wells of desired volume and gels were left to solidify at room temperature. DNA
samples were mixed with DNA loading dye and loaded in the wells next to the appropriate
DNA size markers. The 1Kb, 100bp [supplied by New England Biolabs (NEB) (Hitchin,
UK)], ¢X174/Haelll or ADNA/HindIIl DNA ladders were used, supplied by ABgene
(Epsom, UK). Ethidium bromide-stained DNA was visualised under UV light using a UV-

transiluminator (UVP life sciences, Cambridge, UK).

2.8.1 ISOLATION OF DNA FROM GEL.

PCR purification/DNA fragment isolation was carried out using the QIAquick gel
extraction kit [Qiagen Ltd (Crawley, UK)]. Resolved DNA fragments were excised from a
1-1.5% (w/v) low melting point agarose [Invitrogen (Paisley UK)] gel prepared with
IXTAE and stained with Ethidium bromide. Low melting point agarose gels melt at 500C,
which is well below the DNA melting point. DNA was extracted using the QlAquick gel
extraction kit according to the manufacturer®s protocol. Essentially, excised gel fragments

were melted at 500C and the solution was passed through a column. DNA was bound on
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the QIAquick silica membrane, washed and purified. Following the removal of residual
contaminants DNA was eluted and fragment size was confirmed by agarose gel

electrophoresis.

2.8.2 2D-GEL ELECTROPHORESIS

2-dimensional gel electrophoresis was used to detect circular DNA. The first
dimension was performed by loading 10 pg of digested genomic DNA on a 0.4% agarose
gel (Seakem HGT agarose in 1x TBE with no ethidium bromide) and resolving the DNA at
1 V/cm, for 18 hours. The gel made measured 20 x 20 cm and the wells were made with
combs of 4 mm per 2 mm dimension. For the second dimension, a 1 % agarose gel
(Seakem HGT agarose in 1x TBE + ethidium bromide) gel was prepared and cooled to
55°C. The DNA track from the 1st dimension gel was cut with a sterile scalpel blade and
placed in a new gel tray (flipped 90° to the right). The 1% gel was poured in the tray so that
the DNA track was completely covered. After solidifying, the second dimension was run at
5 V/cm for 5.5 hours. The gel was photographed with a UV transiluminator and Southern-

hybridized as mentioned in section 2.9.

2.9 SOUTHERN BLOTTING.

After adequate gel electrophoresis resolution, the agarose gels were prepared for
blotting by removing the excess gel with a sterile scalpel. Each gel was washed, unless
differently stated, under the following conditions: 2x 5 min in depurinating solution (0.25M
HCI), 2x 15 min in denaturing solution (0.5M NaOH, 1M NaCl) and 2x 20 min in
neutralizing solution (0.5M TRIZMA Base, 3M NacCl). In the meantime, the blotting device

was set-up by filling a deep tray with 20x SSC, a glass was placed over the tray and one
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sheet of Whatmann 3MM paper was placed over the glass with the edges sank on the 20x
SSC of the tray, so that the paper remains soaked in the solution. After the washes, the gel
was placed upside down onto the soaked Whatmann paper and covered by a membrane
previously cut-to-fit the size of the gel (MAGNA nylon transfer membrane, GE
Healthcare). On top, two Whatmann paper sheets soaked in 2x SSC and also fitting the gel-
size were placed and a glass pipette used to remove any air-bubble present between the
different layers. Finally, the Whatmann sheets were topped by piles of paper towels and,
covering the blotting device, another glass on top of which an appropriate weight was
rested. The paper towels were changed a few times for the first hour, to maximize the
soaking process, and the blotting apparatus was left between of five hours-overnight.

After blotting, the nylon membrane was rinsed in 2x SSC to remove any debris,
dried at 80°C for 10 minutes and exposed to UV light (70 mJ/cm?) to covalently link the
DNA to the membrane. The membrane was stored at room temperature unless immediately

used.

2.9.1 PROBE LABELLING

Double-stranded DNA probes were labelled with a-32P-dCTP (3000 Ci/mmol) in
30 ul reactions. 15 ng target-specific PCR-amplified or 2.5 ng of the markers (A/HindI and
®X174/Haelll) was denatured by boiling for 5 minutes. After DNA denaturation, 6 pl 5x
Oligo Labelling buffer (OLB), 1.2 ul BSA (0.4 pg/ul stock), 7.5 U of Klenow and a-32P-
dCTP (20 uCi for locus-specific probes or 5 uCi for marker DNA) were added to the
reaction and incubated at either 37°C for at least 5 hours or at room-temperature overnight.

After the labelling, the probe reaction was transferred to a glass tube and 50 pl of

oligo-stop solution (OSS), 35 ul high molecular weight salmon (E.coli 3 mg/ml for 33.15
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and 33.6 pobes), 25 ul 2M sodium acetate and 470 pl 100% ethanol were added. The DNA
probe was precipitated by gentle tube agitation. After ethanol removal, the pelleted probe
was washed with 500 ul of 70% ethanol and re-suspended in 500 ul dH,O. Before

hybridization, probe was denatured at 100°C for 3 minutes.

2.9.2 HYBRIDISATION AND WASHING

The membrane was soaked in dH,O, rolled between hybridization-meshes and
transferred into a hybridisation bottle containing ~20 ml of the hybridisation solution
(modified Church buffer pre-heated to 65°C) and pre-hybridised for at least 30 minutes at
60-65°C (dependent on the probe used). After pre-hybridisation, the solution was replaced
by another 20 ml of modified Church buffer and the denatured and labelled probe was
added to the bottle and hybridised overnight at 60-65°C.

After hybridization, the excess probe was removed by washing the membrane with
the washing solutions (see Table for specific conditions. After excess liquid had been
removed, the membrane was wrapped in saran-wrap and exposed to a phosphorimager
screen between 5-48 hours.

To enable re-hybridisation membranes were stripped by immersing in boiling
0.1xSSC, 0.1% (w/v) SDS for 10-20 minutes. The procedure was repeated if the
radioactivity detected with a Geiger counter exceeded 5counts/second. Stripped membranes
were placed against a phosphorimager screen to check for any remaining radioactivity. If

no background signal was detected, the membrane was re-used.
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Table 2.12:
Probe Hyb + wash temp. Washing conditions
Telomere (TTAGGG) 65°C 0.1x SSC, 0.1 SDS for 10 min

MS32 + MSNID 650C 40mM NaHPO,, 0.5% SDS for 5 min x1
(PCR products) 0.2x SSC, 0.1% SDS for 10 min. x2
MS32 (genomic) 65°C 0.5x SSC, 0.1% SDS x2

STR 60°C 0.5x SSC, 0.1% SDS for 10 min. x2
33.15 and 33.6 65°C 2x SSC, 0.1% SDS for 10 min. x2

1.5x SSC, 0.1% SDS for10 min. x1

Tel G (TGAGGG)
Tel K (TCAGGQG) 65°C 0.5x SSC, 0.1 SDS for 10 min. x3
Tel J (TTGGGG)

2.10 METHYLATION-STATUS ANALYSIS

1 pg of genomic DNA was BamHI-digested (20-40 U in a total 10 pl reaction) for 4
hours at 37°C. The digestion was confirmed by resolving 200 ng in a 0.8% agarose gel
electrophoresis (see section 2.6). The digested genomic DNA was sodium-bisulfite treated
using the EpiTect kit (Qiagen, Crawley, UK) according to the manufacturer’s protocol,
except for a modified cycling program (developed by Rita Neumann, Department of
Genetics, University of Leicester), for maximum conversion of unmethylated cytosine
residues. The treated DNA was cleaned without the addition of carrier RNA to the buffer
BL. The pure treated-DNA was eluted from the spin columns in 20 ul of buffer EB and
used as template for the primary PCR reactions mentioned on the tables bellow. The
primary-products were then used for a secondary-PCR reaction (1 ul) as template and the
products resolved by 1% agarose gel electrophoresis (see section 2.8). After Exo/SAP

cleaning, the products were sequenced and submitted for analysis.
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Bisulfite-treatment cycling conditions:
Temperature | Time Cycles
99°C 3 min.
96°C 30 sec. x 25 cycles
55°C 20 min.
20°C ©

Primary-PCR mix for 5’-end analysis

Primary-PCR mix for 3’-end analysis

Final Reagent (stock conc.) Final Reagent (stock conc.)
12 mM | 1M Tris 12 mM | 1M Tris
0.07 U | 0.5 U/ul Taq 0.07 U | 0.5 U/ul Taq
0.025 U | 0.05 U/ul pfu 0.025 U | 0.05 U/ul pfu
32-1.4btF primary primer 32+01btF primary primer
0.2uM 32-0.9btF Eecond};rr))/ primer 0.2uM 32+02btF Eecond);ri)/ primer
32-0.16btR primary primer 32+05btR primary primer
0.2uM 32-0.18btRsF;condz¥r$ primer 0.2uM 1 35 04ntR Eecondirr))/ primer
1x | 11.1x buffer 1x | 11.1x buffer
1 pl | eluted DNA 1 pl | eluted DNA
Primary conditions for 5’-end Primary conditions for 3’-end
Temperature | Time Cycles Temperature | Time Cycles
95°C 30 sec. 95°C 30 sec.
57°C 1 min. x 1cycle 58°C 1 min. x 1 cycle
68°C 3 min. 68°C 3 min.
96°C 20 sec. 96°C 20 sec.
57°C 30 sec. x 38 cycles 58°C 30 sec. x 38 cycles
68°C 1.3 min. 68°C 1.3 min.
68°C 15 min. 68°C 15 min.
Secondary conditions for 5’-end Secondary conditions for 3’-end
Temperature | Time Cycles Temperature | Time Cycles
96°C 1 min. 96°C 1 min.
96°C 20 sec. 96°C 20 sec.
58°C 30 sec. x 38 cycles 55°C 30 sec. x 38 cycles
68°C 1 min. 68°C 1 min.
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2.11 MICROARRAY

2.11.1 ARRAY PREPARATION

Prior to array printing, poly-L-lysine coated slides were prepared by placing the
slide-carriers into chambers covered by cleaning solution (70g NaOH, 420 ml 95% ethanol
in final volume of 700 ml) and rocked for 2 hours. The cleaned slides were quickly
transferred to dH,O to avoid air exposition and rinsed in 4x dH,0. The liquid was removed
by centrifugation for 5 min at 500 rpm and slides were transferred to a poly-L-lysine
solution (70 ml poly-L-lysine [Sigma] and 70 ml PBS in 560 ml dH,0) and rocked up to 1
hour (this step was carried out in polypropelene boxes). The slides were transferred to fresh
dH,0 and rinsed in 5x dH,0, followed by centrifugation for 5 min at 500 rpm. The slides
were transferred to a vacuum oven and dried for 10 min at 45°C. The slides were labelled
with a batch number and stored in a closed box for a minimum of 2 weeks. Before printing,

the hydrophobic ability of the slides was checked to ensure full coating.

2.11.2 SAMPLE LABELLING WITH FLUORESCENCE PROBES

20 ug of previously dried RNA sample was dissolved in 13 ul dH,O and 1ul of
oligo Tanchor (dT25 8ug/ul) and 1pl of hexamers (3 pg/pl). The mix was heated for 5 min
at 95°C and for 10 min at 70°C, followed by quickly ice-cooling for 1 minute. The cDNA
synthesis was carried out by adding 14 pl of the labelling mix (0.01M DTT, 1x first strand
buffer [Invitrogen], 0.3 mM aadUTP [Ambion], 0.2mM dTTP and 0.5mM of the three
other dNTP [Amersham Biosciences]) and 1 pl of Superscript 111 (Invitrogen) and

incubated at 50°C overnight.
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After first-strand cDNA synthesis, the RNA was hydrolysed by adding 0.5M EDTA
and 1N of NaOH and incubation for 15 min at 65°C, followed by addition of 1M HEPES
pH 7.0.

The cDNA was purified using Microcon 30 filters (Milipore) by adding the sample
into 375ul water previously putted in the filter and spinning at 12K rpm for 7 min. Another
450 pl of water were added to the column and discard by repeating the centrifugation. The
column was inverted and placed into a new collection tube and the cDNA was recovered by
repeating the centrigugation conditions. At this stage, the cDNA product was quantitated on
a nanospec. The aminoallyl cDNA was stored at -20°C until needed.

The Alexa dyes (fluor 555 and fluor 647 [Molecular probes]) were prepared by
adding 4 pl of DMSO and stored at -20°C in dark conditions. The cDNA sample was dried
and resuspended in 0.5 pl of carbonate buffer (LM HCI pH 9.0) and 3.5 pl water. 1 ul of the
DMSO + Alexa dye were added to the mixture and incubated at room temperature for 1
hour in the dark. 4.5 pl of hydroaxylamine (4M) were added and the reaction was incubated
for another 15 minutes in the dark. The labelled-samples to behybridized together were
combined and the labelled cDNA was cleaned using giagen columns (Qiagen). Briefly, 250
ul of buffer PB were added to the combined sample and the mixture placed in a Qiagen
Quick Spin PCR column and spinned for 1 min at 13K rpm. 750 pl buffer PE was used for
washing, followed by two similar centrifugations to remove the washing buffer. The
labelled-combined sample was eluted with 60 pl of EB buffer, by collecting the volume

after spinning at 13K rpm for 1 minute. The labelling was checked with the nanospec.
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2.11.3 HYBRIDIZATION

The labelled-combined samples were mixed with 1 ul of polyA (1 pg/ul), 10 pl
human Cotl (1 mg/ml) and 1 ul tRNA (4 mg/ml [Gibco]) and dried. The human Cotl
avoids non-specific binding of Alu fragments to the target sequences. The probes were re-
suspended in 24.5 ul of the hybridization buffer (5 ml deionized formamide, 500 ul 50x
Denhardtts, 1 ml water and 500 ul 10% SDS filtered through a 0.45u syringe filter) and
10.5 pl of 20x SSPE (3M NaCl, 10mM NaH,PO4, 20 mM EDTA). The mixture was

denatured at 95°C for 2 min and incubated at 42°C for up to 1 hour.

2.11.3.1 PRE-HYBRIDIZATION ARRAY PREPARATION

The array converslipes were washed in 1% SDS for 30 minutes, followed by 5x 5
minutes water washes. Before use, coverslips were dried by spinning at 1000 rpm for 5
min. The DNA in the printed arrays was denatured by heating the slide to 100°C for 2
minutes and washed in 0.2% SDS for 2 minutes, before drying by centrifuging at 1500 rpm

for 4 min.

2.11.3.2 SETTING UP MICROARRAY

The labelled-combined sample was placed on the left of the array and covered by a
coverslip. 25 pl of water were placed in the bottom of the hybridization chamber before
placing the array slide. The lids were screwed tight and placed in a 50°C water bath

overnight.

2.11.4 ARRAY WASHING

The inverted slides were placed in 1x SSC, 0.03% SDS for 10 min. To remove the

SDS, slides were washed in 0.2x SSC for 5 mi, before a final wash of 0.05x SSC. The
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liquid was removed by maximum possible centrifugation and slides kept on a box until

scanned.

2.12 DOT BLOTTING.

Before blotting, two 13 x 9.5 cm pieces of Whatmann 3MM paper and 12.5 x 9cm
of Hybond nylon membrane (Amersham) were prepared by soaking in water. The two
Whatmann paper sheets were placed on the dotblot device, followed by the nylon
membrane and the dotblot apparatus was assembled. The vaccum-water line was attached.

After PCR amplification, 160 pl of denaturing mix (0.5M NaOH, 2M NaCl, 25
mM EDTA with bromophenol blue powder) were added to each sample and the mix was
blotted onto the membrane (under vacuum). Each dot was washed with 120 pl of 2x SSC
to neutralise the DNA and, after dismantling the apparatus, the membrane was dried for 5

min at 80 °C and the DNA UV-crosslinked to the membrane.

2.13.1 PROBE LABELLING

The Alu-probe (7ug/ml) was denatured for 3 min at 100 °C. y-32P-ATP was
incorporated in a labelling reaction containing: 1pul 10x kinase mix (700 mM Tris-HCI
pH7.5, 100mM MgCl,, 50mM spermidine trichloride and 30mM dithiothreitol), 0.35 pl T4
Polynucleotide Kinase (stock: 10U/ml) and 0.12ul y-32P-ATP (stock: 10mCi/ml) and the
denatured Alu-probe. T4 kinase catalyses the transfer of a phosphate group from the vy
position of the ATP molecule to the 5’ hydroxyl terminus of the probe. The reaction was
incubated at 37 °C for 2 hours. In the meantime, the dot-blot membrane was pre-hybridized
with modified Church buffer for 10 min. Prior to hybridisation, 20pul of kinase stop solution

(25mM diNa EDTA, 0.1% SDS and 10mM ATP) were added to inactivate the T4 kinase
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enzyme. The labelled-probe was hybridized to the membrane with m odified Church buffer,
at 48 °C for 4 hours.

After hybridization, excess probe was removed by washing membrane with boiling
1% SDS solution until Geiger counter detected less than 5 cps. The membrane was then
rinsed in 2x SSC, the excess liquid removed and, after wrapping in saran wrap, exposed to

a phosphoimager screen overnight.
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3. CHAPTER 3: GENOME INSTABILITY IN ALT+ CELLS

3.1 BACKGROUND

Although the ALT mechanism is not fully understood, evidence that recombination
underlies the telomere elongation has been demonstrated (Dunham et al. 2000; Varley et al.
2002). ALT-telomeres have also been reported to undergo progressive shortening followed
by sudden elongation events (Murnane et. al 2004). The observed telomere dynamics in
ALT+ cells is proposed to cause critically short telomeres prone to be recognized as DSB,
which can trigger initiation of the recombination process (McEachern et al 1996). Thus, a
break-induced replication process might occur by the invasion of the shortened telomere of
a template with telomeric repeats, followed by the copying of the donor sequence to the
invading telomere. These ALT-recombination events seem to occur exclusively at
telomeres, since the overall genomic homologous recombination has been shown to be
identical to that in Tel+ cells, suggesting that the high frequency of recombination at ALT-
telomeres does not extend to subtelomeric or other regions within the genome (Wright et al.
2003). In fact, no differences in sister chromatid exchange rates at interstitial locations were
detected between ALT+ and Tel+ cells and the high telomeric sister-chromatid exchange
observed in ALT+ cells was not observed in non-ALT Bloom syndrome cells, which are
characterized by very high general sister-chromatid exchange rates (Reddel et al 2004).
Thus, ALT events seem be triggered by a specific telomere signal (perhaps the extreme
short size of some telomeres), initiating recombination-like processes that are thought to be
naturally blocked in normal and Tel+ cells. The occurrence of TTAGGG variants, such as

TGAGGG or TCAGGG, at the base of the telomeres and sequences sharing great
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homology between different chromosomes, might behave as hot-spots for recombination in
ALT+ cells (Allshire et al., 1989; Baird et al., 1997; Varley et al., 2002).

Although the current evidence suggests an exclusive role of the ALT-mechanism at
telomeres, a potential effect on other repeated genomic loci has not been fully investigated.
Microsatellite instability (MSI) has been associated with the disruption of mismatch repair
mechanism - MMR (Liu et al 1995) and in yeast, MMR disruption, especially MSH2,
increases the proliferation of telomerase-negative survivors. Furthermore, MMR-defective
colon cancer cells showed some ALT-markers (T-SCE but no APBs), when telomerase was
inhibited by the expression of a double-mutant hTERT, indicating that an ALT-like
mechanism may arise when telomerase is inhibited in conjunction with an MSH6 defect
(Bechter et al 2004). Together, these studies suggested that the ALT-mechanism might be
activated on a MMR-defective background and thus ALT+ cells could show MSI.
However, tumours with and without MMR mutations showed similar frequencies of
telomerase and ALT activation (de Caceres, I. et al. 2004), suggesting that a MMR-defect
is not required for the ALT activation. Furthermore, MSI in MMR-defective cells also leads
to the instability of a repeat intronically located in the MRE11 gene, which creates an
alternative-spliced dysfunctional MRE11 and is accompanied by a reduction of the MRN
complex expression (Giannini et al., 2002. As a functional MRN complex seems to be
essential for APB formation (Reddel et al 2005) and for ALT-telomere elongation, a major
MMR-defect causing general microsatellite instability should not be expected to occur at
ALT+ cells. Indeed, no MSI evidence was detected in telomerase and P53-negative Li-
Fraumeni Syndrome-derived cells, a background that most ALT+ cell-lines share showing

an ALT-phenotype (Tsutsui et al 2003).
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In contrast, the same study showed minisatellite instability (Barret, J.C. et al.,
2003). DNA fingerprints on telomerase-negative clones derived from single-cell
expansions of the Li-Fraumeni fibroblast cell-line showed gain of new bands, variability in
telomere length, dicentric chromosomes and double-minute chromosomes (DMs), features
associated with gene amplification and genomic rearrangements (Tsutsui. et al. 2003).
However, only clones derived by aflatoxin B1 immortalization showed DNA fingerprints
variation, since clones derived from spontaneously-immortalizated telomerase-negative
cells did not show minisatellite instability. Furthermore, as aflatoxin B1 is a powerful
inducer of mitotic recombination events (Sengstag C et al., 1994), the mutagen used for
cell-immortalization could be the underlying cause for the minisatellite instability observed
and not the TMM.

Surprisingly, high levels of instability were later detected at a particular locus in
ALT+ cells. Indeed, the activation of the ALT pathway seems to affect directly the stability
of MS32 minisatellite, located in 1g43. Furthermore, the analysis of six other minisatellites,
located both in subtelomeric (MS31, CEB1, MS205, B6.7 and DXY14) and interstitial loci
(MS1) demonstrated that they remain stable in ALT+ cells, suggesting that MS32 might be

the only locus affected by the ALT activation (Jeyapalan, J. et al. 2005).

3.2 AIMS

Understanding the relationship between MS32 minisatellite stability and the
activation of the ALT-pathway might indirectly highlight some aspects of the ALT-
mechanism that have not yet been elucidated. This chapter analyses the extent of instability
around MS32 and in other minisatellites that have not been analysed previously in ALT+

and in Tel+ cell-lines.
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3.3 RESULTS

3.3.1 EXTENT OF MS32 LOCUS INSTABILITY

To verify the extent of destabilization of tandem-repeat sequences in the D1S8
locus, two other repeat sequences near the MS32 minisatellite were analysed. Contrary to
most minisatellites that cluster at subtelomeric regions (Royle et al., 1988), MS32 locates at an
interstitial position of chromosome 1, distant from other minisatellites. The closest tandem
repeats are MSNID minisatellite, 57 Kb upstream MS32 and a single-tandem repeat - STR -

located 1Kb downstream.

3.3.1.1 MSNID ANALYSIS

MSNID is a small minisatellite composed of a short array of 34 bp AT-rich repeat
units and located 57 kb upstream the MS32 minisatellite, at the intron 4 of the Nidogene 1
— NID1. Interestingly, MSNID minisatellite might have evolved from a ~300 bp AT-rich

region, located just before the NID hotspot (Fig. 3.1) (Jeffreys A. et al. 2005).

M59.0F M57.7R
T HIR 2521| -5| MSNID Tfrin
€ > D
300bp 300bp  120bp

Figure 3.1: MSNID minisatellite locus.
The diagram shows the region comprising the MSNID minisatellite. A variable array of the 34 bp

repeats is located ~300 bp of the exon 5 of NID gene. An AT-rich region is located between the

NID hotspot (red star) and MSNID. The primers used for MSNID amplification are shown.

MSNID has very short alleles (2-7 repeats) and a palindromic structure, as shown

by sequence analysis. Since the heterozygosity inferred from population diversity studies at
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MSNID is low, the predicted MSNID mutation rate is 3x10™ per gamete (Jeffreys A. et al.
2005).

As MSNID is the closest minisatellite to MS32 and is flanked by a very active
hotspot with a peak activity similar to the MS32 flanking hotspot (70 cM/Mb™ (Jeffreys A.
et al. 2005) and 50 cM/Mb™ (Jeffreys et al 1994), respectively), its stability was assessed in
ALT+ cells. A Small-Pool PCR (SP-PCR) study was undertaken. SP-PCR is a powerful
technique that relies on a succession of DNA dilutions to control the number of amplifiable
molecules in each reaction, which facilitates the detection of rare or infrequent length
mutant molecules. When combined with a Poisson analysis of single molecule dilutions to
estimate the overall number of amplifiable molecules analysed, this methodology allows
the calculation of mutation frequencies. As this region had not been previously analysed in
ALT+ cells, a preliminary study on two tumour-derived ALT+ cell-lines was performed to
determine whether the MSNID was unstable in these cell-lines. As seen in Figure 3.2,
U20S cell-line is homozygous for MSNID, with allele lengths of 1.1 kb. SaOS cell-line
seems to be heterozygous, with MSNID alleles of 1.1 and 2Kb. However, no evidence for
instability in MSNID minisatellite could be observed (Fig. 3.2).

However, since the mutation rate in the germ-line was estimated to be very low
(3x107°) (Jeffreys et al 2005), an extensive SP-PCR analysis was performed to investigate if
ALT activation caused at least the same degree of instability observed in the germ-line, as
observed in the MS32 minisatellite. Cell-lines JFCF6T.11C (Tel+) and JFCF6T.11E
(ALT+) were used as they derive from the same parental cell-line, differing exclusively in
the activated telomere maintenance mechanism. As expected, since both cell-lines share the

same parental cell-line, they are heterozygous for the same MSNID alleles’ length. In total,

67



Chapter 3 — Genome instability in ALT + cells

8760 (JFCF6T.11C) and 4584 (JFCF6T.11E) molecules were analysed (Fig. 3.3) and only

one mutant allele (red arrow) was detected in the ALT+ cell line.
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Figure 3.2: Amplification of MSNID minisatellite by SP-PCR in ALT+ cell-lines.
Southern-hybridization of SP-PCR products resolved on an agarose gel electrophoresis and detected

with MSNID probe. Each lane shows the resolution of PCR products derived from MSNID
amplification with M59.0F and M57.7R primers, from 20 molecules input per tube.
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Figure 3.3: SP-PCR amplification of MSNID minisatellite in JFCF6T.1J/11C (Tel+)

and JFCF6T.1J/11E (ALTH).
Both cell-lines are heterozygous for MSNID with length alleles of 1.0 and 1.1 kb. The total number

of amplified molecules in each blot is shown (derived from 20 molecules per tube) and the red

arrow highlights the mutant-allele detected.
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The mutation frequency (2.2x107; 0-1.2x10 low and upper confidence intervals,
respectively) observed in the ALT+ compared to the Tel+ cell-line (not significant difference
p = 0.34, according to Fisher’s Exact 2-tail test), is similar to the estimated for the germ-
line, suggesting that the extreme MS32 instability does not extend to the MSNID
minisatellite in ALT+ cells. Indeed, MS32 is so unstable in JFCF6T.IJ/11E cells that
determining the progenitor alleles proved to be very difficult in a previous study, due to the
frequency of mutant length MS32 molecules (Jeyapalan et al., 2005). Therefore, the
extraordinary instability observed at MS32 in ALT+ cells does not seem to extend to the

MSNID minisatellite, 70 kb from MS32 minisatellite.

3.3.1.2 STR ANALYSIS

On the other side of the MS32 minisatellite, the closest tandem repeat is a STR
(Simple-tandem repeat), located 1 kb from MS32. This STR is 50-52% GC-rich and is
composed of a tandem array of ~6 bp repeat units (variations of AAGGAA). A 350 bp long

Alu element immediately flanks the STR (Fig. 3.4).

32+0.6R 32+1.4F
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Figure 3.4: STR locus.
A simple tandem repeat locates 1 kb downstream MS32 minisatellite and is flanked by an Alu

element. The primers used for the STR amplification are shown in the diagram.
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As with the MSNID minisatellite, the STR stability was also analysed in cell-lines
with different telomere maintenance mechanisms (Fig. 3.5). The product arising from the
STR PCR-amplification comprises the STR itself and an Alu sequence just upstream the
STR, which might be masking any STR instability. To overcome this technical problem a
double-enzymatic digestion with the Hinfl and Haelll enzymes following the PCR

amplification was performed and the parental STR-allele sizes determined.
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The first seven lanes on the left show the digested amplicons and resulting Alu fragments and the

Figure 3.5: PCR amplification of STR.

other seven lanes show the undigested PCR products (STR + Alu). The Alu+STR region was
amplified with the 32+0.6R and 32+1.4F primers in the Tel+ JFCF6T.11C (11C) and HT1080 (HT)
and the ALT+ JFCF6T.11E (11E), WI38VA13/2RA (VA13), Sa0S, SuSM-1 and U20S cell-lines.
The DNA marker A+®174 was used (M).

After double-digestion of the PCR products, it is clear that most cell-lines analysed
are homozygous for this particular STR (350 bp alleles and 380 bp for SUSM-1), with

exception of WI38VA13/2RA (350, 380 and 410 bp) and U20S (350 and 500 bp). The
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band corresponding to the 380 bp detected in WI38VA13/2RA results from a heteroduplex
formed by the two alleles. Due to the small STR size and the Alu-element digestion
necessary to improve the detection of mutant length alleles, an extensive study of the STR
stability is technically very difficult. However, small aliquots of genomic DNA (20
amplifiable DNA molecules per reaction) were used to amplify the STR in U2-OS cell line
to enhance the detection of potential STR length mutants. SP-PCR amplified products of
the STR were Hinfl and Haelll digested before electrophoresis resolution by agarose gel
electrophoresis to remove the amplified Alu sequence and increase the detection of putative
STR-mutants. Both U20S STR alleles could be detected (350 and 500 bp) but, on a total of
200 amplified molecules, no length mutation was detected (Fig. 3.6). The preliminary data
indicates that the instability at this STR does not appear to be extraordinary high in ALT+
cells, although a thorough assessment was not conducted due to technical limitations.
Nonetheless, together with the MSNID study, the instability observed at MS32 minisatellite

in ALT+ cells seems to be confined to the minisatellite itself.
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Figure 3.6: Amplification of STR by SP-PCR.
Southern-blot hybridized with a STR-specific probe that detects digested STR products amplified
by SP-PCR and resolved by agarose gel electrophoresis. U2-OS (ALT+) cell line is heterozygous
for the STR with length alleles of 350 bp and 500 bp. A total of 20 molecules per PCR reaction
were amplified.
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3.3.2 SCREEN FOR OTHER PUTATIVE INSTABLE LOCI

MS32 minisatellite seems to be the only minisatellite unstable in ALT+ cells, since
six other minisatellites (MS1, MS31, CEB1, MS205, B6.7 and DXY14) remain stable in
these cells (Jeyapalan et al. 2005). Additionally, during this project (section 3.3.1.1) the
stability of one more minisatellite, MSNID close to MS32 was also analysed and the data
showed that the MS32 instability does not extend to this minisatellite. The link between
MS32 instability and ALT activation becomes even more intriguing considering that the
panel of the seven minisatellites analysed share MS32 features that could underlie link
between MS32 instability and ALT activation. For example, MS32 minisatellite is very
similar to CEBL1 in the GC content, length and germ-line instability (Jeffreys, A. J. et al,
2004). Also, MS1 and MS32 are located on chromosome 1 in interstitial positions, which
differs from most other minisatellites that cluster at subtelomeric regions (Royle et al,
1988), although MS1 has very short repeat units (9 bp) and might behave more like a
microsatellite than a minisatellite. However, there are many other minisatellites in the
human genome and, even though MS32 is the only minisatellite of a total of 8 already
analysed, other minisatellites might also be affected by ALT activation. Since SP-PCR
analysis is an extremely time-consuming technique, a wider study is essential to fully
elucidate the extent of minisatellite instability in the genome of ALT+ cells.

The DNA fingerprinting technique relies on the sequence similarity of a multi-locus
probe with the minisatellites facilitating their simultaneous detection (Jeffreys et al 1985).
Thus, the hybridization of such a probe to Southern-blots of restriction-digested genomic
DNA produces a multi-banding profile known as DNA fingerprint. Originally, two probes

that detect different sets of minisatellites, 33.15 and 33.6, were used for individual
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identification, since the match probability between unrelated individuals was estimated at
<5x107" (Jeffreys et al 1985). Additionally, the two probes are estimated to detect a total
of 55 loci in the human genome, even though only one of the two alleles is likely to be
scorable in the set of larger (23 to 4 kb) resolved DNA fingerprint fragments (Jeffreys et al
1985). Thus, the original DNA fingerprinting method was used as a powerful technique to
quickly test the stability of multiple minisatellites in ALT+ cells. However, some of the
minisatellites detected by 33.15 and 33.6 are hypervariable and consequently polymorphic
within cell-populations, which could potentially interfere with instability detection.
Therefore, to overcome the naturally occurring minisatellite variation present in cell
populations, genomic DNA derived from single-cell expansion clones that had undergone
20 population-doublings was used. Any differences seen in the banding-pattern between
clones should arise from an increased mitotic instability at a particular locus. If the only
minisatellite unstable in ALT+ cells is MS32, re-hybridizing the DNA fingerprints with a
MS32-specific probe should match the changes on the banding-pattern observed with the
multiple-locus probe. If the differences in the banding do not match MS32 instability tested
with the single-locus probe, at least one more minisatellite is likely to also be unstable in
ALT+ cells and further studies (to find its identity, localization, etc) should be carried out.
The 33.15 and 33.6 probes, contained in pBluescript vectors, were kindly given by
Dr. Esther Signer and were amplified with T3 and T7 primers. Probe 33.6 derives from
D1S111 minisatellite, with 37 bp repeat unit, located on 1924. The 750 bp long product
obtained from PCR amplification of the insert is composed of 640 bp of tandem repeat and
110 bp of its flanking sequences. Probe 33.15 originates from the 7931.3-qter D7S437
minisatellite, composed of repeat units 16 bp long. The 570 bp long amplified product

consists of 450 bp of tandem repeat and 120 bp of its flanking DNA. In low stringency
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conditions (1xSSC and 0.1% SDS washes) and without the presence of a competitor DNA,
probe 33.15 can detect 20 loci and probe 33.6 detects 35 loci in Hinfl and Haelll- digested
genomic DNA (Jeffreys, A. et al 1990). However, the only restriction-enzymes that could
be used in this DNA Fingerprints study were Alul or Mbol, since neither recognizes sites
within the MS32 variant repeats or the sequence of both probes. Therefore, the
minisatellites detected by both DNA fingerprints probes in this study will most likely differ
from the ones identified with the original conditions.

The study was performed with the SUSM-1 cell-line, since the MS32 allele sizes
had already been characterized for other work (see Chapter 5, section 5.3.1.1). Genomic
DNA from each clone was digested with Alul and 2 pug were loaded in each lane and
resolved by agarose gel electrophoresis. The previously PCR-determined MS32 progenitor
alleles for each one of the 8 SUSM-1 clones analysed in this study (Fig. 3.7-a) were
confirmed by a Southern-hybridization of the blotted gel with the MS32 single-locus probe
(Fig. 3.7-b).

To detect minisatellites (including MS32) that are unstable in ALT+ cell-lines, a
low stringent hybridization of the DNA-fingerprint blot to the 33.15 probe was performed
on cloned DNAs from the SUSM1 cell-line (Fig. 3.8). Only bands above 2 kb were
considered for scoring, since loci smaller than that were very difficult to distinguish as
individual bands, either due to resolution conditions used or simply because most of the
Alul-digested fragments produced were smaller than this, which could have caused the
smear observed. Overall, 23 separate bands with sizes above the 2 kb could be scored
(marked as red stars, Fig. 3.8) with the 33.15 probe. Other bands could be detected on the
selected size range, however, as they were extremely faint or fuzzy, they were not

considered for the scoring. Most clones show the same DNA-fingerprinting pattern, which
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suggests that most loci detected with the 33.15 probe are stable in ALT+ cell-lines. Some
bands are hardly detectable (black stars on clone 1B5, 1H5 and 3H3, Fig. 3.8), which may
indicate that that particular locus might have been lost during the clonal expansion.
However, as deletion events are common in immortalized cells, whereas new bands are
more likely to represent genuine minisatellite mutations, only gain of bands was considered
to represent minisatellite instability. No new bands were detected, which indicates that at
least at these 23 loci no mutational events are occurring in the SUSM-1 ALT+ cell-line.

The same observations were obtained when the process was repeated and the probe
33.6 was used for hybridization. As expected, the pattern differs greatly from the 33.15
probe, confirming that different loci were detected with each probe. In total, 24 loci could
be clearly detected with the 33.6 probe. Once more, some loci seem to have been lost
during the clonal expansion (clones 1B5 and 1C4, black stars, Fig. 3.9). However, like the
33.15, also 33.6 hybridization reveals an identical pattern between the analysed clones,
which further suggests that most of the loci scored are stable in this ALT+ cell-line.

On the whole, DNA fingerprints of Alul-digested genomic DNA derived from
clones of the ALT+ SUSM-1 cell-line showed a similar pattern between the clones
analysed. Thus, the total of 47 loci analysed with both 33.15 and 33.6 probes do not seem
to be highly unstable in the SUSM1 ALT+ cell-line. Nonetheless, at least the MS32
minisatellite instability should have been detected. However, MS32 has almost no
sequence homology with the 33.6 probe and shares very few bases with the 33.15 probe
(Fig. 3.10), which might explain why the MS32 instability was not detected on these
fingerprints. Indeed, when the blots were stripped and re-hybridized with a MS32-specific
probe, the superimposition of both 33.15/33.6 and MS32 blots shows that neither of the

probes seems to detect MS32, since some MS32 bands do not co-localize with any band
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detected by 33.15 (clones 1A4, 1B5, 1C4 and 1H5 on Fig. 3.11-a) or 33.6 (clone 1B5 and
1H5 on Fig. 3.11-b). The MS32 variation amongst SUSM-1 clones emphasizing the high
minisatellite instability in these cells is clear therefore, if other minisatellites detected by
the DNA fingerprint probes were equally unstable, it should have been detected by the
obtained hybridizations.

As a result, 47 loci detected by the 33.15 and 33.6 multilocus probes remain stable
in seven SUSM1 clones analysed, suggesting that MS32 is probably the only non-telomeric

sequence affected by ALT activation.
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Figure 3.7: Progenitor allele-sizes of MS32 minisatellite in the SUSM-1 clones.
a) A Southern-hybridization with the MS32 probe of the products of SP-PCR amplification of MS32 minisatellite in 10 clones derived

from clonal expansion of 20PDs of the SUSM-1 cell-line. A duplicate SP-PCR reaction was performed for each clone.
b) Southern-hybridization with MS32 probe of 2ug of Alul-digested genomic DNA, from the same samples used for the previous SP-

PCR, digested with Alul and resolved by agarose gel electrophoresis.
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Figure 3.8: DNA fingerprinting with 33.15 probe
SUSM-1 DNA derived from clones digested with Alul were resolved by agarose gel

electrophoresis, Southern-blotted and hybridized to the 33.15 probe. Red stars identify the bands
scored for each clone. Black stars mark either deleted or difficult to detect loci.
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Figure 3.9: DNA fingerprinting with 33.6 probe.
SUSM-1 derived clones, digested with Alul were resolved by agarose gel electrophoresis, Southern-

blotted and hybridized under low stringency conditions to the 33.6 probe. Red stars point to the
scorable bands of each clone. Black stars mark either deleted or difficult to detect loci.
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Figure 3.10: Aligment of MS32 sequence with DNA fingerprint probes.
The MS32 sequence, with random interspersion of the four variants, was aligned to the sequence of the probes used for DNA fingerprint
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Figure 3.11: Superimposition of 33.15 and 33.6 fingerprints with the MS32 hybridization.
The blots hybridized with 33.15 (a) and 33.6 (b) probes were stripped and re-hybridized with the MS32 probe. The resulting images were

superimposed so that, for each clone, the MS32 hybridization lane is on the left of its correspondent 33.15/33.6 one.
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3.4 DISCUSSION

The discovery of instability at a non-telomeric genomic locus in ALT+ cells
(Jeyapalan, J. et al 2005) raised the possibility that other genomic sequences might be
affected by the ALT machinery. Therefore, it was surprising when six other
minisatellites (MS1, MS31, CEB1, MS205, B6.7 and DXY14) were shown to remain
stable in ALT+ cells (Jeyapalan, J. et al 2005). The possibility that MS32 minisatellite is
the only genomic region, apart from telomeres, affected by ALT activation is extremely
puzzling, since there is no similarity between MS32 sequence and telomeric DNA.
Thus, an analysis of the instability around MS32 minisatellite is essential to determine if
the instability is spread throughout the region or exclusively confined to the
minisatellite itself.

The MSNID is the closest tandem repeat closest to MS32 and its stability in
ALT+ cells was assessed by SP-PCR analysis. The JFCF6T.1J/11C (Tel+) and 11E
(ALT+) cell-lines were chosen for this analysis because they derive from the same
parental cell-line, differing in the TMM. A total of 8760 and 4584 molecules were
analysed for the Tel+ and for the ALT+ cell-lines, respectively. Only one mutant
MSNID molecule was detected in the ALT+ cell-line (Fig. 3.2) and the mutation
frequency 2.2x10™ obtained, although similar to the estimated for the germ-line
(Jeffreys A. et al. 2005), was not significantly different to the Tel+ cell-line, suggesting
that the extreme MS32 instability does not extend to the MSNID minisatellite in ALT+
cells. Additionally, the MS32 instability in the JFCF6T.IJ/11E cell-line is extremely
high (Jeyapalan, J. et al., 2005), further supporting that the extraordinary instability
observed at MS32 in ALT+ cells does not seem to extent to the MSNID minisatellite,

70 kb from MS32 minisatellite
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A thorough investigation of the STR 1kb downstream of MS32 was not possible
due to technical problems, although the preliminary PCR and SP-PCR data showed no
alterations at this repeated sequence. Consequently, these investigations indicate that the
instability observed at MS32 in ALT+ cells is confined to the minisatellite itself.

As mentioned before, six other minisatellites remain stable upon ALT activation.
(Jeyapalan, J. et al 2005). Thus, instead of individually screening more minisatellites for
instability in ALT+ cells, a DNA fingerprinting approach was used. DNA fingerprints
were obtained from seven clones derived from the SUSM-1 ALT+ cell-line, after clonal
expansion for 20 PDs. The 33.15 and 33.6 multilocus probes were hybridized under low
stringency conditions to Alul-digested genomic DNA from the SUSM1 clones. As
expected, the probes showed different patterns, indicating that different loci were
detected (Fig. 3.8 and 3.9). An estimated 47 loci were analysed in the SUSM1 clones
but no instability was observed between them (defined by the gain of new bands). The
re-hybridization of both 33.15 and 33.6 blots with a MS32-single locus probe confirmed
the high instability at this locus as the MS32 bands varied between clones (5 of the 7
clones analysed showed different MS32 length, Fig. 3.7-b). Thus, it was surprising that
neither of the multilocus probes detected the MS32 instability. However, a comparison
of the MS32 sequence to the 33.15 and 33.6 probes (Fig. 3.10) revealed very low
homology with the former and almost no similarity with the latter, which might indicate
that neither of the multilocus probes used detect the MS32 locus, not even with the low
stringency conditions used (Fig. 3.11). Therefore, the DNA fingerprint analysis
performed suggests that another ~47 loci seem to be stable in the SUSM1 ALT+ cell-
line. Further DNA fingerprints on more clones from other ALT+ cell-lines could be

performed to confirm these results.
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A previous study identified minisatellite instability in DNA fingerprints obtained
from Li-Fraumeni Syndrome derived cells, with no telomerase or p53, a background
reminiscent of ALT+ cells (Tsutsui et al., 2003). DNA fingerprints were performed on
five cell-lines natural and mutagenically-immortalized. When compared to the parental
cell-line, most immortalized cell-lines showed minisatellite instability (gain of 1-3 new
bands). The DNA fingerprints were performed in Hindl and Haell-digested DNA, so
instability at MS32 minisatellite could not account for the new bands. To investigate the
minisatellite alterations observed further, DNA fingerprints were performed in clones
derived from each immortalized cell-line and some instability was detected (1 in 6
clones showed 1 new gained band). However, the minisatellite instability was only
observed in clones derived from the cell-lines that had been immortalized by either
aflatoxin B1 or X-ray radiation, since no change in the DNA fingerprints of clones
derived from naturally-immortalized cells were detected. Treatment with both AFB1
and X-ray have been associated with minisatellite instability (Kaplanski, C., et al 1997;
Dubrova, Y. et al 1993, respectively) suggesting that the minisatellite instability
detected by the DNA fingerprints might be an effect of the mutagenic-treatments rather
than a result of activation of an ALT pathway and loss of p53 (Tsutsui et al., 2003).
Therefore, the minisatellite instability observed by Tsutsui et al. in LFS mutagenically-
immortalized may not be associated with the ALT-like mechanism active in this cell-
line.

Thus, MS32 locus is probably the only or one of a very small number of affected
minisatellites in ALT+ cells. Nonetheless, even if some unstable minisatellites are being
masked by other loci, most of the 47 detected loci will still be stable as the patterns
obtained are identical between clones but completely different amongst probes.

Furthermore, the conditions used would be able to detect instabilities comparable to the
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observed at MS32, further suggesting that this minisatellite is indeed the only non-
telomeric locus affected by ALT+.

Therefore, this and previous studies (Tsutsui et al, 2002; Jeyapalan et al, 2005)
suggest that most of the minisatellites in ALT+ cells are stable and that the MS32
minisatellite is unique or at least exceptional in sharing high instability following

activation of the ALT pathway.
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CHAPTER 4: GENE EXPRESSION ACROSS THE MS32
REGION

4.1 BACKGROUND

4.1.1 GENES AROUND MS32

The MS32 minisatellite is located at 1943, within a 77 kb noncoding region
between the Nidogen 1 (NID1) gene and the G protein-coupled receptor 137B
(GPR137B) gene. The gene density in this chromosomal region is average (sixteen
genes in the 1 Mb interval around MS32) but the GC content is slightly higher than
average (46%). Another particularity of the MS32 region is the presence of a hotspot,
with 50 cM Mb™ of peak activity, centered 200 bp upstream the beginning of the array
and responsible for meiotic recombination processes that result in conversion-like
(Jeffreys et al 1994) or interallelic crossover events (Jeffreys et al 1998) between MS32
alleles. Even though one of the genes within the 1 Mb region that encompasses MS32
region are known participants in the DNA recombination or DNA repair pathways that
have been implicated with the ALT mechanism, most of them are poorly studied (Table

4.1).
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233,339,283
233,358,754

233,396,833
233,558,155

TOMM20 translocase of outer mitochondrial membrane 20 part of the preprotein translocase complex of the outer mitochondrial membrane

subunit of the histone deacetylase-dependant SIN3A transcriptional corepressor complex,
AT rich interactive domain 4B (RBP1- like) which functions in diverse cellular processes including proliferation, differentiation,

apoptosis, oncogenesis, and cell fate determination.

catalyzes the trans-addition of the three molecules of IPP onto DMAPP to form

ARID4B

2233335557843127 geranylgeranyl diphosphate synthase 1 geranylgeranyl pyrophosphate, an important precursor of carotenoids and geranylated
Y proteins

233,597,351 . L . . . . . .

233.678.903 tubulin-specific chaperone cofactor E tubulin-folding protein; involved in the second step of the tubulin folding pathway.

233,679,868 AL . active in synthesizing a unique carbohydrate structure, GaINAc-beta-1-3GIcNAc, on N-
B3GALNT2 233734404 beta-1,3-N-acetylgalactosaminyltransferase 2 and O-glycans
e1\[e7! ggg;gggg? guanine nucleotide binding protein (G protein), gamma 4  modulator or transducer in various transmembrane signaling systems
LYST ggjggggig lysosomal trafficking regulator regulates intracellular protein trafficking to and from the lysosome

234,205,755 Lo tightly associated with laminin but also binds to collagen IV and perlecan; may play a
LB 234,295,104 Basement membrane glycoprotein Nidogen 1 role in cell interactions with the extracellular matrix

MS32 minisatellite

LOC343508 1942.3 similar to aconitase 2 precursor processed pseudogene

234,372,497 . .
GPR137B 234 438 829 G protein-coupled receptor 137B transmembrane 7 superfamily member 1

234,447,083 . . . - oxidoreductase that oxidizes proteins in the endoplasmic reticulum to produce disulfide
EROLLE 234,511,908 oIy EETUE e m @sTEareaV e - Lot bonds. It is required for cell folding, being thus a source of oxidative stress

234 624 303 death domain-containing protein, and is found to interact with EDAR, a death domain
EDARADD 23 4’71 4’631 EDAR-associated death domain receptor known to be required for the development of hair, teeth and other ectodermal

o derivatives

ENO1P 1943 enolase 1, (alpha) pseudogene

234,753,362
234,779,619
234,780,594
234,834,437
234,916,393
234,994,181
235,025,204
235,133,904

widely expressed in tumoral tissues and seems to be involved in integrin-like cell
interactions

involved in nucleolar processing of pre-18S ribosomal RNA. Involved in ribosome
biosynthesis

LGALSS8 lectin, galactoside-binding, soluble, 8 (galectin 8)

HEATR1 HEAT repeat containing 1

ACTN2

actinin, alpha 2 actin-binding protein with multiple roles in different cell types

MTR 5-methyltetrahydrofolate-homocysteine methyltransferase catalyzes the final step in methionine biosynthesis

Table 4-1: Order of genes in the vicinity of MS32 minisatellite and their function.

87


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=retrieve&dopt=full_report&list_uids=9804
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=retrieve&dopt=full_report&list_uids=51742
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=retrieve&dopt=full_report&list_uids=9453
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=retrieve&dopt=full_report&list_uids=6905
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=retrieve&dopt=full_report&list_uids=148789
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=retrieve&dopt=full_report&list_uids=2786
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=retrieve&dopt=full_report&list_uids=1130
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=retrieve&dopt=full_report&list_uids=4811
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=retrieve&dopt=full_report&list_uids=343508
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=retrieve&dopt=full_report&list_uids=7107
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=retrieve&dopt=full_report&list_uids=56605
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=retrieve&dopt=full_report&list_uids=128178
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=retrieve&dopt=full_report&list_uids=2025
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=retrieve&dopt=full_report&list_uids=3964
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=retrieve&dopt=full_report&list_uids=55127
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=retrieve&dopt=full_report&list_uids=88
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=retrieve&dopt=full_report&list_uids=4548

Chapter 4 — Gene expression across the MS32 region

4.2 AIMS

Changes in the expression levels of genes located near MS32 minisatellite in
ALT+ cell-lines could alter the chromatin conformation of the region, exposing MS32
to mechanisms involved in the ALT pathway and affecting its stability. The gene
density around MS32 is average but the genes close to MS32 are not fully studied. To
investigate whether MS32 instability is linked to a localized chromatin mediated effect
caused by altered expression of genes in the vicinity of the minisatellite, expression of
genes in the region was examined in ALT+ and non-ALT cell-lines. Moreover, some
genes have been found to participate in telomere elongation via the ALT pathway but
most of the genes involved in its activation are still largely unknown. In addition, as
fundamental participants may not yet have been identified, an expression microarray
analysis was performed to find not just differentially expressed genes around MS32
minisatellite but also genes potentially involved in the ALT pathway that could be used

for further studies.
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4.3 RESULTS

4.3.1 GENE EXPRESSION IN ALT+ VS. TEL+ CELLS

4.3.1.1 MICROARRAY DESIGN

The MS32 instability might be a localized consequence of chromatin
remodelling resulting from transcriptional changes in ALT+ cells. Consequently, to
screen for differential expressed across the genome but focusing mainly on the genes in
the MS32 region, an expression microarray analysis was performed comparing a Tel+ to
an ALT+ cell-line. A human cDNA microarray, composed of approximately 6500 genes
based on the human gene set from Research Genetics (now Invitrogen, Carlsbad, CA)
was used. The array was expanded to include PCR products amplified from cDNA
clones of genes in the vicinity of MS32 minisatellite that were not present in the
expression microarray (ARID4B, B3GALNT2, GNG4, NID1, ERO1LB and EDARADD).
The cDNA clones were obtained from the 1.M.A.G.E. collection, held at the MRC

Human Gene Mapping Project (http://www.hgmp.mrc.ac.uk/) and had been previously

verified by sequence analysis (Lesoto, B. et al, unpublished data). Vector-specific
primers were used to amplify the cDNA from the IMAGE clones and the resulting PCR
products were separated by gel electrophoresis to ensure that a single product was used
on the arrays (Fig. 4.1). The array was injected onto prepared poly-L-lysine coated
slides using a 32-tip head of a DNA microarrayer, built largely according to the
Stanford design

(http://syst.mrctox.le.ac.uk/SystemsToxicology/Microarray Facilities/Facilities.aspx).

The centre to centre distance of the features was 210 pum and each feature was 90-100
pm in diameter. Before use, the arrays were UV cross-linked.
The expression microarray experiment was performed with RNA from the cell-

lines JFCF6T.11C (Tel+) and JFCF6T.11E (ALT+) because they derive from the same

89


http://www.hgmp.mrc.ac.uk/
http://syst.mrctox.le.ac.uk/SystemsToxicology/Microarray_Facilities/Facilities.aspx

Chapter 4 — Gene expression across the MS32 region

parental cell-line but differ in the activated TMM. The expression levels of each test
cell-line were calibrated to a reference cell-line, GMO3798, to minimize any variation
between biological samples. The lymphoblastoid GM03798 cell-line, derived from a
normal donor, was chosen as calibrator since it has a stable karyotype (kindly
cytogenetically verified by Jenny Foxon) and grows rapidly in culture so sufficient
calibrator RNA was available throughout the experiment. Additionally, dye-swap
hybridizations were performed as technical controls to eliminate dye-bias associated
with unequal incorporation of the two dyes during the labelling of the cDNA. Thus, a
total of 8 arrays (including dye-swaps) were hybridized for the ALT+ and another 8 for

the Tel+ cell-line, as schematized in Table 4.3.
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Vector + Expected insert | Actual insert
) Image clone ID Gene ) )

primers sSlze Slze
4393885(10088-L14) | B3GALNT2 2049 2000
oCMvsports | 5503285(12142-M14) GNG4 1359 2000
(T7+M13rev) | 5555460(12275-K13) NID1 1272 1000
4441757(10213-G06) | EDARADD 1219 1762
5261610(11659-G19) | ARID4B 2337 2100
PBlueScript | 4826983(AT34-G7) | B3GALNT2 2192 2100
(T7+T3) 4799603(AT22-Al) GNG4 1904 2000
4829502(AT59-B6) EROL1B 3052 3000

Table 4-2: 1.M.A.G.E. clones used to improve the gene representation of the MS32 region on the expression microarray.
A list with all the information from the IMAGE clones obtained, including the vector were the cDNA is inserted, the primers used for PCR

amplification, the IMAGE ID, expected size and actual PCR product size obtained with the mentioned primers.
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Figure 4.1: Amplification of IMAGE clone containing cDNA of genes from around
MS32.
The cDNA of the genes near MS32, not included in the 6500 clone collection used for the array,

were PCR amplified from the IMAGE clone vectors and resolved on a 0.8% agarose gel
electrophoresis prior to inclusion into the array set for injection on the slides. Markers (M) used
were A + @174,

1% replicate | 2™ replicate | 3™ replicate | 4™ replicate

GMO +11C | GMO +11C | GMO +11C | GMO +11C
Tel+

GMO +11C | GMO +11C | GMO +11C | GMO +11C

GMO + 11E GMO + 11E | GMO +11E | GMO + 11E
ALT+

GMO +11E | GMO +11E | GMO +11E | GMO + 11E

Table 4-3: Experimental design.
Following RNA extraction and cDNA synthesis, the reference GMO3798 cell-line (GMO) was

hybridized against the Tel+ (11C) and the ALT+ (11E) cDNAs. Biological replication was
performed by using RNA samples resulting from 4 independent extractions. Dye-swap

hybridizations were performed to provide technical replicates to the experiment.
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4.3.1.2 EXPRESSION MICROARRAY EXPERIMENT

Total RNA was extracted from the JFCF6T.11C (Tel+), JFCF6T.11E (ALT+)
and GMO3798 cells growing in culture and used for first-strand cDNA synthesis. The
cDNA synthesis was carried out with an anchor-dT,s and pentadecamer primers,
incorporating aadUTP to allow the consequent coupling of the amino-labelled cDNA to
specific amino-reactive dyes (Alexa555 and Alexa 647). The dye-coupled aminoallyl
cDNA was then hybridized with the previously printed arrays, according to the scheme
in table 4.3. A total of 16 hybridizations were performed and used for expression
analysis. Fluorescence on the slides was detected by a two-laser scanner Axon4200 and
measured with GenePix version 3.0.0.85 software (Axon Instruments, Union City, CA,
USA), which converted the image pixels of each array feature into an intensity digital
data. The sizes of each feature were firstly determined using the software parameters
and then manually adjusted when appropriate. Then, the intensity of each pixel was
determined and a median intensity of all the measured pixels within a feature was used
as the global intensity value for that particular feature. Before data analysis, a global
normalization was performed centering the red/green ratios of each feature to the
median intensity of all feature set for each channel (R statistical packages print-tip
LOWESS, Fig. 4.2-a and 4.2-b). Normalizing the intensity ratios of both dyes for each
feature corrects different dye-intensities caused by factors other than gene expression
changes (dye incorporation during labelling, imaging sensitivity) and it eliminates
systematic errors. The means of the ratios between the Cy3 and Cy5 channels for each
of the 8 pairs of hybridizations obtained were calculated, providing a relative expression
level for the genes from the test cell-lines and the calibrator cell-line. Finally, the means
of the ratios obtained were used to determine the JFCF6T.11E/JFCF6T.11C ratios for
each feature and assess changes in gene expression between the ALT+ and the Tel+

cell-lines.
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Figure 4.2: Global

LOWESS normalization.

Each peak represents the measured green and red intensities in each array. a) A global

LOWESS normalization of the green/red ratios was performed for each array. b) After

individual array normalization, a global LOWESS between all the arrays was also performed.
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4.3.1.3 DATA ANALYSIS

To simplify the gene expression comparison between the two samples the log,
of the ratios were used (for a 4 times increase: intensity ratio = 4, so log, = +2; for a 4
times decrease: intensity ratio = 0.25, thus log, = -2). A statistical analysis of the data
was performed using T-test (2 tails, unequal variance) on the log, of the intensity ratio
for each gene. The genes in both JFCF6T.11E (ALT+) and JFCF6T.11C (Tel+) that
differed from the GMO3798 calibrator cell-line with p<0.01 were then sorted into
clusters of genes.

A total of 322 genes were found to be significantly (p<0.01) differentially
expressed between JFCF6T.11E (ALT+) and JFCF6T.11C (Tel+) cell-lines. The
analysis of the significant differentially expressed genes suggests that transcription in
ALT cells appears to be more relaxed than in tel+ cells (61% of the differentially
expressed genes are upregulated in ALT+). However, although statistically significant,
the differences observed are not considerable as most of the data set differs on 1 or
lower fold change (Fig. 4.3). Nonetheless, a group of interesting genes involved in
either DNA repair (ATM), chromatin reorganization (ARID4A), helicase activity
(ATRX), excision and single-stranded repair (ERCC1, XRCC1, XRCC®6), recombination
(RAD51C) and telomeric repeat binding factor (TRF1) can be identified as being
upregulated in the ALT+ cell-line whilst others involved in chromatin
assembly/disassembly (CBX5), cell adhesion (ENG) or mitotic sister chromatin
segregation (KIFC1) seem to be downregulated, when compared to the Tel+ cell-line.

Focusing on the main question of the study, the data set obtained showed no
significant changes in the expression levels of the genes around MS32, suggesting no
differences in the gene expression levels near the minisatellite between the ALT+ and

Tel+ cell-lines.
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down 11C up 11C
up 11FE up 11E
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Figure 4.3: Plot of the expression fold-changes of the Tel+ against the ALT+ cell-
line
The log2 ratios of the measured intensities of the JFCF6T/11C (Tel+) vs. calibrator (GMO)

were plotted against the log2 ratios of the JFCF6T.11E (ALT+) vs. calibrator (GMO), showing
that most data is contained within the 1 fold change.

Though, using a p-value of 0.01 in such a large data set incorporates a high false
positive rate and many of the gene expression changes detected may not be biologically
meaningful. Thus, further verifications of this data set should be undertaken before any
conclusions are drawn. Additionally, throughout the development of this experiment it
came to our attention that, when the purpose of the study is gene identification, it is not
necessary to use a calibrator sample in expression microarray experiments (Dobbin et al
2002). Thus, the two test cell-lines JFCF6T.11C (Tel+) and JFCF6T.11E (ALT+) were
hybridized against each other. A total of 4 hybridizations were performed to include the
dye-swap controls as well as biological replicates with two independently extracted

RNA samples for each cell-line (Table 4.4).
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Table 4-4: 2" experimental design for the expression microarray experiment.

Chapter 4 — Gene expression across the MS32 region

1% replicate

2" replicate

11C + 11E

11C +11E

11C + 11E

11C + 11E

The Tel+ (11C) and the ALT+ (11E) cell-line were tested against each other. To perform

biological replicates, RNA samples from two independent extractions were used in different

hybridizations. Dye-swap hybridizations were performed to provide technical replicates to the

experiment.
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Figure 4.4: Global LOWESS normalization for the 2nd design.

a) A global LOWESS normalization of the green/red ratios was performed for each array.

b) After individual array normalization, a global LOWESS between the four arrays was also

performed.
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The second data set was treated and analysed as described for the first data set
(Figure 4.4). As seen in the first data set, the general level of transcription in the ALT+
cell-line JFCF6T.11E seems to be higher than in the Tel+ JFCF6T.11C. Most of the
significant expression changes observed occur at genes involved in or regulators of
transcription (Polymerase RNA |1 L, General transcription factor IIE, etc), which seem
to be upregulated in the ALT+ cell-line. However, selecting genes with significant
expression changes of p<0.001 from the first set and comparing to the p<0.01 of the
second set, 136 genes were common to both experimental designs (Appendix-4).
Furthermore, some of these genes have two different cDNAs included on the array
(ARID4A, RAD51C, BCL2, Appendix-4), which strengthens the confidence in the final
common set of differentially expressed genes. Thus, several interesting genes seem to
be upregulated in the ALT+ compared to the Tel+ cell-line, especially those involved in
DNA recombination (RAD51C), chromatin remodelling (ARID4A), p53 binding protein
(MDM2), telomere binding (TRF1) and apoptosis (BCL2-related) all of which could be
directly or indirectly involved with the ALT mechanism. Interestingly, one of these
genes (ARIDA4A) is closely involved with one gene located in the MS32 minisatellite
region (ARID4B) and its potential role in ALT+ should be further investigated.

Nonetheless, due to the high data input and consequent statistical analysis, this
type of expression array analysis fails to detect minor expression changes that could be
significant to the ALT mechanism. Also, the expression microarray study showed no

significant changes on the expression levels of genes around MS32 minisatellite.

98



Chapter 4 — Gene expression across the MS32 region

4.3.2 GENE EXPRESSION AROUND MS32

To address in more detail the hypothesis that genes in the vicinity of MS32 minisatellite
show altered expression in ALT+ cell-lines, gJ°PCR was performed on 3 genes and 1
pseudogene that flank MS32. These genes comprise the lysosomal trafficking regulator
- LYST; the basement membrane protein involved in cell-extracellular matrix
interactions - NID1; a processed pseudogene similar to aconitase-2-precursor
(mitochondria) - PA and a transmembrane 7 superfamily member 1 with unknown

function — GPR137B (Fig. 4.5).

I F\31|.I I " a2 l I]
[ ] [ ] ..‘..............
..‘...‘....‘............. [ ] [ ] ..
LYST 111 kb lekb J/lssz ) e
12.6 kb
- 560.14 kb

Figure 4.5: Gene distribution around MS32.
The diagram represents a 560.14 kb region of chromosome 1 around the MS32 minisatellite.

The 3 closest genes to the tandem repeat (LYST, NID1 and GPR137B) are represented as well as

distances between them. The processed pseudogene (PA) is also represented.

4.3.2.1 PRIMER DESIGN AND QPCR OPTIMIZATION

Total mMRNA was extracted from cells and 1ug used for cDNA synthesis with
random hexamer primers. The synthesis was performed at 42°C and a DNase | digestion
step was included to minimize DNA contamination risk. After cDNA synthesis, each
sample was diluted to a final concentration of 100ng/ul (assuming a 100% efficiency of
the cDNA synthesis). For each cell-line analyzed, two RNA extracts were obtained and
each one was used for two independent cDNA synthesis reactions. Finally, each cDNA

was tested in triplicate, according to the diagram in Fig. 4.6.
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Cell-line
RNA sample A RNA sample B
¢cDNA A1l cDNA A2 ¢cDNA B1 cDNA B2
Triplicate Triplicate Triplicate Triplicate
qPCR qPCR qPCR gPCR

Figure 4.6: Scheme of the gPCR experiment.

A total of 11 cell-lines were analysed throughout this study: the Tel+ GMO3798,
T24, HT1080 and JFCF6T.1J/11C, the normal MRC5 and the ALT+ U20S, SaOS,
WI38VAL3/2RA, SUSM1, JFCF6T.1J/11E and 11ICF/a2.

One of the most crucial steps in any qPCR analysis is the primer design, as it
defines the specificity of the gPCR amplification to the target cDONA. To overcome
unwanted genomic DNA contamination in the cDNA samples, sequence-specific
primers were designed across exon-exon boundaries so that only cDNA derived from
transcripts were amplified. The complete cDNA sequence for each candidate gene was
retrieved from NCBI Nucleotide database (http://www.ncbi.nlm.nih.gov). The designed
primer set was analysed with Primer 3 software to identify any potential hairpins and
primer-dimer interactions and thus minimizing any primer-related effects on the
amplification and/or fluorescence detection. Finally, each selected primer was screened
against the reference human genome wusing the NCBI Blast function

(http://blast.ncbi.nlm.nih.gov/Blast.cgi) and with the UCSC Blat function

(http://genome.ucsc.edu/cgi-bin) to ensure its specificity to the target gene. Finally, to

ensure that any increase in fluorescence was due to cDNA amplification for the gene of

interest and not attributable to non-specific products or primer-dimer artefacts,
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dissociation curves were plotted for all PCR products. After optimization of each primer
set, dissociation curves for all genes analysed were shown to be specific with only a
single peak at the melting temperature of the PCR product (data not shown).

SYBR Green | fluorescence detection was used for quantification of the PCR
product since it can be used with unmodified primers and it constitutes a low cost option
to quantify the expression of several genes. SYBR green is a fluorescent dye that
intercalates to double-stranded DNA emitting green fluorescence. As the fluorescence
emitted is directly proportional to the amount of double-stranded DNA, the
measurement of the fluorescence can be used to quantify the amount of PCR product in
real-time. Gene expression was then quantified based on the threshold cycle (Ct value),
the PCR cycle during which the measured fluorescence exceeds a threshold determined
by background fluorescence at baseline. Finally, the relative fold change gquantification

of gene expression was calculated through the AACt method (274"

), which requires Ct
values and estimated PCR efficiencies of each target gene and a housekeeping gene in
both calibrator and test samples (Pfaffl 2001). Consistent with the microarray
expression analysis, the GMO3798 cell-line was chosen for calibration of the data (see
Chapter 4, section 4.3.1.1 for details) and the relative expression levels of the genes
analysed in all cell-lines were calculated as fold change compared to the expression
levels detected in GMO3798. The PCR efficiency for each target gene was assessed
through a standard curve that expresses a linear relationship between template quantity
and target gene expression. Thus, the slope of a logyo plot of a 10-fold dilution series of
the reference cDNA (GMO3798) vs. respective Ct values was used for calculating the
PCR efficiency with the equation E = 10(-1/slope) —1. If the efficiency was below 90%
(minimum required for quantitation by the AACt method), further optimizations were

performed to determine the best concentration for each primer. Once the estimated

efficiency was within the 90-100% range, a validation experiment was performed to
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determine if both the target and housekeeping gene (HKG) efficiencies were
comparable and suited for analysis by the AACt method. The validation was performed
by calculating the ACt (Ctiarget — Ctukg) On the serial-diluted cDNA reference and
plotting it against the logi;p cDNA input. If the slope of the graphic approached 0, the
experiment was validated and the qPCR conditions for both target and housekeeping
gene could be used. Finally, all the reactions were performed in triplicate and only
triplicates with standard deviation (SD) value lower than 0.3 were used for further
analysis. The expression level of the gene of interest was assessed together with the
housekeeping gene (the triplicates of test and HKG were performed in the same plate).
Also, to confirm PCR specificity, a melting-curve analysis was performed in the end of
each PCR reaction and the products were run on a 1% agarose gel to ensure that a single
amplicon of the expected size was present.

4.3.2.2 HOUSEKEEPING GENE SELECTION

Since the efficiency of the cDNA synthesis cannot be assessed, a control for the
cDNA input in each reaction is essential for a proper comparison of gene expression
levels across samples. Thus, the analyses of the expression level of a gene whose
expression is expected to be stable across cell-lines from different tissues and through
the cell-cycle is essential as an internal control to be used for data normalization. It is
crucial that the expression level of the selected housekeeping gene is constant in all cell-
lines examined since an incorrect choice would lead to interpretation errors of
experimental results. The glyceraldehyde-3-phosphate dehydrogenase (G3PDH) gene is
the most widely used housekeeping gene in human gPCR studies and was therefore the
choice for data normalization. For each cDNA sample, G3PDH triplicates were
performed in the same plate as the gene of interest and used to determinate the ACt
value. Thus, for each cDNA sample, a set of values for the gene of interest and for

G3PDH were obtained and used for data normalization (Data Analysis I).
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However, as the experiment progressed, some studies were published suggesting
that G3PDH expression levels, as well as of other housekeeping genes, vary across
different tissues and conditions. Accordingly, the best gPCR analysis should use an
average of the level of expression of two/three housekeeping genes for data
normalization (ACt value). Most of the qPCR data had already been obtained at this
point so, the expression levels of two other housekeeping genes (Tata-box Binding
Protein - TBP and Beta-actin - ACTB) were determined on the cDNA samples of all
cell-lines and a comparison was performed to determine which ones showed the lowest
Ct value mean and the lowest standard deviation across all the samples tested during the
study (Rabin, R. L. et al.; 2009). The average of the expression levels of the best pair or of
the three would then be used for a second data analysis (data Analysis 11).

The gPCR conditions for each housekeeping gene tested were optimized (Fig.
4.7, 4.8 and 4.9) and the amplification efficiencies were determined as 92.1% for the
G3PDH gene, 98.9% for the ACTB and 90.5% for the TBP. The expression levels of the
three housekeeping genes analyzed across the panel of 11 cell-lines tested are quite
similar, with the exception of the U20S cell-line that seems to express lower levels of
the three genes (Fig. 4.7, 4.8 and 4.9-c). Nonetheless, as G3PDH shows the lowest Ct
mean (16.718) and also the lowest SD (1.569) it still was the best housekeeping gene for
data normalization, which gives more confidence to the data analysis previously done
(Data Analysis 1). Though, to ensure the most accurate analysis of the data and
consequent interpretation of the results, the mean value of the G3PDH and ACTB Ct
values were used for a second data analysis (Data Analysis I1) that was then compared

to the first data analysis.
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4.3.2.3 NID1 GENE
Nidogene 1 (NID1) is a major component of basement membranes, a highly

specialized extracellular matrix found at the epithelial/mesenchymal boundary and around
muscle, peripheral nerves, and fat cells. NID1 strongly interacts with laminin (Paulsson et
al., 1987; Mayer et al., 1993), collagen IV and perlecan (Aumailley et al., 1993). Thus,
NID1 has an important role in establishing and maintaining basement membrane and tissue
architecture. Interestingly, as basement membranes compose a physical barrier for cell
movement, migration and/or invasion, the role of NID1 becomes extremely important to
avoid metastatic formation and progression. Indeed, loss of both nidogen 1 and 2
expressions has been shown to occur in human gastrointestinal tumours, caused by high
methylation of both promoters (Ullazi et al. 2007). To determine the expression level of
NID1 in ALT and non-ALT cell-lines, gPCR assay was designed and optimized. Primers
that amplified 170 bp across exons 1 and 2 (Fig. 4.10) were used to measure the expression
level of NID1 in 11 cell-lines (Fig. 4.10). To determine the efficiency of the reaction, a
standard curve was obtained (Fig. 4.11-a). The calculated efficiency, 92.31%, was
comparable to the efficiency of the housekeeping gene, as demonstrated by the validation

experiment (Fig. 4.11-b).

< 89.34 kb
-

79 GGCTGCCTGAGCCGCCAGGAGCTCTTTCCCTTCGGCCCCGGACAGGGGGACCTGGAGCTGGAG("S. -
142 ACGGGGATGACTTCGTCTCTCCTGCCCTGGAGCTGAGTGGGGCGCTCCGCTTCTACGACAGATC
206 CGACATCGACGCAGTCTACGTCACCACAAATGGCATCATTGCTACGAGTGAACCCCCG

Figure 4.10: Diagram representing NID1 gene.

NID1 gene is composed of 20 exons (vertical black bars; introns are shown in triangular lines) spliced
from a 89.34 kb long region. The long arrow represents the coding strand (reverse) and the white box
shows the 3> UTR. The half arrows represent the primers used for qPCR amplification across exons 1-
2 and the zoomed area shows the cDNA sequence amplified by gPCR. Primer sequences are

highlighted in blue and the exonl sequence is represented in black whilst the exon 2 sequence is red.

The numbers represent the cDNA base pairs.
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Figure 4.11: Validation of NID1 gPCR amplification.
a) A standard curve was performed with a 10-fold serial dilution of the cDNA input. The logarithm

of the cDNA input was plotted against the respective Ct values and the obtained slope was used to

determine the PCR efficiency. b) A validation curve was performed by plotting the logarithm of the

c¢DNA input against the ACt (NID1-G3PDH1) values.
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Figure 4.12: NID1 expression levels.
Two-independent RNA extractions were used to obtain the fold changes relative to expression of

GMO3798 cell-line. G3PDH or G3PDH and ACTB were used for input normalization and the error-
bars reflect the standard deviation. Expression of Telomerase + (T) and normal (N) cell-lines, on
the left cluster was compared to the expression of the ALT+ (A) cell-lines, clustered on the right of
the graphic.
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NID1 transcripts were detected in all cell-lines tested and all show higher
expression levels compared to the lymphoblastoid GMO3798 cell-line (tel+) (Fig. 4.12).
Each cell-line shows different expression levels, probably reflecting tissue-specific
differences (see Appendix-2). However, when the cell-lines are clustered as AL T+ or non-
ALT (normal or tel+), according to the Wilcoxan Rank Test, no significant differences in
the levels of NID1 expression were observed between the two clusters (p-value
0.5228/0.6481 data analysis | and I, respectively). Thus, as the preliminary microarray data
indicated, NID1 expression pattern seems not to differ between ALT+ and non-ALT cells,
suggesting that transcriptional changes at the gene closest to MS32 are unlikely to be the

reason underlying its extraordinary instability in ALT+ cells.

4.3.2.4 LYST GENE

Lysossomal trafficking protein (LYST, or also known as Chediak—Higashi
Syndrome protein 1 - CHS1) is a massive cytosolic protein of 425 kDa (3801 amino acids).
The role of LYST is not known but the presence of certain domains in the protein indicates
that it might be required for intracellular protein trafficking to and from the lysosome. Defects in
LYST protein are the cause of Chediak-Higashi Syndrome, an autorecessive disorder
(Barbosa et al., 1996; Perou et al., 1996).

Though no significant NID1 expression changes were observed in ALT+ compared
to non-ALT cells, LYST also locates in MS32 region (225.5 kb upstream the minisatellite)
so a qPCR assay was carried out to analyse its expression level in the 11 cell-lines. Primers
were designed so that a 136 bp region across exons 3, 4 and 5, could be amplified (Fig.

4.13). The efficiency of the reaction, 92.31%, was calculated from a standard curve (Fig.
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4.14-a) and was comparable to the efficiency of the housekeeping gene, as demonstrated

by the validation experiment (Fig. 4.14-b).

< 205.88 kb
— A

360 TGGACAGTACCTTGTCCATGGTCGAGGATTTCTATTACTTACCAAGCTAAATTCTATAAT
420 TGATCAGGCATTGACATGTAGAGAAGAACTCCTGACTCTTCTTCTGTCTCTCCTTCCACT
480 GGTATGGAAGATACCTGTCCAAGAAGAAAAGGCAACAGATTTTAACCTACCGCTCTCAGC
540 AGATATAATCCTGACCAAAGAAAAGAACTCAAGTTCACAAAGATCCACTCAGGAAAAATT

Figure 4.13: LYST diagram.
LYST gene is composed of 53 exons (vertical black bars) spread across a 205.88 kb region (splice

sites represented by the triangles). The top arrow represents the coding strand (reverse). The white
box on the left represents a UTR. The half arrows represent the primers used for the gPCR
experiment amplifying across exons 3-5. The amplified sequence is shown, with the primers
highlighted in blue and each exon represented with alternate colours (exon 3 in black, exon 4 in red

and exon 5 in black again).
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Figure 4.14: Validation of LYST gPCR amplification.
a) A 10-fold serial dilution of the cDNA input was performed to test the efficiency of the gPCR

reaction. The logarithm of the cDNA input was plotted against the respective Ct values and the
obtained slope was used to determine the PCR efficiency. b) To validate the gPCR analysis, the
logarithm of the cDNA input was plotted against the ACt (LYST-G3PDH1) values.
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Figure 4.15: LYST expression levels.
Bars represent fold changes relative to GM0O3798, with template input normalized to G3PDH or to

G3PDH and ACTB expression. The error-bars reflect the standard deviation of two independent
RNA extractions. Telomerase + (T) and Normal (N) are clustered as Non-ALT on the left side of

the graphic, whilst the ALT+ (A) cells are represented on the right-side.
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As seen in NID1 expression analysis, LYST expression pattern also greatly differs
between the different cell-lines tested (Fig. 4.15). Also, both data analysis show the same
fold change levels, with the exception of SaOS cell-line that unexplainably shows a twice
fold change on data analysis 11 (17) than in analysis I (7.5) compared to the calibrator cell-
line GMO3798. Contrasting with NID1 gene, LYST expression levels are lower in U20S
and 111Cf/a2-postcrisis cell-lines, when compared to the calibrator. Nonetheless, neither
data analysis shows significant differences between ALT+ and non-ALT cell-lines (p value
0.9273 for analysis | and 0.5228 for analysis Il with the Wilcoxan Rank Test). Therefore,
no consistent changes in transcription levels were detected at the LYST gene that lies 225 kb

upstream the MS32 minisatellite in the ALT+ vs. non-ALT cell-lines tested.

4.3.2.5 GPR137B GENE

G protein-coupled receptor 137B (GPR137B), previously known as TM7SF1, was
first described as a membrane protein, which is upregulated during kidney development and
an important role in cell-type-specific differentiation-dependent signalling processes was
suggested (Spangenberg et al., 1998). GPR137B was also found to be over-expressed in
Wilms tumours (Spangenberg et al., 1998) and differentiating osteoclasts (Nomiyama et al.,
2005). GPR173B is the closest downstream gene to the MS32 minisatellite, locating at 41
kb. Consequently, a qPCR essay to analyse GPR173B transcriptional levels ALT+ and non-
ALT cells was performed. Primers amplifying 191 bp across exons 5, 6 and 7 were
designed (Fig. 4.16) and the efficiency of the PCR reaction was calculated as 92.31%,

through a standard curve (Fig. 4.17-a). A validation experiment (Fig. 4.17-b) showed that

113



Chapter 4 — Gene expression across the MS32 region

the efficiency was comparable to the obtained for G3PDH amplification, allowing the use

of the AACt method for relative quantification of the expression levels.

v

66.38 kb

- N NN NN N Y -

912 ACCTACCACCTTAGTCGTTTATTTCTTCCGAGTTAGAAATCCTACAAAGGACCTTACCAA

972 CCCTCGAATGGTCCCCAGCCATGGATTCAGTCCCAGATCTTATTTCTTTGACAACCCTCG

1032 AAGATATGACAGTGATGATGACCTTGCCTGGAACATTGCCCCTCAGGGACTTCAGGCGAGG
1092 TTTTGCTCCAGATTACTATGATTGGGGACAACAAACTAACAGCTTCCTGGCACAAGCAGG

Figure 4.16: GPR173B diagram.
GPR137B gene is distributed along 66.38 kb on 1g34 and is composed of 7 exons (vertical black

bars; triangles represent introns). The top arrow represents the coding strand (forward) and the

white box the 3° UTR. The primers used for qPCR amplification are shown as half arrows across

exons 5-6 (forward) and 6-7 (reverse), which is better shown on the zoomed sequence. The primers’

sequence are highlighted in blue and exons are alternatively coloured in black or red.
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Figure 4.17: Validation of GPR137B qPCR.
a) The gPCR reaction efficiency was obtained with a 10-fold serial dilution by plotting the

logarithm of the cDNA input with the respective Ct values. b) To validate the analysis, the

logarithm of the cDNA input was plotted against the ACt (GPR137B-G3PDH1) values.
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Figure 4.18: GPR137B expression.
The graphics summarize data from two-independent RNA extractions and the error-bars reflect their

standard deviation. Telomerase + (T) and normal (N) cell-lines (non-ALT) are clustered on the left-
side of the graphic whilst the ALT+ (A) cell-lines are represented on the right-side. The shown fold

changes are relative to GMO3798 expression, with internal normalization to G3PDH expression.
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GPR173B expression pattern also varies between the different cell-lines tested,
although less than observed in NID1 and LYST (Fig. 4.18). Again, the two different data
analysis methodologies applied show very similar fold change patterns compared to the
calibrator cell-line. As observed in the both upstream genes analysed, no significant
differences could be detected between ALT+ and non-ALT cell-lines (p-value 0.0828 for
both analysis according to the Wilcoxan Rank Test). It seems that no common change in

the GPR173B expression level is associated with the ALT pathway.

4.3.2.6 PUTATIVE NOVEL GENE

Even though MS32 minisatellite is flanked by NID1 and GPR173B genes, a
processed pseudogene has been found at 12.6 kb from its 3’ end. Processed pseudogenes
are non-functional transcribed pseudogenes that typically lack intronic and promoter
sequences, contain poly(A) 3' tails and are flanked by target-site duplications. During
evolution, processed pseudogenes tend to accumulate frameshift mutations and premature
stop codons (Vanin et al., 1985; Weiner et al., 1986). Processed pseudogenes can either
flank genes or lie within intergenic regions. A number of possible mechanisms have been
proposed for their expression: use of nearby promoters of protein-coding genes, insertion
into a UTR region or cryptic promoter elements in the intergenic DNA (that might have
originated from transposable elements, from genomic duplication of promoter regions).

Although no significant differences on the expression levels of the genes around the
MS32 minisatellite were found to be associated to the ALT mechanism (see Chapter 4,
sections 4.3.1.3 and 4.3.2), differences in the DNA conformation derived from non-genic

transcriptional changes in the region could still expose MS32 to molecular mechanisms that
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could affect its stability in ALT+ cells. Thus, to clarify if transcriptional changes associated
to ALT are occurring in the region, the expression levels of the processed pseudogene were
analysed by gPCR.

A BLAST search showed that this particular pseudogene derives from aconitase 2
precursor (ACO2), a mitochondrial protein transcribed from a gene located on chromosome
22 (Figure 4.19). The primer design and the gPCR conditions were carefully optimized to
guarantee that only the processed pseudogene was amplified. Thus, a primer set that could
amplify a 169 bp ACO2 product (across exons 1 - 2 boundary) and a pseudogene product
from chromosome 1 was chosen. However, the 3’-terminal base of the reverse primer is
only specific to the pseudogene (cytosine instead of the ACO2 tyrosine at the same
position), which combined with the high annealing temperature (60°C) used, should not
amplify the ACO2 product (Figure 4.19). To confirm that the conditions used were
amplifying exclusively a transcript derived from the pseudogene, PCR products derived
from three of the tested cell-lines were directly sequenced. The sequencing data confirmed
that all products derive from the pseudogene on chromosome 1 since in all sequenced

products the 9 diverged nucleotides fully match the pseudogene sequence (Table 4.5).
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Reference sequence MRNA NM_001098.2 (spliced from 18 exons on chr. 22)

TACCATGTGGCCTCAGTCCTGTGCCAACGGGCCAAG‘TGGCGATGAGCCAC

chr. 1 TACCATGTGGCCTCAGTCCTGTGCCAACGGGCCAAG
TTTGAGCCCA
TTTGAGCCC

CAAACGACTGAAC
CAAACGACTGAAC

GAGTACATCC
GAGTACATCC

GGCC
GGCC]

1

CTGAC
CTGAC

TATGACCTGCTAGAGAAGAACATTAACATTGTTEG
TATGACCTGCTAGAGAAGAACATTAACATTGTT]

TGGCGATGAGCCAC

G

CTCTIGGAGAAGATIGTGTATGGACACCTGGATG
CTCT

GGAGAAGATCGTGTATGGACACCTGGATG

GPR1738

Figure 4.19: Diagram of pseudogene ACO2.
The processed pseudogene, on chromosome 1 (highlighted in yellow), derives from the first 3 exons

of ACO2 gene, located on chromosome 22. The PCR amplified regions obtained after optimizations

are aligned in the centre. Nucleotide changes (SNPs) between the ACO2 gene and pseudogene are

signalled as red when different or green if identical. Primer positions are highlighted in blue. The

star represents MS32 minisatellite location.

Base position (bp)

37 63 75 109 | 124 | 129 | 135 | 140 | 150
Cell-lines
JFCF-6/11C (Tel+) A T C T T T Cc T C
JFCF-6/11E (ALTH) A T C T T T C T Cc
WI38VAL3/2RA
A T C T T T C T C
(ALTH+)

ACO?2 gene sequence G C T C C G A Cc T

Table 4-5: Sequencing data to confirm pseudogene template for PCR reaction.
The PCR amplicon position of the 9 nucleotide changes between ACO2 gene and the pseudogene

on chr. 1 are represented on the top row. The sequencing data for the three tested cell-lines are

represented on the table and for better comparison the bottom row shows the ACO2 equivalent

nucleotide.
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Although the sequencing data shows that the products obtained derive from the
pseudogene on chromosome 1, it is technically difficult to fully exclude a genomic origin
for the analysed PCR products. All RNA samples used in this study had been checked for
DNA contamination by spectrophotometry and denaturing gel electrophoresis. Also, all the
cDNA samples used were treated with DNase | to eliminate any potentially contaminant
genomic DNA. Thus, as the RNA quality had been checked, DNase | used prior to the
cDNA synthesis and primers were designed across exon-exon boundaries (for the other
genes) and the limiting amount of RNA available, no reverse transcriptase negative (RT-
negative) controls were performed on the samples. Thus, the distinction between
transcripts and the genomic sequence of the pseudogene on chromosome 1 in the cDNA
samples obtained is not possible on the cDNA collection available. Further cDNA synthesis
with no reverse-transcriptase should be performed to further investigate whether this

pseudogene is being transcribed or not.

4.3.3 CONCLUSION

From the analysis performed, it seems that the use of just one or at least two
housekeeping genes for data normalization do not affect the final result since both data
analysis I and 11 showed consistent results. However, a careful analysis of the expression
levels of the housekeeping gene across the samples to be tested needs to be performed prior
to further analysis, to determine if the HKG expression is constant in the samples to be
tested. Considering the expression levels of the three analysed genes, no differences could
be observed between ALT+ and non-ALT cells. A clear cell-line specific differential
expression was detected, especially on NID1 gene that showed the highest cell-line

variation on the relative expression compared to GMO3798 (Fig. 4.23) but no association
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to a particular type of TMM could be detected. The results suggest that no transcriptional-
changes around MS32 minisatellite occur in ALT+ cells compared to non-ALT cells.
Nonetheless it is interesting to note that the ALT+ cell-lines seem to show much higher

expression variability of NID1 and LYST, when compared to the non-ALT cells analysed.

Boxplot of analysed genes in ALT+ vs. Tel+ cell-lines (d.a.I)
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LYST non-ALT LYST ALT NID1 non-ALT NID1ALT  GPR137B non-ALT GPR137B ALT

Fold changes relative to GM0O3798

Boxplot of analysed genes in ALT+ vs. non-ALT cell-lines (d. a. II)
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Figure 4.23: Summary of gPCR analysis.
The expression level of the genes analysed, obtained as relative fold changes compared to GMO3798

cells, are summarized in the boxplots shown. For each gene, a boxplot of the fold changes for the Non-
ALT and for the ALT cells are represented and shown side by side with the median and standard

deviation represented.
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4.4 DISCUSSION

The instability of MS32 minisatellite in ALT+ cells is extremely puzzling, since no
clear relationship between the minisatellite and the telomere elongation mechanism and/or
the telomere itself is evident. Thus, one of the possible reasons for this association would
be that transcriptional-changes could alter the conformation of the 1943 region that
includes MS32 minisatellite in ALT+ cells, exposing the minisatellite to cellular machinery
that would then result in the observed high instability.

This chapter focuses on experiments performed to test this hypothesis. Many genes
have been shown to be involved in the ALT+ mechanism (see Chapter 1, section 1.2) but
the exact mechanism still needs to be dissected. Thus, it seemed logical that if expression
levels between ALT+ and non-ALT cell-lines were going to be analysed a genome-wide
experiment could also be performed to shed some light into yet unknown ALT-players. An
experiment was performed to analyse the differential expression between ALT+ and Tel+
cells that originated from the same cell-line. To minimize the effect of sample variation
between independent experiments, the expression pattern of the samples were indirectly
tested by using a calibrator cell-line to which each one of the test cell-lines was directly
compared (see diagram on Fig. 4.2). Additionally, to validate the set of data obtained and to
ensure that the calibrator cell-line was not interfering with the results (Dobbin et al 2002),
another experiment was conducted in which the ALT+ and the Tel+ cell-line were
compared directly. Again, a vast list of genes was found to be significant differently
expressed between the two cell-lines. However, when comparing both data sets, a common
list of 136 genes was found which increased the confidence in the results and indicated that
the calibrator cell-line did not affect the results in an unexpected manner. Several

interesting genes were found upregulated in the ALT+ cell-line, including TRF1, which
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could reflect the presence of longer telomeres in the ALT+ cells in comparison to the Tel+
ones. Nonethless, the other telomere binding protein TRF2 and genes known to be involved
in the ALT+ pathway (for example the components of the MRN complex) or even hTERT,
the protein responsible for telomerase activity in Tel+ cells were surprisingly not identified
as showing transcriptional changes. Although frustrating, it is consistent with ALT being a
recombination-like mechanism that “recycles” proteins involved in other(s) DNA repair
pathways to elongate telomeres (Dunham et al 2002; Varley et al 2002; Wang, R. et al
2004), which would explain why no significant expression changes were detected as most
cells (ALT+ and non-ALT) will require the expression of such proteins. Furthermore, no
significant changes of hTERT expression between ALT+ and Tel+ cells is also in
accordance with the current model of hTERT regulation, where alternative splicing
(particularly the o-transcript) negatively regulates telomerase activity and consequently,
most cells may express a functional or dysfunctional hTERT transcript (Ulaner et al 1998;
Fujiwara, M. et al. 2004; Zaffaroni, N. et al 2005). Thus, the fact that hTERT was not
detected as upregulated in the Tel+ cells might be due to the potential transcription of one
of its variants in the ALT+ cells. Also, TRF2 expression was shown not to differ
significantly in the ALT+ H295R from the Tel+ HelLa cells (Fujiwara, M. et al 2006),
which is also similar to our findings. One more concern raised about the experimental
procedure that might have prevented the detection of important ALT players is the fact that
the RNA analysed was extracted from asynchronously growing cells. However, it would be
expected that the proportion of cells in a particular cell-cycle stage within the analysed
populations would be the same between the ALT+ and the Tel+ cell-line. Therefore, if a

potential key ALT player is more expressed during a specific phase of the cell-cycle, for
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example G2 in ALT+ cells, it would be reasonable to expect that an expression difference
could still be detected by the expression microarray analysis.

Nonetheless, several potentially interesting genes were upregulated in the ALT+
cells in the list common to both experimental designs. One of these genes codes for
RAD51C that forms a complex with XRCC3 protein, it is involved in branch migration and
Holliday junction resolution (Lio et al., 2004; Nagaraju, G.et al 2006), probably by
ensuring the fidelity of homologous recombination. Also, RAD51C recruitment depends on
NBS1 and RPA, which might indicate a role just after DNA end resection (Badie et al
2009). Moreover, XRCC3 seems to be required for t-circle formation in ALT+ cells (Wang
et al 2004; Compton et al 2007), suggesting a possible role for the RAD51C-XRCC3 in the
ALT+ mechanism that should be further investigated. Another gene upregulated in the
ALT+ cell-line is the p53-binding protein MDM2. The combined expression of the
adenovirus E1A, Ha-RasVV12 and MDM2 were sufficient to transform normal human cells
into cells able to form tumours with no telomerase activity (Seger et al 2002). The P53
tumour-suppressor gene is activated with severe telomere-shortening, which leads to a
growth-arrest (Chin et al 1998). Interestingly, the ALT+ cell-line analysed (like most ALT+
cells, with the exception of the U20S cell-line) is P53-negative. Thus, it would be
interesting to investigate whether MDM2, the principal p53-antagonist (Wu et al. 1997) can
contribute to cell transformation purely by p53-inhibition or by intervention in other
molecular processes, perhaps the ALT mechanism. Finally, another gene upregulated in the
ALT+ cell-line is closely involved with one gene located in the MS32 minisatellite region.
In fact, ARID4A together with ARID4B (750 kb from MS32 minisatellite) are part of the
histone deacetylase-dependant SIN3A transcriptional corepressor complex (Lai et al 2002).

Interestingly, both genes have been proposed as mice tumour suppressors, since a

123



Chapter 4 — Gene expression across the MS32 region

myelodysplastic and myeloproliferative disorder in mice with Arid4a and/or Arid4b
mutations progresses to hematologic malignancies, resembling human CML and AML (Wu
et al. 2008). The protein ARID4A interacts with the RB protein (which is inactivated in
many tumours and is involved in several cellular processes like cell-cycle control and DNA
replication) and the repression of E2F-dependent transcription by ARID4A, ARID4B and
RB leads to cell arrest (Binda et al 2006). However, ARID4B was not detected as
significant differently expressed in the ALT+ cell-line, which indicates that further
validations are required to elucidate whether the ARID genes have a specific role in ALT+
cells. Although genes with potential roles on the ALT+ mechanism were identified with the
expression analysis, a more exhaustive experiment should be performed with more ALT+
and Tel+ cell-lines as well as normal tissue and tumour-derived samples, perhaps in
synchronized populations.

Focusing on the region around MS32 minisatellite, the microarray analysis also
showed no significant differences in any of the analysed genes, indicating that no major
differences in the expression pattern of the region are occurring in ALT+ cells. However, to
determine if more subtle transcriptional changes are occurring in the 1942-43 region in
ALT+ cells, gPCR was used to assess the expression level of individual genes around
MS32, in several cell-lines. In total, the relative expression of three genes (LYST, NID1 and
GPR173B) was quantified in various ALT+ and non-ALT cell-lines as a fold-change of the
expression level of the same calibrator cell-line used for the expression microarray
experiment (GMO3798). The results showed great variance in the expression levels of each
of the genes analysed between cell-lines, but no significant differences associated with the
ALT mechanism were detected, confirming the results obtained by the expression

microarray data analysis.
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Also, the extensive data analysis performed with one (G3PDH) or two (G3PDH and
ACTB) HKG showed no major changes between the two approaches. The HKG expression
is used for normalization purposes, it is essential that it remains stable throughout all the
experimental conditions (Thellin et al 1999). However, it is unlikely that any gene shows
such stable expression, since most genes are likely to be regulated at a particular point
(Kubista et al 2006). Thus, the most recent consensus on HKG selection indicates that an
expression analysis of different HKG in the samples to be analysed should be performed
prior to the gPCR experiment (Andersen et al 2004; Jung et al 2007) and the least variable
HKG gene should be used for normalization. Accordingly, our studies showed that the most
suited HKG for this study was G3PDH, since it showed less expression variation across the
11 cell-lines analysed and the addition of another HKG (ACTB) to the normalization step
did not significantly alter the results.

Another interesting aspect of the gPCR experiment was the expression variation
amongst the cell-lines analysed. Even though no expression changes could be associated to
a particular TMM, the expression levels of the 3 genes analysed varied greatly between
cell-lines. These changes might reflect cell-line specific expression patterns, since cell-lines
with different TMM but derived from the same tissue showed similar gene expression
levels (Fig. 4.12, Fig. 4.15 and Fig. 4.18). Particularly, the cell-lines WI38VA13/2RA
(ALT+) and the MRC5 (normal), both derived from lung tissue, show the highest
expression of NID1 gene. Also, the fibroblast HT1080 (Tel+), JFCF6T.1J/11C (Tel+) and
JFCF6T.IJ/11E (ALT+) show similar levels of LYST expression. Finally, also the two
osteosarcoma-derived ALT+ cell-lines, U20S and SaOS have comparable expression

levels of NID1 and GPR173B.

125



Chapter 4 — Gene expression across the MS32 region

In conclusion, no transcriptional-changes specific to ALT+ cells seem to occur
around the MS32 minisatellite, which indicates that the observed instability is either
specifically triggered by the minisatellite itself or conformational changes unrelated to gene

expression.
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CHAPTER 5: MS32 INSTABILITY AND THE ALT MECHANISM

5.1 BACKGROUND

The repetitive nature of DNA repeats confers to these genomic loci a propensity to
form unusual DNA structures that can affect their stability. In addition, various other
factors may also compromise repeat stability, mainly the number of repeats in the tract or
the purity of the repeat array. The direction of replication has also been implicated in the
(CTG)n repeats stability in bacteria (Kang et al. 1995; Samadashwily et al. 1997) and yeast
(Freudenreich et al. 1998). Although the precise events leading to repeat instability are not
known, the mechanisms affecting the stability of microsatellites and minisatellites seem to
differ. Indeed, microsatellites, including trinucleotide repeats, appear to primarily mutate
primarily by strand slippage during DNA replication (Schlotterer et al 1992), whilst
minisatellites seem to be prone to recombinational processes. Furthermore, the minisatellite
sequence is thought to greatly influence the type of mechanisms involved in instability.
Instability at GC-rich minisatellites is thought to involve gene conversion-like events in
meiosis or unequal sister chromatid exchange and intramolecular recombination during
mitosis (Buard. et al 1994; Tamaki, et al 1999; Bois et al, 1999) but the instability at AT-
rich minisatellite is even less understood.

In ALT+ cells, telomeres are elongated through rearrangements resulting from both
simple intra-allelic events and more complex inter-telomeric recombination events, where
the origin of the newly added telomeric repeats is still not known (other telomere or
extrachromosomal-telomeric DNA) (Varley et al 2002). However, the activation of the
ALT mechanism in cells does not just result in the elongation of telomeres via a
recombination-like event but also greatly affects the stability of MS32 minisatellite

(Jeyapalan et al 2005).
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In the germ-line cells, MS32 minisatellite stability is affected by a meiotic-
recombination hotspot located 200 bp of the 5’ side of the array. The hotspot is thought to
affect MS32 stability in meiotic cells that results in high rates of meiotic mutations (0.8%
per molecule in sperm), which are characterized mainly by complex inter-allelic exchanges
(crossovers and conversion-like events) polarized to the 5’ end of the array. In somatic
cells, the MS32 minisatellite is also prone to instability, although at a much lower rate than
observed in the germ-line cells (mutation rate in blood cells of 0.004% per haploid
genome). The rare mutations observed can be explained by simple intra-allelic events that
could arise from replication slippage or sister-chromatid recombination, for example
(Jeffreys et al 1994). Curiously, ALT+ cells show a MS32 instability that varies between
0.36% (WI38VA13/2A cell-line) and 0.94% (111CF/a2 post-crisis cell-line) per somatic cell
division, values ~2000-fold higher than the ones observed in normal or Tel+ cells. Also,
preliminary studies mapping the interspersion of MS32 variant repeats along the repeat
array in ALT+ cells have shown that not just simple intra-allelic recombination is
responsible for MS32 minisatellite instability in ALT+ cells. Analysis on clonal DNA
showed that MS32 mutations in ALT+ cells occur along the array and not polarized to one
end, like in germline. Furthermore, a complex interspersion pattern was observed,
suggesting that the instability at MS32 minisatellite in ALT+ cells involves complex

reshuffling events (Jeyapalan et al 2005).
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5.2 AIMS

The relationship between MS32 instability and ALT activation remains unclear. As
MS32 minisatellite instability was only observed in somatic ALT+ cells, it is feasible that
the underlying mutational mechanisms are similar and that the events observed in ALT
telomeres also occur in the minisatellite. Thus, investigation of the MS32 mutational

mechanism in ALT+ cells may shed light at the telomere elongation mechanism ALT.

5.3 RESULTS

5.3.1 MUTATION MECHANISM AT MS32 IN ALT+ CELLS

To determine the molecular mechanism responsible for MS32 instability in ALT+
cells, the internal structure of length-mutant alleles of MS32 minisatellite was compared to
progenitor alleles (most common allele in a cell population) to understand the nature of
MS32 mutations in ALT+ cells.

A library of MS32 mutants was obtained by Single-Molecule PCR amplification
(SM-PCR), a technique based on serial dilutions of DNA that allows detection and isolation
of single length-mutants (Jeffreys et al 1994). Subsequently, a forward and reverse four-
state Minisatellite Variant Repeat PCR (MVR-PCR) was performed to determine the
internal structure of MS32 alleles. Essentially, one primer anneals to MS32 flanking DNA
and combined with one of four primers specific for each variant of MS32 repeat unit is
used to determine the interspersion pattern of the variant repeats. The assembly of the
forward and reverse MVR-PCR amplification provides a complete interspersion map of the

entire MS32 array (Monckton et al 1993).
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To facilitate the understanding of the mechanisms causing mutations in MS32 upon
ALT activation, a single-cell clonal expansion was performed in an ALT+ cell line -
SUSM1. SUSML1 cell-line was selected for this analysis because the MS32 minisatellite
instability in these cells was previously shown to be high (mutation frequency of 0.495 per
cell) (Jeyapalan et al 2005), which could enhance the detection of length-mutants.
Furthermore, the progenitor MS32 alleles in the SUSML1 cells were short (1.3 and 4 kb,
approximately, Fig. 5.1), which allow the assembly of complete MVR-maps of even the
longer allele (4 kb is about the maximum limit for a full assembly combining the forward
and the reverse MVR-PCR). DNA from clones derived from single-cell expansions was

extracted after 20, 30 or 40 population doublings (PDs).

5.3.1.1 DETERMINATION OF MS32 PROGENITOR ALLELES

In order to proceed with the analysis of the mutational mechanism affecting MS32
in ALT+ cells, the lengths of MS32 progenitor alleles of SUSM1 cell-line were determined
to allow the identification and subsequent analysis of new length-mutants. MS32 was
amplified from Mbol-digested DNA from selected clones with 32B and 32E primers (380
bp upstream and 75 bp downstream, respectively). Two progenitors were obtained from
most clones, except for clone 1C4 that showed four progenitor alleles (Fig. 5.1). Clone 1C4
might have originated from two cells, instead of the intended single-cell or two of the four
alleles may have arisen as mutations that occurred very early during the clonal expansion.
The size of the small progenitor allele appears stable between clones, ~1.3 kb (30 repeats),
whereas the large progenitor varies in length across clones from 3.8 kb - 115 repeats to 4kb

— 137 repeats (Fig. 5.1).
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Figure 5.1: Determination of the size of progenitor MS32 alleles in SUSM1 clones.
MS32 minisatellite was SP-PCR amplified from 200 pg of genomic DNA to identify predominant

alleles in each cell population. A Southern-hybridization with a specific MS32 probe showed that
all clones (1A4 to 4F8) have two progenitor alleles, except for clone 1C4 that has four alleles. The
size of the small progenitor is 1.3 kb in most clones. The length of large progenitor varies between
3.8 to 4.0 kb among the clones. The DNA marker (M) used is A + ®174.
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5.3.1.2 MUTATION FREQUENCIES

Previous studies on MS32 instability in ALT+ cells showed that the mutation rate
varies between clones derived from the same cell-line, probably resulting from differences
in the size of the progenitor MS32 alleles between clones (Jeyapalan et al. 2005). Thus, to
identify the clones with higher MS32 mutation rate to be used for mutant screening, a SP-
PCR was performed on each clone. Clones 1B5, 1H5 and 3H3 showed a higher number of
length mutants, so they were selected for further analysis (Fig. 5.2). The mutation rate for
each of the selected clones was calculated by Poisson analysis, which is based on limiting
dilutions of DNA to estimate the number of amplifiable MS32 molecules in each SP-PCR
reaction with (Jeffreys et al., 1994). The mutation rates obtained vary greatly between
clones (Table 5.1). Since clone 3H3 showed the highest mutation rate, similar to the value
previously observed by Jeyapalan in another ALT+ cell line (0.36% per cell division in
WI38VAL3/RA) (Jeyapalan et al 2005), this clone was therefore selected for MVR

mapping analysis.
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Figure 5.2: Identification of SUMSL1 clones with highest MS32 mutation frequency.
SP-PCR MS32 products were resolved on an agarose gel electrophoresis and Southern-hybridized

to the MS32 probe. Each SP-PCR reaction, with 20 MS32 molecules each, was performed to detect
the clones with higher mutation frequencies. The DNA marker (M) used is A + ®.

No. of M ion . ..
Clone 0.0 1 utatio LCI UcCl Mutation rate/cell division?
molecules Frequency
1B5 (4) 80 0.0500 -0.0028 0.1374 0.0025
1H5 (5) 620 0.0081 0.0021 0.0201 0.0004
3H3 (11) 160 0.0688 0.0199 0.1332 0.0034

The number of mutants observed for each clone is shown in brackets. The value for MS32 mutants was
obtained from the number of different length (mutant) bands in multiple small-pool PCR reactions. The
estimated total number of molecules analysed was determined from Poisson analysis of the DNA sample
% The mutation rates have been estimated by dividing the mutation frequency by the number of cell
divisions (20) determined from the cell count. Assuming that each cell divides to give two daughter cells
(2"=number of cells, where n is number of cell divisions), then 1x10° cells results from 20 cell divisions.
Table 5-1: MS32 mutation frequencies obtained by Small-Pool PCR (PD20)
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5.3.1.2 MUTATION SPECTRUM

Progenitor and mutant alleles of MS32 minisatellite were separated by gel-
electrophoresis resolution of SM-PCR products. The mutants identified by SM-PCR were
then used as template for the forward and reverse MVR-PCR reactions, so that full-length
maps could be obtained. Thus, the distribution of the four types (E, e, y, Y; see in Chapter
1, section 1.6.1) along the MS32 repeat array of both progenitors and mutant alleles was
fully determined and the assembled mutant maps were compared to the progenitors (Fig.
5.3-a). In total, 531 molecules were amplified and 43 length-mutants identified. The length-
mutants and 14 progenitor molecules (normal allele size) were isolated for MVR-PCR
analysis. Complete MVVR-PCR maps (forward and reverse) of 51 molecules were obtained
from the 3H3 SUSM1 clone: 7 from the large progenitor, 7 from the small progenitor, 33
mutants derived from the large-allele and 4 mutants derived from the small-allele mutant.
After alignment of the MS32 maps, each mutant was assigned to a progenitor allele from,
which it was more likely to have derived (according to the similarities of the interspersion
maps) (Figure 5.3-b). In total, 72 changes were detected amongst the 37 mutants analysed
(Fig. 5.4-b). Predominantly, the MS32 length-mutant arise from deletions events (79.2%),
although other events that produced a change in the repeat order (11.1%) or insertions
(9.7%) were also detected. The large progenitor allele seems to be much more prone to
instability, since 89.2% of the mutants obtained derived from the large progenitor allele
(Fig. 5.4-a -b). The MS32 rearrangements identified seem to occur preferentially in the
middle of the array, just before a block of 22 type e repeats, although the beginning of the
array seems also to be prone to changes (5.4-b). A few deletion events were also observed

towards the 3’ end of the array (mutants A, B, O and c). Interestingly, almost all changes
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observed occurred in non-contiguous repeats suggesting that several breakpoints may occur

at the same time throughout the array (Fig. 5.4-a).
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Figure 5.3: Methodology used for mutant identification and analysis.
a) A Southern-hybridization with MS32 probe of SM-PCR resolved products so

that mutant alleles (labelled with a red arrow) can be distinguished from

progenitor alleles (dotted lines across the blot). DNA marker (M) used is A + ®.

b) Forward MVR-PCR products for each reaction (each of the four MS32
repeats represented by different block colours on the top of each lane) is resolved
on an agarose-gel and Southern-hybridized to a MS32 probe, which allows the
assembly of the interspersion pattern for each allele. Both progenitor alleles are
represented, as well as one mutant. Colour blocks on top of the gel represent the
correspondent MS32 variant repeat: E (red), e (blue), Y (dark green) and y

(green)
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Mutant length distribution

a)
6
- 5] Large progenitor allele
[(<B]
c 4
[<B]
8
2 3 Small progenitor allele
E 2
)
S| | M|
0
Omnw o wWwowOowoLuwOoILwmwOoLuwOowmwOoLuwOoLuwOoLuwmao
N ANO O T VLW O O MMMNMOWO®WOOLDOGOOT«™T T~ N NOMm
Ay A A A A A A
b) Nr. Repeats

EEEEyY 2,EYEEEEEYYYYEYEEEYYEEYEEYYYY

?p%w + #% H+ 4+ ﬁﬁ P44+
+|nsertions
T+ ¢

+ Deletions

EEEYYEEYEEYYYY
+ Changes

Figure 5.4: Size distribution of mutants and breakpoints for mutational events in each allele.

a) Distribution of mutants according to their sizes. Black lines represent mutants derived from the progenitor allele (black arrow) and
red lines represent mutants derived from the small progenitor allele (red arrow). The frequency of each observed size is plotted on the y-axis.
b) Each star represents the site of observed mutational events mapped onto the progenitor alleles (large on top, and smaller on the

bottom). The colours represent different types of mutational events: green — insertions, red — deletions and blue — changes.
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Mutants with complex changes:

*
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Key: mEEE: (type of repeats: E, e, y and Y, respectively); B:insertion; _: deletion; M: Repeat change; M: complex change
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Figure 5.5: Alignment of MS32 length mutants with progenitor alleles.

Each mutant was aligned to the respective progenitor and grouped according to the type of mutation. The changes observed in each mutant are shown after the
array (-: deletions; +: insertions and just number: changes). * shows the internal structure of the progenitor alleles (large and small) and the letters represent allele

mutants analysed. The number in brackets (d) represents the number of times that mutant was observed.
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The analysis was performed on DNA derived from 20 PDs, thus the length-mutants
identified are most likely rearrangements arisen from single mutation events. Since the
calculated mutation rate for the analysed clone (3H3) is 3.4x107 per cell-division, the
probability of two independent mutations occurring in the 20 population doublings would
be very low. Indeed, with the exception of mutant d (in brackets, Fig. 5.5), all mutants
were observed only once, which is consistent with the presupposition that mutants arising
after 20 PDs would result from a single mutational event (Fig. 5.5). Mutant d was observed
5 times, which may indicate that it is a result of an early mutational event, therefore its
higher frequency in the population analysed. However, a possible contamination of this
mutant during the amplification procedures could also explain its higher frequency, even
though the PCR reactions were always prepared separately from the amplified SP-PCR
molecules, which were the last reagent added to the MVVR-PCR reaction, precisely to avoid
contaminations. Some mutants show a very similar interspersion pattern (S, d, M, V, Z and
e), with some deletions in the beginning of the array and a common loss of a block of 26
repeats deleted just before the 22-long patch of small e repeats. A possible explanation is
that one event occurred very early on the clonal expansion, resulting in the mutant allele
being very frequent within the cell population. Then, another later event could have
originated mutants with similar internal structures, like the ones observed. However, if that
had happen, a simple mutant with just a loss of the 26-block of repeats would have been
expected to appear with a higher frequency. Thus, although the mutants are very alike, they
most likely derive from independent single events. In this case, the array seems to have
certain breakpoints were events are more likely to occur. Particularly curious is the fact that
the few insertions observed occurred exclusively at the 5° end of the array, whilst the 3” end

seems prone to give rise to deletions only (Fig. 5.4-b).
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Interestingly, some of the mutations observed are quite Table 2: Possible

Repeat changes
complex. Mutants D, vy, e, I, O, W and i arise from multiple

Site I Site I1
deletions/insertions in non-contiguous repeats, reshuffling the
E®Y E®
variant repeats to an order with no homology with neither of the
& Y
progenitor alleles (Fig. 5.5). Flanking sequences or mutagenesis

does not seem to be involved in the observed complex rearrangements as these blocks of
repeats with unknown origin still retain the MS32 repeats’ sequence. Multiple intra-allelic
deletions, insertions and changes in the polymorphic sites that would swap the class of
repeat unit occurring simultaneously along the array could explain some of these complex
rearrangements. Predicted repeat changes caused by transition in the polymorphic sites are
detailed in Table 2 and can explain the change from Y to y in repeat 52 of mutant D, but
not the change in repeat 45 in the same mutant nor the changes in mutants I, e, O and W.

The most complex rearrangement resulted in mutant i, which starts with a block of
13 repeats that differ from but show patchy homology to the large progenitor allele,
followed by a contiguous block of 22 e repeats. The next 10 repeats are from the large
progenitor, then two repeats with no evident progenitor origin, another block with
homology to either the large or small progenitors, then finally the mutant ends with a set of
null and E repeats not seen in either progenitor or other mutants. These complex mutations
are probably derived from complex intra-allelic events within one progenitor allele, since
no evidence was found for inter-allelic events.

Therefore, mutations observed in the MS32 minisatellite under ALT activation can
be divided into three categories: 37.8% are mutations at a single site within the progenitor
allele (mutants derive from a deletion of a contiguous block of repeats at one site of the

array), 43.2% are mutations occurring at two sites (mutations occur at two non-contiguous
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positions along the array) and 19% are complex rearrangements (mutants arise from a
mixture of intra-allelic events that result from complex reshuffling of the repeat order

and/or addition/deletion of repeats across the array) (Fig. 5.5).

5.3.2 FROM YEAST TO HUMANS — FEN1 ANALYSIS

In yeast, similar complex minisatellite rearrangements were identified in
homozygous RAD27A diploid yeast, where the human CEB1-0.6 (14 repeats) and CEB1-
1.8 (42 repeats) alleles (Buard et al, 1998) were inserted in the 5' intergenic region of the
ARG4 locus (Debrauwere et al, 1999). The authors proposed a model where, in the absence
of the flap-endonuclease RAD27, the removal of Okazaki fragments accumulates
unprocessed 5° flaps that are recognized as double-strand breaks by DNA repair
mechanisms, perhaps the DSB-synthesis-dependent strand annealing (SDSA) (Buard et al.,
1998, 2000b; Debrauweére et al., 1999), which forms a D-loop with mismatches due to
sequence divergence. A secondary DSB can then be formed, permitting an anomalous order
of the repeats to the array when repaired. This defect observed in the absence of RAD27
was partially complemented by hFEN1 (human RAD27 homologue) (Lopes et al 2006)
showing that RAD27 prevents sequence duplication and repeat expansion. Additionally,
RAD27A haploid yeast show highly heterogeneous telomeres and accumulation of single-
stranded G-tail, suggesting that RAD27 is essential for proper lagging C-strand synthesis
(Parenteau, et al. 1999).

Flap-endonuclease 1 is involved in multiple DNA processes including replication
(Li et al 1995), long-patch base excision repair (Prasad et al 2000), homologous

recombination (Kikuchi et al 2005), reinitiation of stalled replication forks and DNA
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degradation in apoptotic cells (Zheng et al 2005 and 2007). Recently, hFEN1 was also
implicated in human telomere biology since its depletion by RNAI led to sister telomere
loss on telomeres replicated by lagging strand DNA synthesis (Saharia et al 2008).
Furthermore, disruption of hFEN1 function was shown to cause a mutator phenotype in
yeast (Tishkoff et al 1997; Parenteau et al 1999; Parenteau et al 2002) and in mice
(Kucherlapati et al 2007; Zheng et al 2007) that might predispose to cancer. In the light of
these studies and considering the similar range of mutations observed in CEB1 minisatellite
in RAD27A yeast with the ones seen in MS32 in ALT+ cells, an investigation of the hFEN1

functionality in ALT+ cells was performed.

5.3.2.1 HFEN1 EXPRESSION IN ALT+ CELLS

To determine if hFEN1 was differently expressed in ALT+ cells, gqPCR analysis was
performed in several ALT+ and non-ALT cell-lines. Human Flap-endonuclease 1 is a small
gene, composed of two exons only and located on chromosome 11. The transcript length is
2,247 bps, which translates into a 380 aa protein. To determine the expression levels of
hFEN1 in ALT+ and non-ALT cell-lines, a qPCR assay was designed to amplify 133 bp
across the exon boundary (Fig. 5.6). The gPCR assay was optimized according to the
parameters described on chapter 4, sections 4.3.2.1 and 4.3.2.2 and the levels of hFEN1
transcripts were compared across ALT+ and non-ALT cells lines by normalizing the data

with the housekeeping G3PDH expression (Fig. 5.7).
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Figure 5.6: Schematic representation of hFEN1 gene.
hFENL1 is located interstitially on chr. 11 and is composed of two exons (grey blocks). Exon 2

comprises the entire coding region (black block). The black arrows represent primers positions for

the gPCR assay.
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Figure 5.7: hFEN1 gPCR assay optimization.
A standard curve plotted from a 10-fold serial dilution was used to determine the PCR amplification

efficiency for hFEN1. Also, a ACt vs. cDNA input were used to validate the assay (for detailed
information on the gPCR methods, see chapter 4, section 4.3.2.1 and 4.3.2.2).
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hFEN1 expression analysis
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Figure 5.8: hFENL1 expression analysis in ALT+ and non-ALT cell-lines.
G3PDH was used for the normalization and the bars represent fold changes relative to GMO3798

expression. Error-bars reflect the standard errors of two independent RNA extractions. Non-ALT
(Tel+ -T and normal — N) cells are clustered on the left-side of the graphic whilst the ALT+ cells
(A) are represented on the right-side (for detailed information on the gPCR methods, see chapter 4,
section 4.3.2.1 and 4.3.2.2).

According to the two-sample Wilcoxon rank-sum (Mann-Whitney U) equation,
which tested for equality of distributions, no significant difference in hFEN1 expression
was observed between ALT+ and non ALT cell-lines (p-value = 0.4652), suggesting that
similar levels of the hFEN1 transcript occur under different telomere maintenance
mechanisms. Cell-type variation is evident, especially in WI38VA13/2RA that shows a 25x

higher fold change in comparison to the GMO3798 expression. This cell-line derives from
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lung tissue, like the normal MRCS5, so the high expression of hFENL in these cells is not

evident and should be further confirmed.

5.3.2.2 SCREEN FOR HFEN1 GENOMIC MUTATIONS

Although no significant changes on hFEN1 transcription levels were detected
between ALT+ and non-ALT cell-lines, hFEN1 point mutations could be affecting its full
activity and influence MS32 instability in ALT+ cells. In fact, haploinsufficiency of Fenl
in an adenomatous polyposis coli (Apc) mutant genetic background results in microsatellite
instability and promotes cancer progression in mice (Kucherlapati et al 2007). Furthermore,
several mutations in hFEN1 associated with different types of human cancers were
described and validated as the cause for a strong mutator phenotype through hFEN1
nuclease activity deficiency without affect DNA replication activity. Most of the hFEN1
mutations were somatic and heterozygous and two of them - P151L and A159V — that
caused reduced nuclease activity, were the most prevalent amongst the human cancers
analysed. These findings, together with murine experiments in which 70% of the mice with
the equivalent point mutations spontaneously developed tumours, suggested that loss of
hFEN1 function might play a role in cancer initiation and progression (Zheng et al. 2007).

Thus, to screen for point mutations that could affect hFEN1 exonuclease activity
and compromise MS32 stability, the hFEN1 gene was amplified by PCR using genomic
DNA isolated from ALT+ and non-ALT+ samples as template. The primers previously
used for direct hFEN1 sequencing FEN-1F1 (5’-GTTGAAGGCATGAAGTTGGTGAG-
3’) and FEN-1R1 (5’-GGTGAAGGAGGTATAATGGG-3") were used as the set amplifies

the hFEN1 gene on chromosome 11 but not the pseudo-FEN1 gene on chromosome 1
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(Zheng et al. 2007). PCR products were purified and sequenced on both strands. A
summary of the results for the known non-synonymous SNPs as well as the P151L
(rs11541090) and A159V point mutations can be found in Table 5.2. The cell-lines tested
showed no mutations in the ORF sequence of hFEN1.

Even though no genomic point mutations or significant expression changes were
found, indicating that a fully functional hFEN1 in ALT+ cells, some posttranslational
modifications on the protein may still be affecting one or more of its functions. However, a
recent study that analysed the hFENL1 role in the ALT+ pathway showed that a fully
functional hFENL1 is required for proper telomere stability in ALT+ cells. hFEN1 depletion
by shRNA in U20S (ALT+) lead to telomere dysfunction, characterized by an increased
number of TIFs and telomeric fusions (Saharia et al 2009). This study supports our findings
that a dysfunctional hFENL1 is unlikely to be underlying MS32 instability in ALT+ cells,
since a fully functional hFEN1 must be present in ALT+ cells for proper telomere stability.
However, the hypothesis that another dysfunctional human homologue of rad27 could be

triggering MS32 instability in ALT+ cells cannot be fully rejected.
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Table 5-2: Screening for hFEN1 point mutations.

The ORF of hFEN1 containing the coding region was sequenced in several human cell-lines and the sequence for all the

described non-synonymous SNPs and the P151L/A159V is represented on the table.

147




Chapter 5 — MS32 instability and the ALT mechanism

5.3.2.3 HEXO1 EXPRESSION IN ALT+ CELLS

Other human genes that have similar functions to RAD27 can be hypothesized to
play a role in the MS32 instability in ALT+ cells. Exonuclease 1 (hEXOTI1) has 5’ flap-
endonuclease activity and if dysfunctional could also originate the accumulation of
unprocessed flap-endonucleases that could be recognized as DSBs, similarly to what was
proposed in the yeast RAD27A model. hEXO1 also shows 5'-3' exonuclease activity on
dsDNA and a weak RNaseH activity, and it is essential for both 5’ and 3’ nick-directed
mismatch repair (Wilson DM. 1998; Shen B., 1999; Modrich P, 2002). hEXO1 seems to
overlap at least some functions with hFEN1 in yeast, since hEXO1 overexpression rescued
the conditional lethality of RAD27A mutants (Shen B., 1999). Also, exol seems to be
involved in an increase in homologous recombination and in chromosomal translocations as
response to telomere dysfunction, since its deletion rescued senescence induction in
telomere dysfunctional yeast strains (Lydall, et al 2002 and 2004). In fact, yeast strains with
mutated exol have linear chromosomes with, instead of telomeric and subtelomeric
sequences, large inverted and duplicated repeats (palindromes) at the chromosome ends
(Maringele et al 2004). Furthermore, Exol /" mice showed defects in DNA mismatch repair
(increase in microsatellite instability and in cancer susceptibility) (Wei et al., 2003),
impaired meiosis and inefficiency of immunoglobulin (Ig) class-switch recombination
(Bardwell et al 2004). Also, mice with dysfunctional telomeres and Exol-deficiency
showed an extended life span and reduced genomic instability (Schaetzlein et al 2007),
suggesting a role for Exol in the induction of DNA damage signals, cell-cycle arrest and
apoptosis in a telomere dysfunctional background (as has been reported in yeast).

Thus, considering the yeast studies that propose an abnormal accumulation of
unprocessed 5’ flaps as a trigger for minisatellite instability, the apparent functional overlap
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between FEN1 and EXO1 and the lack of detectable hFEN1 dysfunction in ALT+ cells, a
possible involvement of hEXOL, instead of hFEN1, in the MS32 instability in ALT+ cells
is possible. Thus, a gPCR experiment was initiated to assess hEXO1 expression levels
between ALT+ and non-ALT cells.

hEXO1 is composed of 15 exons (14 coding) that can be translated into three
variants that transduce into two isoforms. The isoform b (represented in Fig. 5.9) is the
most common isoform and has two variants distinguishable through a unique exon present
in the 5" UTR of variant two but not in variant one. Isoform a is 43 aa shorter than isoform
b, resulting from a frameshift mutation that results in the use of a upstream stop codon and
consequently, an alternate splice-site in the 3’ end of the coding region. Primers were
designed to specifically amplify 169 bp across the exon 5-6 boundary (Fig. 5.9), which is
common to all the three described variants, as there is not much known about the

differential function of each variant.

Chr. 1:
| (TSI R R 10T 11T B .:141-::
I/\["}/\H/\I/\I/\IAAI/\i/\l/\I/\I/\IAI/\l]
F

Figure 5.9: Schematic representation of hEXO1 gene.
hEXOL is located at 1g42-43 position and consists of 14 exons that yield a ~3 kb transcript. Each

bar represents a coding (black) and non-coding (white) exon. The arrows represent the positions of

the gPCR assay primers.
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Figure 5.10: hExol qPCR assay optimization.
A standard curve plotted from a 10-fold serial dilution was used to determine the PCR amplification

efficiency for hExol. Also, a ACt vs. cDNA input were used to validate the assay (for detailed

information on the gPCR methods, see chapter 4, section 4.3.2.1 and 4.3.2.2).
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Figure 5.11: hEXO1 expression analysis.
G3PDH was used for the normalization and the bars represent fold changes relative to GMO3798

expression. Error-bars reflect the standard errors of two independent RNA extractions. Non-ALT
cells are clustered on the left-side of the graphic whilst the ALT+ cells are represented on the right-
side (for detailed information on the gPCR methods, see chapter 4, section 4.3.2.1 and 4.3.2.2).

A significant higher expression of hEXO1 was observed in ALT+ cells, compared to
non-ALT, as determined by two-sample Wilcoxon rank-sum (Mann-Whitney) equation,
used to test for equality of distribution (p-value = 0.0446). The observed higher expression
of hEXO1 in ALT+ cells compared to non-ALT cells needs to be further confirmed by
measuring hEXO1 protein levels. Also, it would be interesting to determine if all variants
are equally expressed in ALT+ and non-ALT cells, which might reveal differential function

of each one of the hEXOL1 variants.
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5.3.3 MS32 EXTRACHROMOSOMAL SEQUENCES

The extrachromosomal DNA in mammalian cells can be divided into two types:
small polydispersed circular DNA (spcDNA) found in the nucleus and cytoplasm and large
circular DNA (150 to 900 kb), found in the nucleus. SpcDNA, containing mainly repetitive
sequences, range from 150 to 2 kb in size and are frequently observed in mammalian cells
with genomic instability (Cohen et al 1997). The mechanisms involved in their formation
are still not clear, but are thought to result from intrachromosmal recombination, reverse
transcription or fragmentation of chromosomal DNA by nucleases (Gaubatz et al 1990;
Cohen et al 2006). The size of circular DNA can vary between 1.5 to 900 kb. In cancer cell-
lines, the circles are mainly composed of amplified sequences of oncogenes as a result of a
deletion of their chromosomal region (Alitalo et al 1985; Bruckert et al 2000; Smith et al
2003; Frater et al 2006).

The presence of extrachromosomal telomeric repeats in telomerase-negative cells
was first reported by two independent groups (Ayusawa D. 1998; Tokutake 1998). Since
then, telomeric extrachromosomal DNA has been well characterized and its circular form
became one of the key markers for ALT. The circular form of extrachromosomal telomeric
DNA (t-circles), confirmed by both electronic microscopy (EM) (Griffith et al 2004) and
two-dimensional electrophoresis (de Lange et al 2004), show circles with similar size to the
loop portion of telomeres. This leads to the hypothesis that t-circles result from homologous
recombination events at telomeres (de Lange et al 2004), which is consistent with the
recombination-like processes believed to underlie the ALT mechanism. It could also
explain the rapid deletion of telomeres observed at low frequency in ALT+ cells (Murnane

et al., 1994) and the lack of telomeric signals at some chromosome ends in ALT+ cells
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(Perrem et al., 2001). Furthermore, several studies in Tel+ cells seem to support this model:
a mutant form of TRF2 causes telomere shortening accompanied by the appearance of t-
circles, a process shown to be dependent on key components of HR (XRCC3 and NBS1)
since their downregulation causes the disappearance of t-circles (de Lange, 2004). Since t-
circles are naturally present in ALT+ cells, they have been proposed to participate in the
ALT mechanism as a template for telomere elongation via rolling-circle replication
(Henson et al. 2002; Natarajan et al 2002). However, loss of t-circles seems to have no
significant effect on growth and, in most cases, on telomere length (de Lange, 2004).
Additionally, a mechanism to negatively regulate telomere length through telomere-
trimming via t-loop resolution and t-circles formation was proposed occur in all human
cells and not just ALT+ cells. In fact, cells with increased telomerase activity show
continuous telomere elongation and, after a plateau stage, cells show heterogeneous
telomere length accompanied by the appearance of t-circles. As no intertelomeric
recombination was detected, ALT was excluded as responsible for telomere lenght
heterogeneity and t-circle formation (Reddel et al. 2009). Thus, extrachromosomal t-circles
might be a by-product of long telomeres rather than being a template for telomere
elongation in ALT+ cells.

As mentioned above, the study of the molecular mechanism underlying MS32
instability in ALT+ cells showed that most mutants arise from deletion events, probably
derived from intra-allelic events. Since both the minisatellite and the telomere are tandem
repeats, the mechanisms involved in their instability in ALT+ cells may be similar. As a
high level of MS32 instability is only seen in ALT+ cells, it is possible that

extrachromosomal circular MS32 sequences are also present. Thus, to better understand the
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processes involved in MS32 instability, we investigated whether extrachromosomal MS32

sequences were present in ALT+ cells.

5.3.3.1 DETECTION OF T-CIRCLES BY 2-D ELECTROPHORESIS

Neutral-neutral two-dimensional gel electrophoresis (2D-gel) enables the separation
of DNA fragments by size (1st dimension) and then by conformation (2nd dimension). Thus,
the various DNA conformations (relaxed circular, supercoiled, single and double-stranded

linear) can be separated according to their different migration patterns (Fig. 5.12).

1D

/ relaxed circle

supercolled

2D

Fl
.
i

linear

Figure 5.12: Scheme of the migration pattern of DNA structures in 2D-gels.

Preceding extrachromosomal MS32 analysis, the optimization of the 2D-gel
electrophoresis was undertaken. The migration patterns of the different DNA structures were
firstly tested by 2D-gel of Hindlll-digested lambda fragments together with open and
supercoiled plasmids. Figure 5.13-b shows a clear arc formed by the linear double-stranded
(ds) A-digested fragments and a slower migrating arc formed by the open-circle plasmids.
Figure 5.13-c shows the same linear ds-DNA arc almost intersected by the plasmid, which

resembles the migration pattern expected for supercoiled DNA.
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Figure 5.13: Optimization of 2D-gel electrophoresis.
A: 1st dimension gel was performed to check the plasmid sizes. Lane 1: Lambda-digested with

HindlIl; lane 2: pBluescript plasmid (2kb - red arrow), pBluescript plasmid with EROLIB cDNA
insert (2.3 kb - blue arrow), pOTB7 with WRN cDNA insert (6Kb — yellow arrow); lane 3:
supercoiled pOTB7 with WRN cDNA insert (5.5 kb — green arrow).

B: 2D-gel with lanes 1 + 2 from the gel showed in A. The circular DNA arc can be observed.

C: 2D-gel with lanes 1 + 3 from the gel showed in A. The migration pattern observed for the plasmid

resembles the expected supercoiled DNA line.

As ALT+ cells have been shown to have extrachromosomal telomeric circular DNA,
the same 2D-gel conditions were applied to Mbol-digested genomic DNA from SUSM-1
cell-line (ALT+). After Southern-blotting and hybridization to a telomeric probe
(TTAGGG), a very clear open-circular and linear ds-DNA arc were detected, as shown in
Fig. 5.14. The size of the detected t-circles spans the genomic telomeric signal, which is
reminiscent to that previously observed in other ALT+ cells and in the presence of a

dysfunctional form of TRF2 (de Lange et al 2004).
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Figure 5.14: Telomeric DNA in SUSM1 cell-line.
Genomic SUSM-1 + Mbol (10 pg) was resolved in two dimensions, transferred to a nylon membrane

and probe against telomeric probe. The arc corresponding to extrachromosomal circular telomeric
DNA is evident (arrow).

Although the migration of both linear and open-circular ds-telomeric DNA are well
enough resolved to differentiate between them, the resolution of circular DNA smaller than
2 kb can be challenging. If circular DNA from the D1S8 locus (MS32) is present in ALT+
cells, it is likely to be smaller than 2 kb, the sizes of some MS32 alleles detected in various
cell-lines. Also, larger amounts of DNA will be necessary since the signal obtained from
relaxed-circular telomeric DNA, which most likely derives from several chromosomes, is
likely to produce a much fainter signal than the linear telomeric arc and MS32 is only
present at one locus. To explore the sensitivity of this methodology, the DNA from several
ALT+ cell-lines was resolved by 2D-gel and probed with different variants of telomeric

repeats. Interestingly, circular arcs were also detected with all the variant telomeric repeat
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probes tested in three different ALT+ cell-lines (Fig. 5.15). However, as the signal obtained
with the variant probes (TTGGGG; TCAGGG and TGAGGG) was much weaker than the
ones observed with the telomeric probe, the linear DNA was digested with exonuclease V
(ExoV), which rapidly digests linear double-stranded DNA leaving nicked (like the relaxed
circles that were detected with telomeric probes) or supercoiled circles unaffected. Thus, the
signal obtained from the circular DNA was enhanced and insensitive to the ExoV treatment,
confirming the presence of variant telomeric repeats as extrachromosomal circles of ALT+

cells, (fig. 5.16).
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Figure 5.15: Detection of telomeric variants in extrachromosomal circular DNA in ALT+ cells.
Neutral-neutral 2D-gel electrophoresis, followed by Southern-hybridization with a variant telomeric probe at 65C, followed

by a re-hybridization of the same blot with a normal telomeric probe show the presence of variants and normal telomeric

repeats in extrachromosomal circular DNA (red arrows) in SUSM-1, U20S and WV ALT+ cell-lines. The top row shows the

hybridizations with the variant repeats and, after stripping, the blots were re-hybridized with the TTAGGG probe (bottom

row).
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ExaoV

TCAGGG

Figure 5.16: Variant telomeric repeat detection in circular DNA.
5ug of genomic DNA from the SUSM1 cell-line, double digested with Mbol and ExoV,

was resolved by 2D-gel electrophoresis. A Southern-hybridization to a TCAGGG
telomeric variant repeat probe clearly shows a circular arc, after ExoV digestion of the
linear DNA.

Telomeric extrachromosomal circles have been suggested to derive from
homologous-recombination events that occasionally may resolve the t-loop into a t-circle
and a shortened telomere. This model for t-circle formation was inferred from observations
in cells with a mutant form TRF2 (TRF2?) that lacks the N-terminal domain, where
uncapped telomeres shortened and t-circles became detectable. In these cells, formation of
t-circles was found to be dependent on the presence of two key players of homologous-

recombination, XRCC3 and NBS1 (Compton, S. et al 2007) (fig. 5.17).
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Figure 5.17: T-circle origin model.
The current model for t-circle formation proposes that, in the presence of NBS1 and XRCC3, t-loop

3,

5’

resolution at the insertion point on the proximal part of the telomere (black arrows) that results in t-

circles and shorter telomeres.

In the ALT+ cell-lines studied, the t-circles seem to be composed of telomeric
repeats (TTAGGG) and, in a lower proportion, variant repeats (TCAGGG, TGAGGG and
TTTGGG). These findings are very interesting since the distal limit for variant repeats
within telomeres is thought to be about 1.9 kb. Thus, if t-circles are formed according to the
currently proposed model, the insertion point for the t-loop formation must sometimes be in
the region that contains degenerated or sequence variant telomeric repeats.

Although the methodology seem to be robust enough to detect sequences with lower
copy number than telomeric repeats (TTAGGG), like telomeric variant repeats, no MS32

extrachromosomal sequences could be detected in any of the cell-lines tested (Fig. 5.18).
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However, as mentioned above, some MS32 alleles are smaller than 2 Kb, which seems to be
the lower resolution limit of 2D-gel electrophoresis. Also, if there are MS32 sequences in
extrachromosomal circles, they most likely result from the events responsible for its
instability in ALT+ cells. Thus, as the longest deleted region observed in the MS32 mutants
analysed spans 1.6 kb, which falls under the lower limit for resolution, this methodology
most likely, does not allow the detection of MS32 extrachromosomal circles if they are

smaller than 2 Kb.
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Figure 5.18: MS32 detection by 2D-gel
Neutral-neutral 2D- gel electrophoresis with 10 ug of genomic Mbol-digested DNA from ALT+ (11E, WV and SUSM-1) and

Tel+ (11C and HT1080) cell-lines. Southern-hybridization was performed with a MS32 probe (top row), the blots were then

stripped and re-hybridized with a telomeric probe (bottom row). Red arrows show observed circular DNA.
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5.3.3.2 DETECTION OF CIRCULAR DNA BY TCA

The analysis performed with 2D-gel electrophoresis suggested that ALT+ cells do
not have extrachromosomal circular MS32 sequences. However, due to the potential
limitation for resolving MS32-circles lower than 2Kb as well as possible sensitivity
restrictions, a different methodology was applied in an attempt to detect MS32 circles in
ALT+ cells. Telomeric circle amplification (TCA) was adapted by Zellinger et al (Riha
2007) from plasmid and whole-genome amplification techniques based on ®29 polymerase
strand displacement activity (Blanco and Salas, 1996). This method can generate sSDNA
products, ranging up to 100 Kb, via a rolling-circle replication mechanism (Lizardi et al.,
1998). Thus, ®29 polymerase and a telomere-specific primer, in the presence of t-circles,
should produce large ss-telomeric products, that can be resolved from much shorter products
resulting from linear DNA molecules.

TCA reactions were prepared with a C-strand (5’-TTAGGGTTAGGGTTAGGG-3’)
specific primer and ExoV-digested genomic DNA from ALT+ and Tel+ cells. A
pBlueScript SK-1I plasmid containing a cloned chromosome 18 insert was used as a positive
control for the TCA conditions. Briefly, genomic Mbol and ExoV-digested DNA was
NaOAc and EtOH precipitated and the clean DNA incubated for 5 min at 96°C with the
desired primer and the reaction was left to cool down for 1 hour, so that the primer could
anneal to all templates around the genome. The @29 polymerase and dNTPs were added to
the DNA+primer reaction and the amplification reaction was perfomed at 30°C for 14 hours.
Finally, the reaction was stopped by heat for 20 min at 65°C and the products were resolved.
As the final products from the TCA reaction are single-stranded, the electrophoresis was
performed under alkaline conditions (0.8% agarose, 50 mM NaOH, and 1 mM EDTA [pH
8]). Southern hybridization with a C-strand specific probe allowed the detection of a high
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molecular weight product in ALT+ cells (SaOS) and the telomere-containing plasmid (Plsm)

(fig. 5.19).

Plsm -Ctrl HT SU Sa

® 29| +- +- M +- + - + -

i \
- 23 kb

- 2.3 kb

TTAGGG

Figure 5.19: Optimixzation of T-circle amplification by TCA.
1ug of Mbol and ExoV-digested genomic DNA was amplified with a telomeric C-strand

specific primer by TCA. The products were resolved by alkaline electrophoresis and the
Southern-hybridization of the products with a telomere-specific probe is shown. Plsm:
plasmid as positive control; -Ctrl: no DNA control; M: DNA markers A + ®; HT - HT1080
(Tel+); SU - SUSM-1 (ALT+); Sa - SaOS (ALT+). The signs above each tract represent the addition
(+) or not (-) of polymerase 29 to the TCA reactions.
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Therefore, TCA appears to provide another methodology for t-circle detection, since
it is highly specific for circular DNA, as after ExoV digestion only circular DNA could have
provided template for rolling-circle amplification. To confirm the specificity of TCA
reaction to the targeted circular molecules, primers specific to the telomeric repeat
TTAGGG, the variant TCAGGG and the MS32 sequence were tested and Southern-
hybridized to the two probes (first, the TCA-blot was hybridized to MS32 probe, stripped
and then hybridized to the telomeric probe. As expected, only ALT+ cell-lines (SUSM-1,
11E and WV) and the positive control (plasmid with a telomere insert) TCA reactions
primed with the telomeric C-strand specific primer generated a high molecular weight
product hybridized to the telomeric probe (Fig. 5.20 and 5.21), confirming the presence of t-
circles in these cells. Also, 2D-gel was performed in the same samples (11C, 11E, HT1080
and WV), Southern-hybridized with a MS32-specific probe, followed by re-hybridization
with a telomeric probe, to confirm the presence of t-circles in the samples used (Fig. 5.18).
The 2D-gel analysis indicated that t-circles are more abundant in the WV cell-line than in
the other ALT+ cell-lines (11E and SUSM1), which is confirmed by TCA, as WV cell-line
generates more TCA products than the other two (Fig. 5.20 and 5.21). The positive control
TCA reaction, primed with a MS32-specific primer or the variant-specific primers also
showed a strong high molecular weight product (Fig. 5.20 and more evident in 5.21). The
MS32-specific primer has 70% homology with the vector (pBluescript) used as positive
control, which might have triggered the TCA reaction to proceed, since the amplification
occurs at 30°C. Thus, MS32-primers could easily generate a TCA-product that can hybridize
to the telomere probe due to telomeric insert. Furthermore, none of the ALT+ cell-lines
showed a TCA-product in the reaction with a MS32-specific primer, confirming that the

template for TCA-products detected in the ALT+ cells were t-circles, indeed. Also the
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variant-specific primer has 100% homology with the plasmid, as the targeted variant is
present in the cloned telomeric insert, which explains the TCA-product detected when this
primer was added to the reaction (Fig. 5.21). Nevertheless, none of the cell-lines tested
showed a TCA-product that hybridized to the MS32 probe (fig. 5.20 and 5.21). As the copy-
number of t-circles is much higher than any potential MS32-circle, DNA-input dilutions
were tested to determine the sensitivity of the methodology. Serial dilutions of Mbol-
digested genomic DNA, extracted from the ALT+ WV cell-line, were tested with a
telomere-specific primer. As expected, telomeric TCA-product can only be detected with a
minimum of 250 ng of input DNA, suggesting that also this methodology may not be
sensitive enough to detect the presence of a low copy number of MS32 extrachromosomal
circles (Fig. 5.22). Nonetheless, the TCA-products generated with a variant-specific primer
were as strong as the ones resulting from telomere-specific primer (fig. 5.21), which may
indicate that the number of priming sites has minimal influence on the outcome of the TCA
reaction and, consequently, even if there were low number of circular extrachromosomal
MS32 sequences, the TCA technique should be sensitive enough to detect them.

Thus, both 2D-gel and TCA analysis confirmed the presence of t-circles in ALT+
cells, composed of not just the common telomeric repeat but also some variants of it (Fig.
5.15), which indicates that, at least in some chromosomes or some cells, the t-loop insertion
point is much more proximal than thought. No evidence for the presence of MS32 sequences
in the extrachromosomal circular form was found (Fig. 5.18 and 5.21), suggesting that the
mechanism responsible for t-circles is not acting at the MS32 minisatellite locus in ALT+

cells.
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Figure 5.22: TCA-input sensitivity
TCA reactions were set with different inputs (1ug- 50 ng) of total genomic DNA extracted from WV

cells. The TCA products were electrophoresed under alkaline conditions. Southern-hybridization

with a telomeric probe detected TCA products in 3 reactions (red arrows)

Sequence 5’ to 3’

Tell TTAGGGTTAGGGTTAGGG (3 sites with 2 repeats in plasmid)

Tel-G2 TTAGGGTTAGGGTTAGGGtta

TelG-comp AGGGTGAGGGTGAGGGTG

TelK-comp AGGGTCAGGGTCAGGGTC (100% full length identical sites in plasmid)

Tel)-comp GGGTTGGGGTTGGGGTTG

MS32 (e-FW) | TAG-TTCTGAGTCACCCCTGGCCG

Table 5.3: Sequence of primers used for TCA experiment.

The notes in brackets refer to the homology of the primer sequence to the pBlueScript
plasmid with a telomeric insert from chromosome 18, used as positive control for the TCA
reactions. The homology of the primer sequence with the plasmid used for positive control

reactions is shown in brackets.
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Figure 5.20: Amplification of extrachromosomal circular DNA by TCA.

TCA products were resolved by agarose gel electrophoresis in alkaline conditions, the gel was Southern blotted and hybridized to a MS32-

specific probe (left image), stripped and re-hybridized to a telomeric probe (right). The products of TCA reactions primed with MS32-specific

primers were loaded on the left the blot, whilst the ones primed with telomere-specific primers are on the right. The signs above each tract

represent the addition (+) or not (-) of polymerase 29 to the TCA reactions. Red arrows point to TCA products.
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Figure 5.21: TCA efficiency and sensitivity
TCA products were resolved by agarose gel electrophoresis in alkaline conditions, the gel was Southern blotted and hybridized to MS32
probe (left image), stripped and re-hybridized to a telomeric probe (right). The primers used for each TCA reaction are referred to in top of
each lane. Tel: telomeric repeat (TTAGGG), G: telomeric variant repeat (TGAGGG) and MS: MS32-specific primer. The samples tested are:
11C (Tel+), WV (ALT+), SUSM-1 (ALT+) and Plasmid (positive control with telomere insert). The signs above each tract represent the

addition (+) or not (-) of polymerase 29 to the TCA reactions. Red arrows point to TCA products.
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5.4 DISCUSSION

The molecular processes involved in minisatellite instability have been investigated,
in order to understand the mechanisms responsible for meiotic and mitotic genomic
instability (Jeffreys, A. et al 1988; Jeffreys, A. et al 1990; Monckton, D. et al 1994; Buard,
J. 1994; Jeffreys, A. et al 1994; May, C. et al 1996 and Buard, J. 2000). As a consequence
of these investigations, powerful PCR based techniques have been developed including the
SP-PCR and MVR-PCR analysis (Jeffreys, A. et al 1991). PCR amplification of very small
aliquots of DNA allows the identification of mutant molecules amongst a small number of
progenitor molecules. Furthermore, length-mutant molecules can be further used to
investigate the order of repeats in the array and identify the mutation that underlies the
length change.

A Dbetter understanding of the mechanisms responsible for MS32 minisatellite
instability in ALT+ cells may unveil the relationship between the MS32 instability and the
ALT mechanism itself. Previous studies showed that the mutation spectrum of MS32 in
ALT+ cells differed from the ones described in human germ-line (Jeyapalan, J. et al 2005).
However, complex rearrangements identified could have arisen from an accumulation of
sequential mutational events, due to the high instability of MS32 in the ALT+ cells. Thus,
to identify mutations arising from single-mutational events, the molecular mechanism
underlying MS32 instability in ALT+ cells was determined in SUSML1 cells derived from
clonal expansions that had undergone 20 PDs. As previously shown (Jeyapalan, J. et al
2005), the levels of MS32 instability vary between clones (Table 5.1), which might be a
consequence of different propensity for mutation according to the allele size. The mutation

rates obtained are an underestimation of the instability, as only length-mutants with at least
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one repeat deletion or addition in comparison to the progenitor alleles were identified for
analysis due to agarose gel resolution limits. The mutation rates obtained are comparable to
the values previously observed by Jeyapalan in another ALT+ cell line (0.36% per cell
division in WI38VAL3/RA) (Jeyapalan, J. et al 2005), The SUSM1 clone with the highest
mutation rate, 3.4x10° per cell-division, was chosen for the analysis (3H3). A total of 51
MS32 molecules were analysed by MVR-PCR: 7 molecules derived from the large
progenitor allele, 7 from the small progenitor, 33 mutants derived from the large-allele and
4 mutants derived from the small-allele mutant. Each interspersion map was aligned to the
progenitor alleles to determine the type of changes that had occurred. Most of the mutations
were deletions (79.2 % of the events), followed by an alteration of the type of variant repeat
(11.1%) and insertions of new repeats (9.7%). The results also indicate that a larger repeat
array might be more prone to instability (Buard, J. et al 1998; Jauert, P. et al 2005), since
89.2% of the mutants identified derived from the large progenitor allele.

The type and distribution of the changes observed greatly differed from the ones
described in germ-line or in normal somatic cells. Amongst the MS32 mutants analysed in
sperm DNA, 80% originate from inter-allelic transfers of short (2-10 repeat) segments, in
register between donor and recipient alleles. The mutations observed were often relatively
complex (repeat reshuffling in the transferred segment, with duplication or deletion in the
recipient allele at or near the site of transfer). Moreover, the mutation sites were polarized
to the array end adjacent to the meiotic-recombination hotspot and involving unequal
crossover (Jeffreys, A. et al, 1998). In fact, the MS32 instability in germline appears to be
regulated by the recombination hotspot 200 bp upstream the 5’-end of the array, since a
single base transversion in cis is strongly associated with suppression of the homologous

recombination at MS32 in the germline (Monckton et al 1994). In contrast, somatic cells
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showed apolar process of intra-allelic duplication or deletion of repeat unit blocks, as
demonstrated by blood cells analysis (Jeffreys et al 1997). In ALT+ cells, the mutations
observed at MS32 minisatellite in SUSML cells can be divided into three categories: 37.8%
are mutations at a single site within the progenitor allele (mutants derive from a deletion of
a contiguous block of repeats at one site of the array), 43.2% are mutations occurring a two
sites (mutations occur at two non-contiguous positions along the array) and 19% are
complex rearrangements (mutants arise from a mixture of intra-allelic events that result
from complex reshuffling of the repeat order and/or addition/deletion of repeats across the
array). Contrasting to the non-polarized mutations in somatic cells, in ALT+ cells some
sites along the array seem to be particularly prone to the occurrence of rearrangements (Fig.
5.4-b). Interestingly, the 5° end flanked by the meiotic-recombination hotspot is greatly
prone to mutations (mainly deletions) in ALT+ cells. Also the middle of the array, just
before the block of 22 contiguous e repeats shows a high incidence of alterations. This
evidence might reflect pauses during replication (perhaps due to a stalled fork), maybe
derived from secondary structures formed at these sites. However, complex rearrangements
involving extensive reshuffling of the MS32 repeats order suggests that more complex
mechanisms are likely to be contributing to MS32 instability in ALT cells. Thus, the
different types of rearrangements are most likely derived from different repair events
initiated by similar structures/complexes.

Interestingly, the type and proportion of MS32 mutants detected in ALT+ cells was
similar to mutants identified in the CEB1 minisatellite inserted into a 5' intergenic region of
the ARG4 locus (Debrauwere et al, 1999) of a yeast RAD27A mode 1 (Lopes et al 2006).
This similarity suggests that a similar mechanism might underlie the MS32 instability in

ALT+ and the CEB1 in this particular yeast model. It was proposed that in yeast, the
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mutations could have arisen from the accumulation of unprocessed 5° flaps after Okazaki
fragments removal, due to the absence of the 5° flap-endonuclease Rad27. The 5° flaps
might be recognized as double-strand breaks by DNA repair mechanisms and subjected to
repair by the DSB-synthesis-dependent strand annealing (SDSA) (Buard et al., 1998, 2000;
Debrauwere et al., 1999). The invasion of the sister-chromatid by the DNA repair
mechanism will cause the formation of a D-loop with mismatches due to sequence
divergence between repeats in the array. A secondary DSB can then occur, permitting an
anomalous order of the repeats to the array when repaired. The diagrams on Figure 5.22
represent possible models for the generation of the three types of mutations observed in

MS32 in ALT+ cells.
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Figure 5.22: Model for the three types of MS32 mutatlons identified.
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Therefore, in ALT+ cells, the recruitment of a protein involved in the lagging-
strand synthesis and DNA repair to the telomeres may cause the accumulation of
unprocessed flaps at MS32 and its misrepair result in the instability observed. The
events involved in the ALT mechanism are thought to occur during late S-phase, as
APBs and several proteins involved in DNA repair and recombination colocalize with
telomeres during late S phase/G2, at the same time that incorporation of
bromodeoxyuridine at APBs occurs (Chen et al 2000; Grobelny et al 2000). So, late S-
phase in ALT+ cells differs from Tel+ and normal somatic cells in that important key
players necessary for proper DNA replication and replication-fork resolution may be
recruited to the telomeres to participate in telomere elongation. The resolution of any
stalled replication-forks that can often occur at difficult replicating regions, like
minisatellites, needs to occur before the end of S-phase. Thus, unresolved structures
such as unprocessed 5’-flaps might accumulate at other genome loci, which would then
become targets for alternative repair mechanisms that could result in the MS32
instability associated with ALT activation.

In yeast, the CEB1 defects were partially complemented by hFEN1 (human
RAD27 homologue) (Lopes et al 2006), which led to the investigation of the levels of
hFEN1 expression in ALT+ cells. No significant expression changes associated to
ALT+ were detected by gPCR analysis across 11 cell-lines tested (Fig. 5.8). However,
as hFEN1 point mutations were associated with a mutator phenotype in mice (Zheng et
al 2007), the full coding sequence was screened but no mutations were identified in 11
cell-lines. These results are consistent with the hFEN1 role in the ALT+ pathway,
especially for proper telomere stability in ALT+ cells (Saharia et al 2009).

Nonetheless, hEXO1 another homologue of RAD27 also has flap-enduclease

activity and its overexpression rescued the conditional lethality of RAD27A mutants
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(Shen et al 1999). Therefore, the expression levels of hEXO1 were also analysed by
gPCR and a significant increase (p-value 0.0446) in the hEXOL1 levels associated to the
ALT+ cell-lines tested was detected (Fig. 5.10).

EXOL appears to be responsible for the exonucleolytic processing of double
strand breaks and has also a role during DNA mismatch repair, replication,
recombination, and at the telomeres (Tishkoff et al 1997; Sokolsky et al 2000;
Maringele et al 2002; Bertuch et al 2004). Particularly interesting are the observations
in yeast, where EXOL1 seems to be essential for the appearance of telomerase-negative
survivors, probably by promoting telomeric-substrates for recombination (Bertuch et al
2004). Thus, the overexpression of hEXOL in the ALT+ cell-lines analysed might
reflect a hEXOL1 role in ALT+ also in humans. It would be interesting to investigate the
effect of a dysfunctional hEXOL in ALT+ cells. In mice with a telomere dysfunctional
background, Exol was proposed to have role in the induction of DNA damage signals,
cell-cycle arrest and apoptosis (Schaetzlein et al 2007).

The overexpression of hEXO1 in ALT+ cells seems to contradict the proposed
model for MS32 instability due to a higher recruitment of a protein essential for proper
lagging-strand synthesis to ALT-telomeres. However, the long length of ALT-telomeres
might require a high amount of hEXO1, which alone could explain its higher expression
in ALT+ cells. If true, other genomic loci that failed to replicate properly, could form
difficult to resolve secondary structures and/or are late replicating regions, would also

be prone to the action of DNA repair mechanisms.

EXTRACHROMOSOMAL CIRCULAR DNA

Another ALT+ cell feature is the presence of t-circles. The formation of these

structures was shown to require XRCC3 and NBS1 (Compton et al 2007) but the
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function of the t-circles is still under debate. Since most MS32 mutations observed
derived from large deletions, the presence of MS32 extrachromosomal circular
sequences was investigated by 2D-gel electrophoresis and by TCA. Neither
methodology detected MS32 circles, although the former has size and copy-number
limitations and in the latter sensitivity needs further optimization. Nonetheless, during
the optimization of these experiments telomeric variant repeats were found to be present
in the t-circles (Fig. 5.15). These findings are very interesting, since the distal limit for
variant repeats within telomeres is thought to be about 2-3 kb (Allshire et al 1989; Baird
et al 2000). Thus, if t-circles are formed according to the currently proposed model, the
insertion point for the t-loop formation must sometimes be in the region that contains
degenerated or sequence variant telomeric repeats. Alternatively, as the precise nature
of ALT mechanism is still not understood, the recombination-like events acting at these
telomeres may insert variant repeats into more distal regions causing them to appear as
t-circles. Irrespective of the origins of t-circle formation, the presence of variant repeats
in t-circles may mean that they could be the substrate for telomere elongation by the

ALT mechanism.
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CHAPTER 6:MS32 MINISATELLITE LOCI IN ALT+ VS.
NON-ALT CELLS

6.1 AIMS

The extreme instability at the MS32 minisatellite in ALT+ cells is clearly not a
consequence of general minisatellite instability or a result of chromatin reorganization
initiated by local transcriptional changes (see Chapter 3 and 4, respectively). Thus, the
relationship between this particular minisatellite and the ALT mechanism is still
unknown. Nevertheless, it seems likely that the D1S8 locus itself must be the trigger for
the minisatellite instability in ALT+ cells. Therefore, to investigate further how the
D1S8 locus could differ in ALT+ and non-ALT cells, the copy-number and methylation

status of the locus were analysed.

6.2 RESULTS

6.2.1 COPY-NUMBER ANALYSIS

Until recently, the most studied form of genetic variation had been single-
nucleotide polymorphisms (SNPs) and many common SNPs are now associated to
cancer predisposition and other genetic diseases, like for example the TP53
polymorphic variant that confers a reduction in the p53 protein apoptotic potential
(Bonafé et al. 2002, 2004; Dumont et al. 2003). However, a new form of genetic
variation has emerged that is estimated to cover around 10% of the genome: copy-
number variation — CNV (lafrate et al, 2004; Redon et al., 2006). CNVs represent
structural changes in regions where copy number differences were observed between
two or more genomes (lafrate et al, 2004; Feuk et. al, 2006). CNVs can involve gains or

losses of genomic DNA regions usually larger than 1kb, conferring a variation to the
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diploid copy-number (Sebat et al., 2004; lafrate et al, 2004). Although common
throughout the genomes, a few CNVs have already been implicated with pathologies,
like for example the deletion of a region involving 28 genes (7q11-g13) responsible for
the Williams-Beuren syndrome (Meyer-Lindenberg et al.,, 2006), the deletion
polymorphism associated to an altered expression of the IRGM gene in Crohn’s disease
(MccCarroll et al 2008) or the increase in beta-defensin’s copy-number, associated to
psoriasis (Hollox et al 2008). Also, tumour cells have long been characterized by a
propensity to acquire copy-number alterations (CNAS), probably resulting from their
genomic instability. Interestingly, studies focusing on the association of known
common CNVs with tumourigenesis found that around 40% of cancer-associated genes
coincided with known CNVs loci, suggesting that some common CNVs may predispose
to cancer (lafrate et al 2004; Shlien et al 2008).

To date, only a single study has been performed to determine the effect of CNVs
on a variety of liposarcoma samples, where the Affymetrix Genechip SNP 100K was
used as DNA mapping array to find genomic imbalances associated with each TMM
(Johnson et al 2006). The study found that ALT+ liposarcomas have, on average, higher
levels of genome instability and loss of heterozigosity in comparison to the Tel+
samples. Interestingly, the 1932.2-44 region, which encompasses the MS32 minisatellite
locus has been defined as deleted exclusively in ALT+ liposarcomas, (Johnson et al
2006). Thus, to investigate if the observed deletion in 1q also occurs in other ALT+
cell-types and to contrast with the expression analysis results, the copy-number of the

region around MS32 minisatellite was assessed in ALT+ and non-ALT cells.
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6.3.1.1 MLPA METHODOLOGY

An extensive number of methodologies can be used for CN analysis. The whole-
genome analysis approach, like high-density oligonucleotide single-nucleotide
polymorphism (SNP) array platforms, provides a vast set of data on both CNVs and
SNPs. However, the DNA template should be of high-quality so whole-genome
amplification (WGA) is often necessary prior to the array hybridization. This
amplification might compromise a faithful CN analysis, since differential amplification
can occur, especially if the DNA is degraded. Recently, new sequencing strategies
emerged that allow integrated sequencing and CNV analysis of the DNA samples
(Campbell et al 2008).

Another group of methodologies are based on specific targeting and
quantification of CN by either PCR or hybridization-based methods. The PCR-based
methods include qPCR, multiplex amplifiable probe hybridization (Armour J et al
2000), quantitative multiplex PCR of short fluorescent fragments (Charbonnier et al
2000), paralog ratio testing (Armour et al 2007) and multiplex ligation probe assay
(Schouten J et al 2002). Across literature, MLPA has been the most used method for
CN analysis probably due to the ability to assess multiple loci in a single experiment.
Also, the requirement of quite low DNA quantities and the type of equipment required,
common to most laboratories (thermocyclers and capillary electrophoresis) turn MPLA
into one of the most affordable techniques. Also, as quite small sequences are targeted
(50-70 nt), a more detailed analysis of potential CNV breakpoint sites is possible. The
main drawbacks of this technique concerns probe design, which involves some complex
procedures and its limitation to 50 loci. However, a vast number of MLPA Kits designed
mainly for CN analysis as a diagnostic tool are available (MRC Holland, Amsterdam,

Netherlands) and custom-kits may also be considered for a particular study.

180



Chapter 6 — MS32 minisatellite loci in ALT+ vs. non-ALT cells

MLPA consists of a PCR-based method to detect up to 50 specific genomic
DNA sequences in one single reaction (Schouten, J.P. et al. 2002). MLPA is an
extremely sensitive technique as it can detect small CN changes from very low DNA
samples (minimum of 50ng). Briefly, genomic DNA from test cells is mixed with
probes for all loci to be analysed (Fig. 6.1-i). Each probe consists of two DNA
molecules where the ends match consecutive parts of the target sequence (different
coloured lines in the diagram). Probes contain tails with a stuffer sequence (green in
Fig. 6.1) with different lengths in each probe and a common sequence at their distal
ends (dotted red in Fig. 6.1). The reaction starts by denaturation step that allows the
subsequent annealing of the MLPA probes to the targeted genomic loci (Fig. 6.1-ii). A
ligation reaction is then carried out to join the annealed ends of each probe (Fig. 6.1-iii).
The newly formed double-stranded region in the target loci will be the template for PCR
amplification with universal labelled-primers, complementary to the common sequences
at the end of each probe (red dotted lines in Fig. 6.1). The labelled-PCR products can
then be size-fractionated (for example, by capillary gel electrophoresis). Finally, the
intensity of the peak corresponding to each probe are normally compared against a
similar profile obtained from a reference genome, which will allow the relative
measurement of the relative CN of the target sequence in the genome, in comparison to
the reference used. For quality and procedure control purposes, the MLPA kit also
contains control fragments. To ensure that the genomic DNA template is enough to
provide reliable data analysis, four fragments are included (64, 70, 76 and 82 nt long)
whose peaks will only be visible when low or non-DNA is present. Additionally, three
DNA and ligation-dependent control probes are included. A 92 nt-long probe that
targets a sequence in the 2g14 region, a 88 nt -long probe that recognizes a sequence on

6p21.3, a CpG island in the FANCE gene promoter and a 96 nt-long fragment targeting
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the 1p36 CpG island in the TP73 gene. Thus, the peaks correspondent to these three
control probes will only be present when sufficient DNA has been added and the
ligation step occurred. Also, the 88 and 96-fragments are a further denaturation control,

since they target GC-rich regions that are more difficult to denature.
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Figure 6.1: Diagram representing the MLPA reaction.
MLPA is a PCR based kit composed of up to 50 sequence-specific probes (i) that hybridize to

target genomic regions (ii). A ligation step (iii) ensures that only the correctly hybridized probes
will be amplified by the subsequent PCR reaction (iv). Each probe is flanked by the same
forward primer (A) and reverse (C) FAM-labelled primers, which allows identical PCR
conditions for the amplification of all targets. A stuffer sequence of varied length on each probe
(B) provides a unique length for each product, essential for their differentiation by

electrophoresis.

A MLPA kit was specifically designed by the company MRC Holland
(Amsterdam, Netherlands) to detect copy-number changes in the region 1g21.1-g44. A
total of 41 probes were developed targeting 29 loci along the region of interest and 12
control loci, 4 in chromosome 1 and the remaining 8 in other chromosomes (see Fig. 6.2

and Table 6.1 for detailed information on each probe). The PCR products obtained by
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the multiplex amplification reactions ranged from 124 to 481 bp. The MLPA protocol
was performed as previously described (Schouten, J.P. et al. 2002) using 150 ng of
genomic DNA. Briefly, DNA was denaturated and hybridized overnight to the
probemix. A ligation reaction was performed to join both parts of each probe and the
successfully hybridized target-regions PCR amplified with the labelled PCR forward
(GGGTTCCCTAAGGGTTGGA) and the unlabelled reverse
(GTGCCAGCAAGATCCAATCTAGA) primers. Finally, one microliter of the
amplified product was analyzed with the ABI-3130XL Genetic Analyzer (Applied
Biosystems, Foster City, CA), using LI1Z-500 as internal size standard. The fragment-
size calling was performed on GeneMapper version 4.1 (Applied Biosystems, Foster
City, CA) and the quality of the electropherograms was evaluated by comparing the
peaks of the ligation-independent probes (included in the MLPA kit). The samples with
control-peaks bigger than half the size of the peaks of other probes were thus discarded
from further analysis due to failure of the ligation reaction.

Data analysis was performed with MRC-Coffalyser software (version 9.4, MRC
-Holland, Amsterdam, Netherlands). All probes (test and controls) were used for
normalization of the data and then each sample was normalized to the reference diploid
cell-line GMO3798. A population analysis was performed by using the signals of all
probes (excluding outliers) and a regression was performed with an adapted least of
squares regression method. Then, each probe from the reference diploid genome
(GMO3798) was used to determine the ratio of the CN in the samples analysed and the
median value of all the ratios was estimated as the final ratio (Table 6.2). The limits for
normal CN ratios were set at 0.7 and 1.3, values bellow considered as deletions and
above as amplifications. For each cell-line, at least two independently obtained MLPA

ratios were used for the final data analysis..
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The final averaged ratios can be found in Table 6.2 and Figure 6.3. The top rows
on Table 6.2 show the normalization method applied (Population analysis) and the
controls performed by the Coffalyser software for the DNA quantity, ligation reaction,
slope correction control (Pearson value) and the median absolute value (MAD). All
samples included in the final analysis have passed the normalization tests (represented
by green, or orange for MAD, boxes in table 6.2). The MAD value is the median
absolute deviation of each independent probe to the final median ratio or in other words
indicates whether all probes agree on the found ratio, providing a control for the
normalization method applied. If each reference probe creates the same result, the MAD
value is zero (green) or close to zero (orange, showing some aberrations); when the
MAD value is high (red) a different normalization method should be applied. Thus, as
all the samples showed either green or orange MAD values, the obtained ratios were
used for data interpretation.

Overall, CN changes in the 1932.2-44 region associated exclusively with the
ALT+ (JFCF6T.IJ/11E, 11ICF/a2, SUSM1, U20S, WI38VA13/2RA and WV) or to non-
ALT (JFCF6T.1J/11C, HT1080 and IHICF-precrisis) cell-lines were not found. Indeed,
none of the CN changes detected can be associated with a single TMM. Most of the CN
alterations identified are on the edge of the defined limits (0.7 - 1.3) and the addition of
more replicates may shift the final result to a normal ratio. Thus, the CN changes falling
between 0.6 and 1.4 were not considered for this analysis, as further replicates should be
performed to determine whether these changes are biologically significant. Nonetheless,
some observed CN changes were detected with more than one probe, suggesting that at
least some of the identified alterations are likely to be real.

The Tel+ JFCF6T.1J/11C cell-line shows a significant amplification on both

probes of the MCP gene (a cofactor for the complement factor 1), a potentially real CN
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alteration as both ratios are very similar (1.79 and 1.77) and higher than the 1.3
established limit. In this cell-line, high ratios were also obtained towards the end of
chromosome 1, although the very last probe has a normal ratio suggesting that, if real,
the detected amplification does not extend towards the very end of the chromosome.
Deletions were also observed on EGFR (chr. 7) and NF1 (chr. 17) genes. Interestingly,
EGFR, an epidermal growth factor receptor, was one of the genes whose expression was
significantly altered on the 2" microarray experiment (see chapter 4, section 4.3.1.3). In
fact, EGFR expression was shown to be significantly lower in JFCFC6T.1J/11C than in
the 11E cell-line (p-value 0.0037), which might be a result of the detected deletion.

The ALT+ JFCF6T.1J/11E cell-line shows an amplification of the ZNF669 zinc-
finger gene locus.

Several borderline CN alterations were identified in the Tel+ HT1080 cell-line
that should be further confirmed by more MLPA reactions, since only two replicas
passed all the control tests for this cell-line and were included in the analysis. However,
a major deletion was detected in the MTAP gene on chr. 9, which encodes an enzyme
involved in the polyamine metabolism. MTAP gene is often co-deleted with the tumour
suppressor p16 gene in many cancers (Carrera et al 1984). Interestingly, it had already
been reported that there is no expression of the MTAP gene (both by RNA and protein
levels measurements) in the HT1080 cell-linehad (Tang et al. 2000), which strongly
supports the MLPA results obtained. Thus, this study shows that a genomic deletion
might be the underlying reason for the previously described lack of MTAP expression in
HT1080 cells. Finally a deletion was also observed in calpain 3 gene - CAPN3 (chr. 15),
a major intracellular protease.

A large deletion was detected towards the end of chromosome 1 in the ALT+

I1ICF/a2 cell-line. Although the ratios obtained are similar to the defined lower limit,
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three consecutive probes across RYR2 (ryanodine receptor) and FH (fumarate
hydratase) genes and also on the last probe of the same chromosome arm suggest that
the identified deletions might be biologically relevant. Also, several control probes
show CN changes, which might be an indication that the genome had already undergone
high level of instability.

The ALT+ WI38VA13/2RA cell-line was the cell-line analysed with most CN
changes detected. Some alterations are on the defined limits, thus further confirmation
is required. However, other significant CN alterations were observed. Similarly to the
JFCFC6T.1J/11C cells, the three probed loci on MCP gene seem to be amplified.
Furthermore, like I1ICF/a2 cells, also the RYR2 probes show a deletion. Finally, a major
amplification of the zinc finger ZNF669 gene was also detected, similar to the
JFCF6T.IJ/11E cells.

All the changes detected on the remaining ALT+ SUSM-1 and IIICF-precrisis
need to be confirmed, since the ratios are very similar to the defined limits. The ALT+
U20S and WYV cell-lines show no CNV in any of the test or control probes.

Despite the copy-number changes detected on individual cell-lines and
considering all the changes that need further confirmation, no alterations were
commonly detected in ALT+ cell-lines indicating that, in contrast to the 1¢32.2-44
deletion previously detected in ALT+ liposarcomas (Johnson et al, 2006), no major

copy-number changes occur in the ALT+ cell-lines analysed.
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length
436
124
445
256
454
328
364
220
226
136
148
172
196
292
415
283
274
208
409
238
185
373
166
319
346

301
355
472
247
382
481
160
130
154
463
427
265
310
178
391
335

gene
PARK?7
EPHB2
DPYD
NTNG1
PEX11B
PSMB4
PKLR
LMNA
MPZ
SDHC
MYOC
SERPINC1
LHX4
RNASEL
CFH
TNNT2
PIK3C2B
MCP
MCP
RAMP
CENPF
TGFB2
TP53BP2
LIN9
GUK1

mapview

01-007.953553
01-022.909899
01-097.431241
01-107.492319
01-144.229421
01-149.638755
01-153.530889
01-154.375455
01-159.546436
01-159.550359
01-169.874380
01-172.145336
01-178.507596
01-180.812018
01-194.911745
01-199.597714
01-202.725927
01-205.996152
01-205.997555
01-210.340676
01-212.860661
01-216.586720
01-222.058573
01-224.520551
01-226.402695

MS32 minisatellite

RYR2
RYR2
RYR2
FH
AKT3
ADSS
ZNF669
ZNF672
DYSF
GLRA1l
CDKNI1A
EGFR
MTAP
ATM
CAPN3
NF1

01-235.560809
01-236.028010
01-236.062872
01-239.747094
01-241.875896
01-242.653849
01-245.331833
01-247.107886
02-071.683404
05-151.284440
06-036.761516
07-055.233957
09-021.844763
11-107.620734
15-040.481564
17-026.578679

next probe
14956.3 Kb
74521.3 Kb
10061.1 Kb
36737.1 Kb
5409.3 Kb
3892.1 Kb
844.6 Kb
5171.0 Kb
3.9 Kb
10324.0 Kb
2271.0 Kb
6362.3 Kb
2304.4 Kb
14099.7 Kb
4686.0 Kb
3128.2 Kb
3270.2 Kb
1.4 Kb
4343.1 Kb
2520.0 Kb
3726.1 Kb
5471.9 Kb
2462.0 Kb
1882.1 Kb
9158.1 Kb

467.2 Kb
34.9 Kb
3684.2 Kb
2128.8 Kb
778.0 Kb
2678.0 Kb
1776.1 Kb

chr. pos.
01p36.23
01p36.12
01p21.3
01p13.3
01q21.1
01q21.3
01022
01q21.2
01g23.1
01923.3
01q24.3
01g25.1
01925.2
01925.2
01g31.3
01g32.1
01g32.1
01g32.2
01932.2
01932.3
01g32.3
01g41
01g41
01g42
01g42

01043
01943
01943
01g43
01q44
01q44
01qg44
01q44
02p13.3
05g33.1
06p21.2
07p11.2
09p21
11g23
15g15.1
17911.2

Table 6-1: MLPA kit X-104 probemix.
The table indicates the gene name, genomic position of each probe present in the MLPA kit used. Also, the probe sequence (two fragments that will

LPO

CCTGCACAGATGGCGGCTATC
TGCCCGGGCTGGATGGCTCATTCT
CGAAGAACTACAAGACTGGGATGGACAG
CTTGTGAGCTGTGAACATTGAGGATCACT
CCACAAGTTCTACGCCTGGGTAACTCA
CATTCCGTCCACTCCCGATTCCTTCATGGA
CGGCATCAAGATCATCAGCAA
CCTGCTGCTCACACCTCTCTCCTCTGTTTT
CACCACCTCTCAACTGCACATGCCA
TAAAAACGTGGTGGTTGGCCGGTTGA
TGAAGTCCGAGCTAACTGAAGTTCCTGCT
TCCGCATTGAGGACGGCTTCAGTT
GTTGGTTTCAGAACAGAAGGGCCAAA
CCAGAACACTGTGGGTGATCTGCTAAAGT
CCAATTGCTAGGTGAGATTAATTACCGTGA
CAGACAGAGCGGAAAAGTGGGAA
CCTGTGGCTGAAGGAAGCCTTAGCAAT
GAGCAAAGGCACCAAGATGTGACACTA
CCTGCAAATGGGACTTACGAGTTT
GACTGAGCTTGATGGCCAAGTTGAAAATCT
CGACATTGCCCGGCATCAGGCTTCATCATCTGTGT
CTCAGCCTGTCTACCTGCAGCAC
CAACAAGATCAGCGACAACAGCAACAAGTT
CCTTTGGACAAAAACAGCGGCCTTCTCGAT
CAAGGAGCCCGGCCTGTTTGATGT

CCAGACCTCTCCATCTGCACCTT
CTTGGCATGGACAAGGCAGCTCT
GAGTCTTCTCGAGCTACGAGACCT
CAGACCGTGAGATCTACGATGAACTTT
TCATTCTCTCCTCTTCTTGCCTCTGCAG
CAGGATGTGCGACCTTGTTTCTGACTTTGA
GGTAAGAATGACAACACATTTCAGTTAATTACAGAA
GGTGAACCTGGCCACAGCTCACC
TGTGGGCCAGGTGCAGGAGACA
CGCCGCTGTCCGTGGTATCT
TCCAAACGCCGGCTGATCTTC
CTGCCAGCGAGATCTCCTCCA
GCATGACCACAGTTCCAGAGGTGGTTCTT
GAGCTCTTCAGGTCTAAATCATATCTTAGCAG
CCTCATCCTCATTCACATCTGAAGCATCT
GCACATGCAAAATGGGAACAAGCAACAAAG

Chagies 6 — MS32 minisatellite loci in ALT+ vs. non-ALT cells

AGGCCCTTCCGGTTTTCCTGCTCCTTCAGTATCTCCT
GCTGGCTGCGCGGTGGCGGCGGCTGTGT
AGTCCAGCTACTGTGAGTCACCAGAAAGGGAAACCAG
CAGGGTTATCGGATGTACAACGGGAGAGCCATCGCTTTGCT
GCAGATGCCCTTGAGTCAGCCAAAAGAGCTGTTCACCTAT
TCCGGCGTCTGCACTTTACAGAGGTCCAATCACGCGGACC
AATTGAGAACCACGAAGGCGTGAAGAGGTGAGGC
CTCTCTTAGAGCCCCCAGAACTGCAGCATCATGTAATCTG
GGCTGCAATTGGTTACTGGCTGAGGACAGC
GACCCCGAAGAGAAAAGATACTTTGGGTTCCCTCCCTTTCTAATACG
TCCCGAATTTTGAAGGAGAGCCCATCTGGCTATCTCAG
TGAAGGAGCAGCTGCAAGACATGGGCCTTGTCGATCTGTT
GAGAAACGCCTGAAGAAGGATGCAGGGCGGCACCGCT
TCATCCGGAATTTGGGAGAACACATTGATGAAGAAAAGCAT
ATGTGACACAGATGGATGGACCAATGATATTCCTATATGTGAAGGTAGA
GAGGCAGACTGAGCGGGAAAAGAAGAAGAAGATTCTGG
TCACTCCTTCCTCTTCCTGAGAACTCTCTGTAGGAAGTCTCAC
CTGGACTGCCAAGCTATTCAGTGTGGCAGAGTAGGGC
GGTTATCAGATGCACTTTATTTGTAATGAGGGGTAAGTTGCTCCTTAGA
TCATTTGGATCTGTGCTGCCTTGCTGGTAAC
TCTCATGGCAGCAAGAGAAGACCCCAAGTCATCTTTCATC
ACTCGATATGGACCAGTTCATGCGCAAGAGGA
GCTGAGCAGGAGAAACTTAAAAGGCTAAAAGAAATAGCTGAGAATC
TTTTTATGACCCCACCACGGTTACATTATACTCCTCCTCT
GGTCATCATTAACGACAGCCTGGACCAGGCC

TGTGCTGGAGCAGTCCCTCTCTGTCCGGG
GGACTTCAGTGATGCCAGAGAAAAGAAGAAGC
TCACAGAGACACGTGGCAGCCACACTCACCCAGC
AAGATTGGAGGTGTGACAGAACGCATGCCAGTAAGTGGCA
TCTGTCTGCTACAGCCTGGATAGCTTCTGTCCATTCTTCC
TGGCTTCTCTGAGAGGTAACTAACTTGTGTTTCAAAATGGAAGG
GTCTTTCCCTATCATCAGTGCTATTTATGATTTGGAATGTGGCA
CTGGAACAGCCACAATGTCTGCCCCTTAGAGAAGAACC
TCAAGGATCCTGGATGAGGTGAGCTGGGCGTGGTGGTTG
ACGACCCCCTCGCTCCAATTTCCCCTGGGGCTCTC
TCCAAGAGGAAGCCCTAATCCGCCCACAGGA
TCCTGGAGAAAGGAGAACGCCTCCCTCAGCCACC
GCTAAGGAGGCTGGAATTTGTTACGCAAGTATCGCCATGGC
CTCTTACTATCTTCCTCAAGACTTTGGCTGTCAACTTTCGA
TCCTTTCTGTTTCTTCTCAAGGTTCCCAAAGAGGTATAGCAGCA
CTAATCCTTAACTATCCAAAAGCCAAAATGGAAGATGGCCAGG

be ligated after the ligation reaction), the distance to the next probe and the final PCR product sizes are shown. MS32 locates 1Mb before the RYR2

gene.
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JFCF6T.1) JFCF6T.1) ICF- WI38VA13
sample name 11C / 11E / HT1080 | IlICF/a2 T SuUsM1 u20s 2RA / wv
Nr Test Probe
Nr Control Probe
Ligation
PPMC (pearson)
MAD all
DNA concentration
DD OK? (88)
DD OK? (96)
Chrpos | Gene
01qg21.1 PEX11B
01q21.3 PSMB4
01g22 PKLR
01q21.2 LMNA
01g23.1 MPZ
01g23.3 SDHC
01g24.3 MYOC
01g25.1 SERPINC1
01g25.2 LHX4 S I
01g25.2 RNASEL
01g31.3 CFH
01¢g32.1 TNNT2
01g32.1 PIK3C2B
01g32.2 MCP
01q32.2 MCP
01932.3 RAMP
01g32.3 CENPF SO
01g41 TGFB2
01941 TP53BP2
01942 LIN9
01g42 GUK1
MS32 minisatellite
01943 RYR2
01943 RYR2
01943 RYR2
01qg43 FH
01q44 AKT3
01q44 ADSS
01g44 ZNF669
01q44 ZNF672
01p36.12 EPHB2
01p13.3 NTNG1
01p21.3 DPYD
01p36.23 PARK7
02p13.3 DYSF
05¢33.1 GLRA1
06p21.2 CDKN1A
07p11.2 EGFR
09p21 MTAP
11923 ATM
15qg15.1 CAPN3
17q11.2 NF1

Table 6-2: MLPA summary of results.

The average of the ratios obtained from a minimum of two independent MLPA results per cell-line
are shown in the table. The chromosome position and the target gene of each probe are shown and
data is organized from test probes on 1q to the control probes on other chromosomes, according to
their chromosomal position. The first rows show the number of test and control probes considered
for each sample; the detection of the internal probes for ligation (92 bp), hybridization,
denaturation (DD fragments 88, 96 bp) and if there was enough DNA,; the Pearson and MAD
values. The ratios following within the set change limit (0.7-1.3) are represented in blue, whilst
gains (>1.3) are represented in green and deletion (<0.7) are shown in red.
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MLPA results for IHICF cell-lines precrisis and a2 (ALT+)
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MLPA results for WV cell-line
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MLPA results for WI138VA13/2RA cell-line
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Figure 6.3: MLPA results per cell-line.
The obtained copy-number ratios using GMO3798 as reference were plotted according to their chromosomal position, from the test 1q region to the

control regions. Error bars represent standard deviations from a minimum of two independent MLPA experiments for each cell-line tested. Cell-lines
with a common progenitor were plotted together (11ICF-precrisis vs. I1ICF/a2 and JFCF6T.1J/11C vs. JFCF6T.1J/11E). The ALT+ cell-lines I1ICF/a2,
JFCF6T.1J/11E , U20S, WV, WI38VAL3/2RA and SUSML1 are represented in red, whilst the 11ICF-precrisis and the Tel+ JFCF6T.13/11C and HT1080

are represented in black.
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6.3.1.2 ALU ANALYSIS

Even though the MLPA copy-number analysis performed did not detect copy-
number changes in the 1q region between ALT+ and non-ALT cells, another
experiment was designed and optimized to validate the results obtained. Also, a better
CN determination is achieved by combination of different techniques, since all available
methodologies have their limitations.

Human chromosomes contain about 1,000,000 Alu copies, which approximately
constitutes 11% of the total genome. Most Alu insertions have been "fixed" (both of the
paired chromosomes have an insertion at the same locus) in the human genome for a
long time. The accumulation of mutations within Alu elements at different evolutionary
time points facilitates their classification into nine subfamilies, each subfamily thought
to have arisen from a distinct founder sequence (Britten et al. 1988; Jurka et al 1988).
The youngest Alu element is thought to be AluY (Batzer et al. 1996). AluSx is thought
to be 37 million years old, whilst AluJ (divided into AluJO and AluJb) is estimated to be
81 million years (Kapitonov et al. 1996). Due to their sequence similarity, Alu elements
from the same subfamily constitute genomic loci of highly identical sequences and
dispersed throughout the genome, providing a perfect tool for comparison of copy-
number in different chromosome regions. An experiment was then designed and
developed to relatively quantify the copy-number on 1q in ALT+ vs. non-ALT cells,
based on the quantification of Alu-elements. Briefly, individual Alus dispersed across
the MS32 region (test Alus) and in other loci (control Alus) would be PCR amplified
with primers optimized for each specific Alu-locus. The amplification would be stopped
while still in exponential phase, so that the final PCR products would directly depend on
the number of initial copy-number present in each DNA template. The Alu-

quantification would be achieved by dot-blotting the obtained PCR products and
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subsequent hybridization to a radioactive-labelled probe, composed of a sequence
common to all amplified Alus. The CN of the MS32 minisatellite region could be
relatively quantified by comparing the radiation intensities obtained for the sample cell-
lines with a reference diploid genome, like GMO3798.

The DNA sequences that flank MS32 minisatellite are rich in Alu elements,
mainly from the AluSx subfamily (Fig. 6.4). This Alu subfamily, however, is frequently
associated with microsatellites and other tandem repeats (Yandava et al, 1997), like the
STR analysed in chapter 3 (see chapter 3, section 3.3.1.2). Thus, the design of specific
primers for these Alus would be extremely challenging and the neighbour AluY

subfamily was chosen as the target Alus for this experiment.

AluY  AluSx  AluSx  AluSx  Alulo A\uSpA‘USX AluSx Alulo  Aluy
— DD —W—, YRR B) s B m—B
| i | | | 1800bp wobo! | | ' :

I I I I — PN I ! I
T T e 300bp | | L
! ! 13700 bp T 1980bp I : l
! I 4380bp ) 5660 bp | |
I 5330hp ) > kb 1

>

Figure 6.4: Alu distribution around MS32 minisatellite.
The diagram represents distances and subfamilies of the Alus present in the flanking region of

the MS32 minisatellite. The MS32’s downstream STR flanked by an AluSx element is also

shown.

The sequence of the AluY element 6 kb downstream MS32 minisatellite was
used for a Blastn search (http://blast.ncbi.nlm.nih.gov) to identify the most similar AluY
repeats in the genome (Table 6.3). Five AluY were identified in 1q that could be
potential targets for determination of the copy-number around MS32 minisatellite. The
remaining eleven AluY provide control loci dispersed throughout different

chromosomes, two of which were on chromosome 1 (6 and 7 on table 6.3)
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Alu | Similarity | Chr. | Strand Start End Span
1 92.4% 1 + 239532196 239532461 266
2 100.0% 1 + 234334165 234334432 268
3 94.3% 1 - 202934074 202934296 223
4 93.5% 1 + 193115855 193116116 262
5 93.0% 1 - 153586334 153586591 258
6 93.5% 1 + 58966365 58966637 273
7 92.4% 1 - 9615535 9615800 266
8 95.0% 2 + 144967913 144968187 275
9 94.6% 3 - 137339093 137339367 275

10 95.0% 7 + 97959295 97959569 275
11 95.0% 11 + 44723877 44724151 275
12 94.3% 12 + 52214052 52214326 275
13 95.7% 13 + 85229619 85229887 269
14 94.3% 18 + 1790503 1790777 275
15 96.0% 19 + 19636678 19636943 266
16 93.3% X + 87639842 87640122 281

Table 6-3: AluY elements with highest sequence identity to the one near MS32.
The sequence of the AluY 6 kb distal to MS32 (highlighted on row 2 of the table) was blasted

against the human genome and 15 other AluY were identified. For each, the similarity,
chromosome location (start and end), strand and the query region span are listed on the table

above.

A thorough design and optimization of the PCR conditions for each reaction was
performed to guarantee the specificity of the reactions to a unique Alu locus. Each
primer was blasted (www.ncbhi.com) against the human genome to identify all potential
annealing sited within the genome and only the primers with at least the last three bases
on the 3’-end unique to the target Alu were selected. Furthermore, the specificity of
each selected set of primers was further confirmed by in-silico PCR
(http://genome.ucsc.edu/) (Table 6.4). To determine potential copy-number changes
around MS32 minisatellite, eight Alus were selected: four test AluY around MS32 (Al-

A4) and four controls (A5, A6 on chr. 1, A8 on chr. 2 and A16 on chr. X) (Fig. 6.5).
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Even though the primer-sets were carefully designed, the conditions for the PCR
reaction were assessed to determine whether they were specific for the intended locus.
The main factor ensuring the specificity of a PCR reaction is the temperature to which
the primers selectively bind to the target. If too low, misaligns may occur especially at
the 3’-end. Therefore, despite the exclusivity of the 3’-end to the target Alu being one of
the criteria used for primer selection, different annealing temperatures were tested for
each primer-set to determine the optimum temperature for obtaining a single-band
product. Finally, the single amplicons generated were directly sequenced, with both
forward and reverse primers, to confirm that they arise from the specific targeted Alu
locus and no other products were present with the conditions used. When the resulting
sequences had some concerning background, the annealing temperatures were raised to
increase the specificity, until a clean product was obtained. All the products were
successfully sequenced from the forward primer, confirming the specificity of each
reaction to the targeted Alu. The reverse sequencing reactions only worked for Al, A2
and A16 since the other Alus have a poly-A either at the 3” end (A3, A5, A6 and A8) or
in the middle of the sequence (A4), which caused the reverse-reaction to either not work

at all or stall, respectively.
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Chr. | Primer Forward (5’- 3’) Primer Reverse (5°- 3°) Final Ta Length
ctagcacattgcaggaacag caaggtgctccctatctgag
Al 1 1 match 20/20 1 match 20/20 63°C 430 bp
1 match 13/13 (no 3°) 1 match 13/13
caggacaggaagaagactc tctagagacaaggcctcge
A2 1 1 match 19/19 1 match 19/19 63°C 398 bp
1 match 15/15 1 match 12/12 (no 3°)
agagtgagacgctctcctg tgtgcattaccatctagge
A3 1 1 match 19/19 1 match 19/19 65 °C 412 bp
1 match 16/16(chr.4 no 3’) | 1 match 16/16 (chr.8 no 3°)
attaatagtgatataacggaat atagcatagatttgtctgg
A4 1 1 match 22/22 1 match 19/19 52°C 668 bp
1 match 16/16(chr.7 no 3°) | 1 match 15/15 (chr.7 no 3”)
attgtgctacctttcaagcag taccaccacgccaagctac
A5 1 1 match 21/21 1 match 19/19 57°C 593 bp
1 match 16/16(chr.8,no 3°) 1 match 15/15 (no 3°)
tgagcattagactccaggaag tgtgcatcgtagtgtagg
A6 1 1 match 21/21 1 match 21/21 61°C 415 bp
1 match 17/17(chr6, no 3°) | 1 match 14/14(chr 6, no 3”)
A7 1 taagccaaagtaccagcac taccttagcaacctgattc
acctctcttatggetgetg gcatgtgtgaaatattcctgt
A8 2 1 match 19/19 1 match 18/18 61°C 335 bp
1 match 14/14 1 match 14/14
atgtagatctctgacagag
A9 3 1 match 19/19 agtgcagta?cgcgatctr(]: n/a
1 match 15/15 many perfect matc
tagaacttccagcttccag ctaggtggcttcgacctg
Al0 7 1 match 19/19 1 match 18/18 n/a
2 match 14/14 1 match 12/12
tcattgagcagtacacttc caactgattagaatcagc
All 11 1 match 19/19 1 match 18/18 n/a
Imatch17/18(no match 3”) 1 match 16/16
ctgtaatgaacttctaatg aacagaatcttctttacc
Al2 12 1 match 19/19 1 match 18/18 n/a
1 match 12/12 1 match 12/12
agagtgtacactaagcc tcttcggagattaaagaac
Al3 13 1 match 17/17 1 match 19/19 n/a
1 match 14/14 1 match 12/12
tcetctagactaaccaatg agactaattctttgatgc
Al4 18 1 match 19/19 1 match 18/18 n/a
1 match 13/13 1 match 14/14
attatatacttctaggccg acagttaataatatagaac
Al5 19 1 match 19/19 1 match 19/19 n/a
1 match 13/13 1 match 13/13
ttcagtgcagaagaactggag ttcatgtgatccagttctag
Al6 X 1 match 21/21 1 match 21/21 59°C 417 bp
1 match 17/17 (no 3”) 1 match 16/16

Table 6-4: Specificity of the primers designed for the Alu copy-number study.

The sequence and the matches found with the Blast search for each primer are shown, as well as
the similarity between the match and the primer. The optimized annealing temperature (Ta) and

the final product length (Length) of the selected 8 Alus are also shown.
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Al A2 A3 A4 AS A6 AS Ale ALU
1 1 1 1 1 1 2 X Chr.
b)

1 kb
500 bp
400 bp
200 bp
100 bp

Figure 6.5: Selected AluY for copy-number analysis around MS32 minisatellite.
a) Chromosomal location of the eight selected AluY elements for the copy-number analysis. b)

Agarose gel electrophoresis (1% agarose) resolution of PCR products from the selected Alus
amplified from the GMO3798 cell-line.

The comparison between PCR-products derived from different loci per se does
not inform about the initial copy-number of a locus. Thus, one essential factor for the
success of the experiment was to ensure that the eight analysed Alus derive from PCR
reactions in the exponential-phase, so that the number of PCR molecules generated is

proportional to the copy-number of that specific Alu locus in the DNA sample. To
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screen for positive reactions, each PCR reaction was set in quintuplicate: four amplified
for 27 cycles (a visible band starts appearing between the 32-34 cycles, depending on
the Alu) for further analysis and the other amplified for 37 cycles to ensure that the
reaction had worked.

Prior to the final comparison of the copy-number, another essential factor that
had to be considered was the initial DNA input in each reaction. In addition to the
quantification of the DNA in the sample aliquots to be analysed by spectrometry and
agarose gel electrophoresis, control experiments are crucial for a better comparison of
the copy-number. Ideally, several amplifications for each Alu from a diploid genome
(GMO3798 cell-line) should be blotted into a nylon membrane (0.5, 1, 1.5, 2 and 3
reactions per dot) to determine if copy-number differences can be detected with the
methodology used. Then, to detect potential copy-number changes, each ALT+ cell-line
would be compared to the diploid genome. Finally, as internal controls to account for
potential variations on the DNA quantification for each sample, each Alu could be
compared to the other Alus (region of interest and control regions) within each cell-line

(Fig. 6.6).

GMO3798 controls ALT+ cell-lines

Alus

Figure 6.6: Representation of a dot-blot for the Alu copy-number analysis.
A schematic dot-blot representing the minimum necessary input controls (GMO3798) and the

test ALT+ cell-lines. Each dot represents pools of PCR reactions for each Alu per cell-line.
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However, to test the blotting and hybridization conditions, a preliminary
experiment was performed without the control reactions. After optimization of the PCR
reaction for each of the eight chosen Alus and to test the blotting and hybridization
conditions, five PCR reaction were performed per Alu on the control diploid cell-line
GMO03798 and four ALT+ cell-lines (U20S, SuSM-1, JFCF6T.11E and I1ICF/a2). The
products generated were dot-blotted onto a nylon-membrane, with the reactions
amplified 37 cycles as positive controls and the four remaining reaction per Alu pooled
together and blotted on the same dot. The dot-blot was then hybridized in Church buffer
(48 °C, for 4 hours) to a probe common to all amplified Alus (ctaaaaatacaaaaaatt), so
that no different hybridization efficiencies could interfere with the determination of the
initial copy-number of the different loci.

The preliminary results obtained show that both blotting and hybridization
conditions tested worked (Fig. 6.7). More PCR reactions should be pooled for each dot,
as the signals obtained for four pooled reactions are very weak (Fig. 6.7 - 27 cycles).
Also, to determine if the methodology applied has the potential to be CN informative,
the intensity of each dot was measured using the IMAGEQuant TL software (GE
Healthcare Life Sciences). To normalize the data for each Alu, the intensity of each test-
dot (27 cycles) was divided by the sum of the intensities of all test-dots per cell-line and
plotted by cell-line. The normalized data was then normalized to the diploid control
cell-line GMO3798, to obtain a relative Alu copy-number for the ALT+ cell-lines (Fig.
6.8). From the analysis of the preliminary data, it seems that the methodology applied
may indeed inform about copy-number changes through specific Alu-amplification and
detection. However, template input and loading controls should be included to
determine better the copy-number of different loci. This requirement is clearly evident

by the preliminary data obtained for A16, a chromosome X Alu. U20S and Ilicf-
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postcrisis cell-lines derive from females, whilst GMO3798 derives from a male (no sex
information is available for SUSM1 and JFCF.6T/11E cell-lines). Thus, if the same
DNA input had been used for all the reactions, the female cell-lines should have double
the A16 copy-number relative to the GMO3798. However, the data obtained from the
preliminary dot-blot performed suggests that I1ICF/a2 only has half of the GMO3798
copies of A16 and U20S has identical number, indicating that further controls are
extremely important to avoid any DNA input variation. Thus, input controls are

extremely required for proper copy-number determination applying this methodology.
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Figure 6.7: Dot-blot for Alu copy-number analysis.
The products from four PCR reactions for each Alu per cell-line were pooled into the same dot

(27 cycles). The positive control reactions were also dotted to determine if the hybridization
conditions were optimum (37 cycles). The GMO3798 (lymphoblastoid) cell-line was used as
reference for the ALT+ U20S, SUSM-1, JFCF6T.1J/11E and 11ICF/a2 cell-lines.
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FiGURE 6.8: Alu dot-blotting analysis.
The radiation-intensity obtained on each dot was measured and normalized to the total sum of

intensities obtained per cell-line. The normalized intensities of each ALT+ cell-line tested were
divided by the GMO3798 reference and the obtained ratio plotted per Alu element.
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6.3.2 METHYLATION AROUND MS32

Recently, it has emerged that there are differential epigenetic-patterns between
cancer and normal somatic cells. Indeed, most tumours show hypermethylation of
tumour suppressor genes’ promoters and consequent repression of genes that are usually
not methylated and thus expressed in normal somatic cells (Jones, 1986; Jones, P. et al
1999; Momparler et al. 2000). Paradoxically, the observed hypermethylation on CpG
islands contrasts with the genome-wide hypomethylation of tumour cells. The observed
tumour-associated general genomic hypomethylation is thought to result from the
particularly high hypomethylation at repeated sequences, since these regions account for
55% of the human genome (Rodriguez, J. et al. 2006). Therefore, the genomic
hypomethylation, characterized by a net decrease in the genomic 5-methylcytosine
content, of repeated sequences may result in chromosome instability and provide a
selective advantage through activation of genes that are usually silenced (Chen et al.
1998; Sutter et al. 2003; Ehrlich et al. 2006). Additionally, as the hypomethylation has
been observed in different types of repeats, such as long interspersed nuclear element 1
(LINE-1), Alus and alpha satellite (SAT-a) sequences, it has been suggested that a
genome-wide hypomethylation mechanism might occur in tumour cells, rather than an
individual hypomethylation of repetitive sequences and subsequent selection of the
hypomethylated-stated by the tumour cells (Bollati et al 2009).

One of the best characterized markers for heterochromatin is the methylation of
cytosines in CpG dinucleotides, which can be investigated by bisulfite sequencing
(Frommer et al, 1992). Sodium bisulfite preferentially deaminates cytosines to uracils
when compared to a very slow deamination of 5-methylcytosine to thymine, in single-
stranded DNA (Shapiro et al 1973). Thus, fully denatured genomic DNA treated with

the chemical under certain conditions allows the exclusive conversion of cytosines to
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uracils, leaving the 5-methylcytosines unconverted. The resulting modified DNA can be
used as template for PCR reactions where only the 5-methylcytosines will be amplified
as cytosines, whereas both the cytosines converted to uracils and the original thymines
will be amplified as thymines. Thus, sequencing of these PCR products can inform
about the original methylation status of each strand since after the bisulfite treatment the
DNA strands are no longer complimentary.

The analysis of the methylation status in the MS32 minisatellite region might
therefore reveal potential changes that might underlie the MS32 instability in ALT+
cells. As a direct analysis of the methylation status of the MS32 repeat array by bisulfite
sequencing is technically challenging, an experiment to determine the methylation-status
in the regions flanking the minisatellite was performed first.

Before the bisulfite treatment and subsequent sequencing, the genomic DNA of
the cell-lines to be tested was screened to determine the genotype of the cell-lines to be
analysed. Thus, a PCR product of 3.5 kb upstream the minisatellite was obtained with
the 32-3.5F and 32PR primers for each cell-line and subsequently sequenced with 32-
1.6F and 32-0.9F primers, whilst a 1.2 kb downstream product was obtained with 32ER2
and 32+1.4F primers and sequenced with the former. The sequence revealed that the
cell-lines MRC-5 (normal) heterozygous and the SUSM-1 (ALT+) homozygous at the
H2C/T SNP (Table 6.5). Thus, in MRC5 cells, depending which base is present in the
samples analysed, a CpG dinucleotide may or may not be present, which may exclude
this particular site from the methylation analysis. The SUSM-1 cell-line is not
informative at this site. No SNPs were identified in the 300 bp downstream region to be
analysed.

The genomic DNA of the top strand was converted so that the CpG dinucleotides

were highlighted and all the cytosines (C) were transformed into thymines (T). The
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bisulfite-primers for the upstream region flanking MS32 had been designed previously
(R. Neumann and A. J. Jeffreys). For the downstream region, primers were designed
with a minimum of 21 bp length, ~ 30% GC content and without overlapping any CpG

dinucleotide (Fig. 6.6.).
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Figure 6.6: MS32 minisatellite flanking region.
The diagram represents the SNPs (diamond), CpG dinucleotides (lollipop-shape) and the primers (arrows) used for the methylation study. The distance

of each CpG to the MS32 array is represented in bp. The primers used for genotyping are represented as black arrows, whilst the red arrows show the

primers used for the bisulfite-analysis. The red star represents the centre of the meiotic hotspot.
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RtA/G M1C/T SaC/T McA/T MdT/C T1T/A H1G/C H2C/T O1C/G
-963 -809 -559 -459 -455 -405 -285 -148 -16

NT2D1 A T C A T T G C G
HT1080 A T/IC C A T T G C G
MRC5 A T/IC C A T T GIC TIC G
I11Cf-postcrisis A T Cc A T T G C G
JFCF6T.1J/11C A T C A T T G C G
JFCF6T.1J/11E A T C A T T G C G
WI138 A C C A T T G/C C G
WI38-13VA/2RA A C C A T T G/C C G
SUSM-1 G Cc C A T T C T G

Table 6-5: Genotyping of the upstream region of MS32 minisatellite.
The 5’-flanking region of MS32 minisatellite was sequenced and the genotype of each cell-line analysed is summarized in the

table. The distance of each SNP from the MS32 minisatellite is shown.
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Traditionally, after bisulfite sequencing methylation state of the DNA sample is
inferred by PCR amplification, cloning and sequencing. However, the PCR
amplification could introduce a bias due to the different efficiencies between templates.
Alternatively, single-molecule PCR approaches overcome the PCR and the cloning bias,
since the products can be sequenced directly. Due to time-constrictions, genomic DNA
from single-cell clonal populations was bisulfite treated to overcome the vector-cloning
process or single-molecule amplification required for the sequencing process.
Populations arising from single-cell cloning would be expected to show identical
patterns if the methylation state remains stable but, to confirm this assumption, 6-10
DNA samples from clones of each cell-line were bisulfite-treated and analysed. Briefly,
1 pg of BamHI-digested genomic DNA was bisulfite treated with the EpiTect Bisulfite
Kit (QIAGEN), according to the manufacturer’s protocol. The bisulfite-treated DNA
was bound to the membrane of an EpiTect spin column and washed, the membrane-
bound DNA was desulfonated and the desulfonation agent removed. The pure converted
DNA was eluted and used for the PCR amplification. 1 pl of the elute was the template
for a primary PCR reaction, performed with the 32-1.4btF + 32-0.16btR primers for the
upstream flanking region and the 32+01btF + 32+05btR primers for the downstream
region, both amplified for 38 cycles. Secondary nested-PCRs were then set up with the
32-0.9btF + 32-0.18btR primers (upstream) and the 32+02btF + 32+04btR (downstream)
for another 38 cycles. The reactions showed expected products of 900 bp for the
upstream and 360 bp for the downstream regions, on 1% agarose gel electrophoresis.
The products were Exol + shrimp alkaline phosphatise (SAP) to remove the primers and
sequenced with the 32-0.18btR primer (upstream) and the 32+04btR primer
(downstream). The efficiency of the bisulfite-treatment was confirmed by the full

conversion of non-CpG cytosines in all the sequences analysed. The results of the
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bisulfite sequencing are shown on the diagrams of Figure 6.7. Eight cell-lines were
analysed: the normal WI38 (eight clones) and its derived ALT+ WI3813VA/2RA (eight
clones); the Tel+ JFCF6T.IJ/11C (seven clones) and its ALT+ equivalent
JFCF6T.1J/11E (eight clones); the ALT+ HICF/a2 (six clones), the ALT+ SUSM-1
(seven clones); the Tel+ HT1080 (seven clones) and the Tel+ NT2D1 (six clones). A
total of 12 CpG dinucleotides were analysed on the upstream flanking region of MS32
minisatellite and 5 (6 in the I1ICF/a2 cell-line) on the downstream region.

As expected, the clones derived from the same cell-lines show very similar
methylation-status between each other, which validates the initial assumption and
overcomes the necessity for either cloning the products or perform time-consuming
single-molecule amplifications. Also, in contrast with the mentioned techniques to
obtain single molecule methylation maps, more CpG dinucleotides show hemi-
methylation (mix of methylation and unmethylation) since the sequences were obtained
directly from secondary-PCR and thus are the result of two alleles.

To determine methylation differences around MS32, the methylation-status for
individual CpG dinucleotides of each clone analysed was scored according to the
sequencing result: 1 for 100% of methylated molecules (just a C peak on the
chromatogram), 0.5 when a mixture of methylated and unmethylated molecules was
detected (both C and T peaks visible on the chromatogram) and O for 100% of
unmethylated molecules (T peak). For each cell-line, the obtained scores for each CpG
site of all clones were summed up and divided by the number of analysed clones. The
resulting value was used to determine the percentage of methylation at each CpG
dinucleotide and compared across cell-lines by plotting the percentages obtained on each

CpG according to their distance from the minisatellite (Fig. 6.8 and Table 6.6).
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Overall, the MS32 downstream region seems to be heavily methylated across all
analysed cell-lines, whilst the upstream region shows a mixed pattern between
methylated, hemi-methylated and unmethylated CpGs (with the exception of NT2D1
that seems to be heavily methylated across both regions) (Fig. 6.7). Interestingly, the
two pairs of cell-lines show very similar methylation patterns except for the area
covered by the 3 CpG sites immediately upstream of MS32 on WI38 vs.
WI3813VA/2RA and the area around the 5 CpG just upstream MS32 on the JFCF6T.IJ
pair. In fact, the 150 bp region upstream MS32 minisatellite appears to be unmethylated
mainly in the ALT+ cell-lines (Fig. 6.7 and 6.8). A statistical analysis per CpG
dinucleotide between ALT+ and non-ALT cell-lines confirmed a significant difference
on the CpG closest to the minisatellite 5’-end (p-value of 0.00503, two-tailed t-test,
Table 6.7). Furthermore, the JFCF6T.1J/11E cell-line shows a random methylation
pattern in the 5’ flanking region. Thus, if excluded from the analysis the previous CpG
at position -114 is also significantly differently methylated between ALT+ and non-ALT
(p-value of 0.02286, compared to a p-value of 0.06033 considering JFCF6T.1J/11E, two-
tailed t-test) (Fig. 6.9 and Table 6.7).

Therefore, the analysis performed on eight cell-lines suggests a methylation
alteration between ALT+ and non-ALT cells, in the 5’ region immediately flanking
MS32 minisatellite. Although the affected area is small, a maximum of 150 bp, the
loosening of the methylation level might extend through the minisatellite exposing it to

the cellular processes responsible for instability observed in ALT+ cells.
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Figure 6.7: Methylation levels at each CpG site of each analysed clone per cell-lines.
Full dot represents 100% methylation, grey dots 20-80% methylation (according to the peak sizes in the chromatogram) and white dots represent 0%

methylation. When no sequencing information could be obtained, the CpG dinucleotides are marked as a gap. The numbers represent the clone ID for

each cell-line.
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Figure 6.8: Methylation-status of the regions flanking MS32 minisatellite.
The methylation state (%) per CpG site for each cell-line were plotted against their physical location relative to the MS32 minisatellite (negative and

positive coordinates refer to the upstream and downstream regions, respectively). For comparison, the results for the normal (WI38) and Tel+
(JFCF6T.1J/11C, HT1080 and NT2D1) cell-lines were plotted in black, whilst the ALT+ (WI38-13VA/2RA, JFCF6T.IJ/11E, 11ICf/a2 and SUSM-1)

cells were represented in red.
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-711  -486 -422 -390 -247 -243 -160 -158 -152 -148 -114  -72 7 60 192 236 251 305

WI38 50 438 100 100 100 100 100 100 100 100 100 875 n/fa 100 100 100 93.8 100
WI38-13VA/2RA 50 100 875 100 100 100 100 100 100 12.5 12.5 0 n/a 813 100 100 100 100
JFCF6T.1J/11C 0 0 286 71 100 429 100 100 100 100 100 85.7 n/fa 929 100 100 92.9 100
JFCF6T.1J/11E  56.2 50 50 68.8 100 375 100 68.8 18.8 93.8 75 50 n/a 938 100 100 100 68.8
I1Cf/a2 41.7 0 100 100 100 100 100 100 75 83.3 0 0 25 917 100 100 100 100
SUSM1 nla 429 50 286 50 429 357 429 286 noCpG 143 0 n/a 100 100 100 100 100
HT1080 28.6 0 214 286 100 100 857 92.86 100 100 286 100 n/a 143 100 100 100 714
NT2D1 75 875 875 100 100 100 100 100 100 100 100 100 n/fa 100 100 100 100 100

Table 6-6: Percentage of methylation per CpG dinucleotide on each cell-line.

The methylation-status at each CpG dinucleotide was determined by scoring the level of methylation observed on the sequencing-chromatograms. A
CpG site showing 100% of methylated molecules would be scored 1, a mixture of methylated and unmethylated molecules would be 0.5 and 100% of
unmethylated molecules would have a score of 0. Then, the summed scores of all the clones analysed per CpG were divided by the number of clones
analysed in each cell-lines and the resulting percentages are summarized on the table, according to their distance (in bp) to the MS32 minisatellite (first
row, negative and positive coordinates refer to the upstream or downstream regions, respectively). The CpG dinucleotides that failed to be sequenced in

all clones of the same cell-line are represented by n/a. Due to a SNP at the position -148 in SuSM1cell-line no informative site is present at this site (no

CpG).
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Figure 6.9: Methylation per CpG site between ALT+ and non-ALT cell-lines.

The analysed cell-lines were grouped according as ALT+ (red) and non-ALT (black). The median of the percentages obtained for the methylation at

each CpG dinucleotide were calculated and plotted against their physical location in reference to the MS32 minisatellite.

-711  -486  -422 -390 -247 -243 -160 -158 -152 -148 -114 -12 60 192 236 251 305

non-ALT 392 219 58 64.3 100 100 100 100 100 100 100 93.75 96.4 100 100 96.9 100
ALT+ 50 464 68.75 844 100 714 100 844 518 833 134/125 0 92.7 100 100 100 100
P-value 055 062 0.62 062 039 051 049 024 010 0.29 0.06/0.023 0.005 053 n/a n/a 018 095

Table 6-7: Statistical analysis of the methylation-status between ALT+ and non-ALT cells.
The cell-lines were grouped as ALT+ (WI3813VA/2RA, JFCF5T.1J/11E, SUSM-1 and I1ICF/a2) and non-ALT (WI38, JFCF6T.1J/11C, HT1080 and

NT2D1) and the median percentage of methylation per CpG site calculated. A two-tailed t-test was performed to determine the significance of the

differences observed and the respective p-values are shown on the table. In italic, at position -114, it is shown the median and p-value obtained if

JFCF6T.1J/11E cell-line is excluded from the analysis.
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An investigation to determine whether the hypomethylation observed on the CpG
dinucleotides upstream the MS32 minisatellite in ALT+ cells extends towards the
repeated sequence was performed. A direct analysis of the methylation-status of MS32
minisatellite by bisulfite sequencing would be technically challenging. Furthermore, as
only one CpG dinucleotide is present in two of the four variant repeats, the bisulfite-
sequencing would only be informative if the full variant-repeat interspersion maps were
known for each clone analysed, as an unmethylated CpG dinucleotide would be masked
as the respective no-CpG repeat variant (T/C SNP polymorphism). Nonetheless, the
variation of the MS32 repeats allowed the design of a methylation-sensitive digestion
that could partially indicate the methylation-status of MS32 minisatellite.

The methylation-sensitive restriction enzyme Taul (5'-GCSG”"C-3") recognizes
the MS32 variant repeat e, which is one of the two variants with a CpG dinucleotide.
Thus, the digestion of genomic DNA with the flanking enzyme Alul (control) and a
second-digestion with Taul (test only) may indicate the methylation status of the
minisatellite. If the MS32 alleles show the same length as the non-digested control, all
the CpGs on the e repeats have to be methylated. If, however, the digested-pattern shifts
in comparison to the control, at least some CpG dinucleotides present in e variants are
unmethylated.

An Alul—digestion of 4 pg of genomic DNA from seven different cell-lines was
performed and the DNA was precipitated and washed on 70% ethanol. Then, DNA was
divided into two groups: a control group (+ -) to which only Taul buffer and water were
added and a test group (+ +) were Taul enzyme was added to the buffer and water. Taul
digestion was performed for 16 hours, to guarantee that all unmethylated sites could be
digested, the products run on a 1.2% agarose gel electrophoresis and MS32 detected by

Southern-blotting (Fig. 6.10)
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Figure 6.10: Alul and methylation-sensitive MS32 digestion.
a) Diagram showing the Alul recognition sites in the flanking MS32 region (black zigzags)

and their distances to the beginning of the array. Taul only recognizes the polymorphic site
of the e-MS32 repeat (sequence highlighted in red).

b) The Digested products resolved on a 0.8% agarose gel electrophoresis were Southern-
blotted and hybridized to a labelled MS32 probe. The products of control and test digestions

were loaded side by side and the enzymes added to each line are represented in the two

bottom lines.
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The Alul-digested MS32 alleles (+ -, Fig. 6.10) were further digested in all cell-
lines with the methylation-sensitive Taul (+ +, Fig. 6.10). A loading-error on the test
JFCF6T.1J/11C (some of the double-digested JFCF6T.1J/11E was accidently loaded in the
same well) and a failure on the Alul digestion of I1ICF/a2 prevented the comparison of the
degree of digestion on both cell-lines (Fig. 6.10-a). However, it seems that the ALT+ cell-
lines U20S and WYV show a higher Taul digestion when compared to the Tel+ HT1080 or
the normal WI38 cell-line. The differences observed on the intensity of the double-
digested products might be a consequence of a higher incidence of e repeats on these cells
and thus, more available sites prone to digestion or it may result from an elevated and
perhaps biased towards one end unmethylation of MS32 minisatellite in ALT+ cells.

The results of the methylation-sensitive double-digestion show that all cell-lines
have at least some unmethylated e-MS32 repeats, which indicates that the observed
hypomethylation adjacent to the MS32 minisatellite 5’-end in ALT+ cells does not extend

throughout the minisatellite.
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6.4 DISCUSSION

The instability at the D1S8 locus associated with the activation of the ALT
mechanism is limited to the MS32 locus itself. Also, no expression changes were found in
the genes flanking the minisatellite. Another possibility concerns some genomic or
structural local alteration between ALT+ and non-ALT cells that could be the underlying
factor exposing the minisatellite, promoting its instability. A better understanding of this
potential change, despite not explaining the link between MS32 instability and the ALT
mechanism, will certainly elucidate the pathway(s) involved.

The copy-number of the region around MS32 minisatellite was assessed in ALT+
and non-ALT cell-lines, by MLPA analysis. An MLPA kit was specifically designed to
cover 29 loci across the 1g32.2-44 region, comprising the MS32 minisatellite and
previously shown to be exclusively deleted in ALT+ liposarcomas (Johnson et al 2006).
The MLPA results obtained did not identify this particular deletion in any of the nine cell-
line analysed, independently of the TMM. Furthermore, none of the identified CN
changes could be associated to a particular TMM, suggesting that the alterations observed
are most likely derived from the genomic instability typical of cancer-cells.

Most CN alterations identified are on the border of the defined limits (0.7-1.3) and
further MLPA replicates should be performed to confirm if these changes are biological.
Also, the detection of CN changes in the analysed cell-lines is not surprising since they
are either tumour derived or immortalized by p53 inactivation. Thus, the alterations
identified are probably biological and result from ongoing genomic instability.
Additionally, some of the identified CN changes can be confirmed by more than one

probe, like the 3 probe amplification in the WI38VA13/2RA cells across MCP and RAMP

217



Chapter 6 — MS32 minisatellite loci in ALT+ vs. non-ALT cells

genes or the deletion of a region comprising part of the RYR2 and FH genes in the
I1ICF/a2 cells, which indicates that this particular CN alterations might be real.
Interestingly, some MLPA data correlates with the expression microarray analysis
performed on the JFCF6T.1J cell-lines. Indeed, the deletion of copy of the EGFR gene
identified by MLPA analysis in the JFCF6T.1J/11C cells might be the underlying cause
for the significantly lower expression of this gene detected by the microarray experiment
(p-value 0.0037). Additionally, the deletion of both copies of the MTAP gene in the
HT1080 cell-line might explain the previously described lack of RNA or protein levels of
the MTAP gene in these cells (Tang et al 2000). Furthermore, the MLPA data seems to be
in accordance with previous analysis of the MS32 minisatellite. MS32 SP-PCR
amplification in the I11CF/a2 revealed one single MS32 allele (Jeyapalan et al 2005).
Accordingly, the MLPA data in the region comprising the minisatellite shows one copy
deletion across the 1943 in these cells (although the ratios obtained are near the defined
limits). The same deletion is also observed in the WI38VA13/2RA cells, which also show
amplification of a neighbouring region (1932.20-1g42). This amplification observed is in
accordance with the same MS32 minisatellite study, where three alleles seem to be
amplified in these cells (Jeyapalan et al 2005). Therefore, this evidence strongly indicates
that some of the identified changes are real and the changes with values close to the
defined limits should be confirmed with more replicates. Nonetheless, even though the
MLPA technique and the data analysis performed seem robust enough to determine CN,
no changes could be associated to either TMM around MS32 minisatellite or across any

of the loci analysed.
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To confirm that indeed no CN alterations occur around MS32 minisatellite, an
Alu-amplification experiment was designed. Alu elements constitute identical-sequence
loci dispersed throughout the genome, providing a good target for copy-number analysis.
Eight AluY elements were chosen for the analysis: four to test the MS32 minisatellite
region and other four controls. PCR optimizations were performed to ensure that each
reaction was exclusively amplifying the targeted Alu and direct sequencing of each
amplicon confirmed the specificity. The eight amplified Alus were dot-blotted into nylon-
membranes and hybridized with a probe composed of a sequence common to all targets.
Preliminary results confirmed that the blotting and hybridization conditions were
optimized. Moreover, the analysis of preliminary experiment suggests that copy-number
changes can potentially be detected by this methodology, providing that enough products
are pooled and all controls are included, especially the DNA input controls (Fig. 6.5).

No copy-number changes around MS32 specific to TMM appear to occur,
suggesting that other particularity of this region must be the trigger for its instability in
ALT+ cells. Although previous analysis showed that no local transcriptional-related
chromatin alterations were found associated to the ALT+ cells (see chapter 4, section
4.3.2), an opening of the chromatin resulting from changes on the methylation levels
around MS32 minisatellite could expose the repeats to the cellular processes responsible
for its instability.

Therefore, the DNA methylation statuses of the regions immediately adjacent to
the MS32 minisatellite were determined in ALT+ and non-ALT cells. Genomic DNA of 6
to 8 clones from each cell-line was bisulfite treated and was sequence-analysed. The

methylation patterns observed between clones was consistent, confirming that during the
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clonal expansion no major methylation changes occurred, at least in both analysed regions
(Fig. 6.6).

The region flanking the 3> MS32 end appears to be heavily methylated in all cell-
lines tested, contrasting with the 5’ flanking region that shows a much higher variation of
the methylation levels. Nonetheless, a maximum of 150 bp of the flanking sequence
immediately adjacent to the 5° end of the array seems to be unmethylated exclusively in
the ALT+ cell-lines (Fig. 6.8). Curiously, the level of unmethylation at these sites directly
correlates with the previously described mutation frequencies of MS32 minisatellite on
these ALT+ cell-lines (Jeyapalan et al 2005, Table 6.8). In fact, 11ICF/a2 was shown to
have the highest MS32 mutation frequency (0.93) and it is also the cell-line with 100% of
unmethylation in the 150 bp region immediately flanking the 5’end of the array. The
lower MS32 instability observed in ALT+ cell-lines was in JFCF6T.1J/11E (0.118), the
cell-line also showing the most random methylation-pattern on the mentioned area.

Mutation Frequency

I1ICF/a2 0.93
SUSM1 0.495
WI38VA1L3/2RA 0.285
JFCF6T.1J/11E 0.118
HT1080 0.005
NT2D1 0
JFCF6T.1J/11C n/a

Table 6-8: MS32 mutation frequencies.
The mutation frequency were estimated by maximum likelihood analysis of the numbers

of mutants observed in each small-pool-PCR reaction, together with the number of small-
pool-PCR reactions containing non-mutant MS32 progenitor allele(s) and the number of
Poisson reactions containing MS32 molecules. Figure reproduced from Jeyapalan et al.
2005.
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Hence, it is tempting to speculate that lower methylation levels in the region
flanking the 5° end of the minisatellite stimulate an open-chromatin conformation in the
region, exposing the MS32 minisatellite to molecular mechanisms that will trigger its
instability. Therefore, in ALT+ cells showing lower methylation in the MS32 flanking 5’
region, the chromatin around MS32 might be more relaxed in comparison to non-ALT
cells, which might facilitate the high instability observed in these cells. The investigation
of whether chromatin-boundary elements (like CTFC) have different binding capacity to
this region in ALT+ compared to non-ALT cells would elucidate this hypothesis.

To further investigate the extent of unmethylation in ALT+ cells, a methylation-
sensitive digestion was performed with the Taul enzyme. The methylation-sensitive Taul
recognizes the e MS32 repeat, one of the two with one CpG site. All cell-lines tested,
ALT+ and non-ALT, showed Taul digestion, indicating that at least some of the MS32 e
repeats are unmethylated in all cell-lines.

Another curious aspect of the methylation experiment is the fact that
hypomethylation was detected in the MS32 minisatellite in all cell-lines, since
methylation-sensitive digested products were obtained in all samples and suggesting that
at least part of the array is unmethylated in all cell-lines tested. However, recent studies
demonstrate that tandem repeats might differ from other repetitive elements regarding the
previously described tumour-associated hypomethylation of repetitive DNA (Ehrlich et al
2002). Indeed, hypo and hypermethylation of NBL2, a tandem array of 1.4 kb repeat
units, was found in different cancer cells (Nishiyama et al 2005). Also the tandem repeat
D4z4 was shown to have variable methylation status between different tumour cells.

Some groups showed D4Z4 hypomethylation in cancers, cancer-derived cell lines, and
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cells treated with demethylating agents or deficient in DNA methyltransferase (Cheng et
al 2004; Cadieux et al. 2006). In contrast, hypo and hypermethylated in cancers of the
same type, with the first D4Z4 repeat unit behaving very differently from the rest of the
D4Z4 array with respect to changes in DNA methylation have also been described (Choi
et al 2009). Therefore, these studies and the methylation analysis around MS32
minisatellite suggest that, in contrast to interspersed repeats, tandem repeats may show an
epigenetic plasticity in cancer cells.

Interestingly, the D4Z4 study also demonstrated that the chromatin immediately
proximal to the array had a very different accessibility to DNasel than the array itself,
suggesting a different chromatin structure at the proximal border than in the body of the
array (Tsumagari et al 2008), which can possibly be occurring at the MS32 minisatellite.

Further experiments to determine if there are changes on the DNase I, CTCF or
other chromatin-related proteins accessibility to the region flanking the 5’ end of MS32
minisatellite should be performed to confirm if indeed ALT+ cells show an open-

chromatin conformation around MS32 minisatellite, in comparison to the non-ALT cells.
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CHAPTER 7: CONCLUSION AND FUTURE WORK

Telomeres are extremely important for genome stability as they protect the end of
the chromosomes, preventing degradation and end-to-end fusion. Moreover, telomere
integrity is essential for cell viability as the shortening of telomeres resulting from the
successive cell divisions ultimately leads to a growth arrest. However, inactivation of
mechanisms responsible for senescence induction may force cells in crisis to activate a
telomere maintenance mechanism, to preserve the length of the telomeres and continue
on dividing. The most common TMM is telomerase activation, a reverse transcriptase
that elongates shortened telomeres by addition of de novo telomeric repeats. However,
the Alternative Lengthening of Telomeres (ALT) mechanism may also be activated, and
is especially frequent in cancers of mesenchymal origin, like liposarcomas and sarcomas.
Despite of both telomerase and ALT have been extensively studied, especially due to
their potential as anti-cancer therapies targets, the molecular processes involved in the
ALT pathway are not fully understood.

ALT+ cells have particular characteristics that have been used as markers for this
type of cancer cells but also as tools to dissect the molecular processes involved. For
example the interference with the ALT-associated PML bodies (APB) integrity has been
used to study indirectly the proteins that might be essential for the ALT pathway and
therefore, prove to be essential for its proper function at telomeres. One of the most
curious phenotypes of ALT+ cells is an extreme instability at the MS32 minisatellite
(D1S8) (Jeyapalan et al 2005). The MS32 minisatellite has no obvious characteristics that
explain the instability associated with the activation of the ALT mechanism, hence this

study aimed to investigate this relationship.
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Previous studies had found that MS32 minisatellite was the only minisatellite
amongst seven (MS1, MS31, CEB1, MS205, B6.7 and DXY14) whose stability was
affected in ALT+ cells (Jeyapalan et al 2005). Thus, an analysis of other tandem repeats
near MS32 was performed to determine whether their stability is also affected by ALT
activation. The analysis of MSNID minisatellite and preliminary STR, the closest tandem
repeats to the MS32 locus showed that the MS32 instability does not extend to the nearby
tandem repeats, suggesting that the extreme MS32 instability is confined to the
minisatellite itself.

To determine whether MS32 is likely to be the only minisatellite affected by the
ALT mechanism, a further investigation was performed to screen for other potentially
unstable minisatellites. DNA fingerprints from seven clones (20 PDs) derived from the
ALT+ SUSM-1 cell-line were obtained and hybridized to two multilocus probes. The
DNA fingerprints of seven SUSM1 clones identified further 47 loci that seem to remain
stable in the SUSM1 ALT+ cell-line. Thus, MS32 locus could potentially be the only or
one of a small number of loci that are affected by ALT activation. Clones derived from at
least one more ALT+ cell-line should be analysed, to verify these results. Some other loci
might be unstable in ALT+ cells but the conditions used to resolve the fragments
resulting from the Alul digestion do not permit their detection.

In summary, this and previous studies (Tsutsui et al, 2002; Jeyapalan et al, 2005)
suggest that most minisatellites remain stable in ALT+ cells. Therefore, the causes of the
MS32 instability seem to be dependent on the minisatellite itself, which is also supported
by the findings that the instability does not extend to the nearby tandem repeats. A

possible explanation for the particular instability at MS32 minisatellite would be
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transcriptional-changes altering the conformation of the region comprising the
minisatellite in ALT+ cells, exposing the minisatellite to cellular machinery that would
then result in the observed high instability.

No expression changes common to the ALT+ cells analysed were detected by
expression microarray in the region around MS32 minisatellite. To validate this result
and to determine if subtle transcriptional changes are occurring on the 1g42-43 locus in
ALT+ cells, gPCR was performed on the three genes flanking MS32. Even though great
variance in the expression levels of the genes analysed between cell-lines was detected,
no significant differences associated to the ALT mechanism were observed, confirming
the results obtained by the expression microarray data analysis (Fig. 4.23).

Together, both studies indicate that no transcriptional-changes associated to the
ALT+ mechanism seem to occur in the region comprising the MS32 minisatellite. Thus,
the MS32 instability in ALT+ cells is either specifically triggered by the minisatellite
itself or by chromatin changes not related to transcription.

In fact, the analysis of the methylation levels of the region comprising MS32
minisatellite in ALT+ and non-ALT cells appear to indicate that methylation changes
occur exclusively at ALT+ cells. Determination of the methylation status of the region
flanking the minisatellite by bisulfite sequencing revealed that 2 of the 3 CpGs in the 150
bp region immediately adjacent to the 5’ end of the MS32 array are unmethylated in
ALT+ cell-lines (Fig. 6.8). In contrast, the region adjacent to the 3> MS32 end appears to
be heavily methylated in all cell-lines tested. Furthermore, the level of unmethylation at
the flanking 5’end seems to directly correlate with the described mutation frequencies of

MS32 minisatellite for each ALT+ cell-lines (Jeyapalan et al, 2005, see Table 6.8).
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Therefore, the lower methylation levels in the region flanking the minisatellite might
confer an open-chromatin conformation to the MS32 minisatellite, which could expose
the tandem repeats to the molecular mechanism responsible for its instability. In
conclusion, it appears that the unmethylation of the region flanking the 5° MS32 end in
ALT+ cells might confer a more relaxed chromatin conformation in the region,
facilitating the high instability observed in these cells.

To investigate the extent of unmethylation in ALT+ cells further, a methylation-
sensitive digestion was performed. All cell-lines tested have some degree of
unmethylated MS32 (Fig. 6.9). This result indicates that the observed ALT-associated
unmethylation is restricted to the flanking the 5’end, since unmethylation within MS32
occurs independently of the TMM. It would be interesting to investigate whether this
unmethylation confers a different accessibility of chromatin-related protein, like CTCF,
to this region in ALT+ cells. Additionally, a DNasel assay could confirm if this region
has indeed a different chromatin conformation between ALT+ and non-ALT cells. Also,
this data confirms the findings that tandem repeats might not be affected by the same
mechanisms involved in the tumour-associated hypomethylation of repetitive DNA
(Ehrlich et al 2002; Nishiyama et al 2005; Cheng et al, 2004; Cadieux et al. 2006), since
both ALT+ and Tel+ cells showed some degree of unmethylation at the MS32
minisatellite.

A study in liposarcomas had previously identified a 1932.2-44 deletion exclusive
of ALT+ liposarcomas (Johnson et al, 206). To investigate whether this ALT-associated
deletion, comprising the MS32 region, was also present in other ALT+ cell-lines, the

copy-number around MS32 minisatellite was assessed by MLPA and Alu analysis in
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ALT+ and non-ALT cell-lines. The MLPA technique was applied using a specifically-
designed kit for this experiment (see chapter 6, section 6.3.1.1), covering 29 loci across
the mentioned region. The MLPA results obtained did not identify such a large deletion
in the nine cell-lines analysed (Table 6.2 and Figure 6.3), although the 11ICF/a2 cell-line
shows a partial deletion of this region. Additionally, none of the identified CN changes
by the MLPA analysis could be associated to a particular TMM, since they only occurred
at a particular cell-line. However, since most of the identified CN changes are on the
border of the limits defined for this analysis (0.7-1.3), more MLPA replicates should be
included in the study to confirm if the changes are real or a reflection of technical
fluctuations. Nonetheless, some of the identified CN alterations were confirmed by more
than one probe, like the amplification in WI38VAL13/2RA across MCP and RAMP genes
or the deletion of a region comprising part of the RYR2 and FH genes in IlICF/a2.
Furthermore, some CN changes identified correlate with the expression microarray data.
For example, the EGFR allele deletion identified by MLPA in the JFCF6T.1J/11C cell-
line might explain the significantly lower expression of this gene detected by the
microarray experiment (p-value 0.0037). Also, the full deletion of the MTAP gene on the
HT1080 cell-line is possibly the reason for the described lack of RNA or protein levels of
this gene in these cells (Tang et al 2000). Consequently, the identical results obtained by
different methodologies strongly indicate that at least some of the identified CN changes

and expression alterations are biologically significant.
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The understanding of the mechanism underlying the MS32 instability in ALT+
cells might indirectly identify key players in the ALT-mechanism. Thus, the mechanisms
involved in the MS32 instability were investigated by the identification of the mutation
spectrum of the minisatellite in these cells. As most MS32 mutations observed derived
from large deletions and since t-circles are one of the particularities of ALT+ cells, the
presence of extrachromosomal circular MS32 sequences was investigated but no MS32
circles were detected. Interestingly, however, was the finding of variant repeats in the t-
circles. These findings are very remarkable, since the distal limit for variant repeats
within telomeres is thought to be about 2-3 kb (Allshire et al 1989; Baird et al 2000).
Thus, this data suggests very proximal point of invasion of the 3” overhang during t-loop
formation.

Finally, considering again the spectrum of MS32 mutants and their frequencies
observed in ALT+ cells, it was interesting to find that they were similar to mutants
identified in the CEB1 minisatellite inserted in yeast RAD27A model (Lopes et al 2006).
The proposed model for CEB1 instability in yeast considered the accumulation of
unprocessed 5’ flaps after removal of the Okazaki fragments due to the absence of the 5’
flap-endonuclease RAD7 as the trigger structures for the instability observed. DSB-
synthesis-dependent strand annealing (SDSA) (Buard et al., 1998, 2000; Debrauwere et
al., 1999) might recognize the 5’ flaps as DSB. The invasion of a template molecule by
the DNA repair mechanism would form a D-loop with mismatches due to sequence
divergence. The repair of these mismatches could create a reshuffling in the repeat order.
To investigate whether this model is likely to be the one occurring at MS32 in ALT+

cells, the expression levels of two RAD27 human homologues (hFEN1 and hEXO1) were
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assessed in these cells. No hFEN1 significant expression changes associated to ALT
activation were detected by gqPCR analysis across 11 cell-lines tested (Fig. 5.8).
Furthermore, sequence analysis of the coding hFEN1 genomic region revealed no point
mutations, suggesting that hFENL1 is fully functional in ALT+ cells. These findings are in
agreement with an hFENL1 role in telomere stability in ALT+ cells (Saharia et al 2009).
However, a significant hEXO1 overexpression associated to ALT+ cells was detected
(Fig. 5.10). Since EXO1 seems to be essential for the appearance of telomerase-negative
yeast survivors (Bertuch et al 2004), the overexpression of hEXOL in the ALT+ cell-lines
analysed might reflect a role in telomere maintenance also in humans. Thus, it would be
interesting to investigate the effect of a dysfunctional hEXO1 in ALT+ cells.

Considering the model for 5’-flap accumulation as the trigger for MS32 instability
in ALT+ cells, the overexpression of hEXO1 in ALT+ cells seems to contradict this
hypothesis. Nonetheless, a higher recruitment of hEXO1 for proper lagging-strand
synthesis to ALT-telomeres could explain the overexpression in ALT+ cells. Thus,
genomic loci that have failed to properly replicate, could form difficult to resolve
secondary structures and/or are late replicating regions, would still be prone to an
accumulation of 5’-flaps and trigger DNA repair mechanisms, like the SDSA. One
possible experiment to verify this hypothesis would be to investigate whether the MS32
minisatellite locus behaves as a fragile site in ALT+ cell-lines. Fragile-sites are late-
replicating genomic loci (Glover et al 1984), thus in the presence of a DNA replication
partial inhibitor, like aphidicolin, this sites appear as chromosome breaks. Thus, it would
be extremely interesting to determine whether in ALT+ cells MS32 locus appears as a

chromosomal break after aphidicolin treatment. If so, that could explain why MS32 is
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unstable in these cells, whilst other minisatellites remain stable. Furthermore, that could
also confirm the proposed model for a defect in the lagging-strand synthesis as the trigger
for MS32 instability. Even though as seen in this study ALT+ cells have functional flap-
endonucleases, a higher recruitment in late S-phase for proper telomere elongation would
result on late replicating regions, like fragile sites, to be prone to DNA repair

mechanisms.

It became clear from this project that the MS32 minisatellite instability observed
in ALT+ cells is constrained within itself and that MS32 is maybe the only minisatellite
affected by ALT activation. A screen for potential reasons for the instability at this
specific locus revealed a potential for chromatin conformation alterations, triggered by an
unmethylated short region flanking the 5’ end of the minisatellite that seems to
exclusively occur in ALT+ cells. Furthermore, the characterization of the mutational
spectrum of MS32 in ALT+ cells uncovered a mutational mechanism different from the
ones acting in the germ or soma cells. The mutations observed could have arisen from a
DNA repair mechanism, for example SDSA, triggered by a defect on the lagging-strand
synthesis, like the accumulation of unprocessed 5’-flaps. The precise nature of such
putative defect is not known but a higher recruitment of proteins involved in DNA
replication to telomeres by the ALT mechanism could leave regions that are more
difficult and/or replicate later, like potentially the MS32 minisatellite, exposed to the

action of DNA repair mechanisms.
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Appendices

Solution

10xKinase Mix

10xTAE

10xTE
10xTBE

11.1x Buffer

20xSSC
Church Buffer

Column Wash
Denaturing mix
DEPC water

DNA loading Dye

Ethidium bromide
Kinase stop sol.

Lysis buffer

5x Oligo labelling buffer (OLB)

Oligo stopping solution (OSS)

PBS/BSA Buffer

PBS (pH 7.4)

Proteinase K
Rnase

RNase-away solution
SSC

Preparation

700mM Tris-HCI [pH 7.5], 200mM MgCI2, 50mM spermidine trichloride,
20mM dithiothreitol. Stored at -200C.

0.4M Tris-Ac, 0.05M NaAc, 0.001M EDTA. Adjusted to pH 7.8 with acetic acid.

100mM Tris-HCI [pH 8.0], 10mM EDTA.

44.5mM Tris-borate [pH 8.3], ImM EDTA.

Tris-HCI [pH 8.8], ammonium sulphate, magnesium chloride, 2-
mercaptoethanol, EDTA [pH 8.8], 4 dNTPs, and BSA

3M NaCl, 0.3M Tri-Sodium Citrate.

250ml 14% SDS, 250ml Na2HPO4 pH 7.2, 2ml 0.5M EDTA pH 8.0

IxTE, 0.1% SDS.

0.5M NaOH, 2M NaCl, 25mM EDTA, 0.1g bromophenol blue.

0.1% diethyl-pyrocarbonate in 200ml sterile water. Autoclaved.

10ml 50xTAE, 12.48g Ficoll, 0.1g bromophenol blue. Final volume 100ml with
sterile water.

10mg/ml (dissolved in distilled water)

25mM disodium EDTA, 0.1%SDS, 10mM ATP. Stored at -200C.

100 mM Tris-HCI pH 7.5, 100 mM NaCl, 10 mM EDTA, 1% sarkosyl
10 pl Solution A (1250p1 2M Tris HCI pH 8.0; 50p1 5M Mg,Cl; 36pl 2-
mercaptoethanol; 10ul 100 mM dATP, dGTP, dTTP in 700 ul water)
25 pl solution B (2M Hepes pH 6.6)

15 ul solution C (random hexamer sodium salt [GE Healthcare])

Stored at -200C.

20mM NaCl 20mM Tris-HCI pH 7.5, 2mM EDTA, 0.25% SDS

0.2% (w/v) fraction PBS in BSA, 650C overnight, filtered (0.2um). Stored at
40C.

4.3 mM Na2HPO4, 137 mM NacCl, 2.7 mM KClI, 1.4 mM KH2PO4
10mg/ml (dissolved in distilled water). Stored at -200C.

10mg/ml Rnase, 10 mM Tris-HCI pH 7.5, 15 mM NaCl

Stored at -200C.

0.4M NaOH, 0.1% SDS

15 mM Na citrate, 150 mM Na chloride
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0.5M Sodium phosphate pH 7.2
Southern Denaturing sol.
Southern Depurinating sol.

Southern Neutralising sol.
5x TAE loading mix

tRNA buffer

Apendix-1

Appendices

342ml of 1M Na2HPO4 and 158ml of 1M NaH2PO4 in 11 dH20.

0.5M NaOH, 1M NacCl.

0.25M HCI.

0.5M Tris-HCI [pH 7.5], 3M NacCl.

1 ml 50x TAE (0.2M Tris Acetate, 0.1M sodium acetate, 1M EDTA pH 8.3),
1.25 g Ficoll, 10 mg Bromophenol blue in 10 ml water

1 ng/pl tRNA and 5 mM Tris
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Cell-line
GMO3798

T24
NT2D1

HT1080

HeLA
JFCF-6/T.1J/11C
I11ICF/a2 - precrisis

MRC-5
WI38

WI38VAL3/2RA

Saos-2

U2-0S

SUSM-1

W-V
I11CF/a2 - postcrisis

JFCF-6/T.1J/11E

Origin
Lymphoblastoid, 10-year caucasian male, SV40
Bladder carcinoma, caucasian female
Fibroblast (testis carcinoma), caucasian,

Fibroblast (fribrosarcoma), Caucasian male, EBV

Fibroblast (cervical carcinoma), Negro male
Fibroblast, SV40

Fibroblast (breast), female, Li Frauman patient

fibroblast (lung), male, normal
lung fibroblast, female, normal

lung fibroblast, caucasian female, SV40

Fibroblast (osteosarcoma), Caucasian female,

Fibroblast (osteosarcoma), caucasian female,

Fibroblast (liver), chemical*

Fibroblast (Werner-syndrome), male, SV40

Fibroblast (breast), female Li-Frauman patient,
spontaneous

Fibroblast, SV40

Appendix-2

TMM
Tel+

Tel+
Tel+

Tel+

Tel+
Tel+

ALT+

ALT+

ALT+

ALT+

ALT+
ALT+

ALT+

APB

MS32 and telomeres
n/a

n/a

2 alleles (5.8 and 5.2kb)
HV mapped 120A+B

2 alleles (8.2 and 5.5kb)
HV mapped 12qB

n/a
2 alleles (4.4 and 4kb)
1 allele (~10kb)

n/a
2 alleles (5.5 and 6.5kb)
HV mapped 12gAdel+B
3 alleles (4.5, 5, 6.6kb)
HV mapped 12gAdel+B
2 alleles (5 and 5.5kb)

1 allele (4kb)
(only 1 MS1 allele)

2 alleles (4 and 1.3 kb)

2 alleles (2.1 and 4.4kb)

No definite progenitor
alleles.
HV mapped 129A+B, 16p/q

2 alleles (5 and 7kb)

Appendices

Particularities
46,XY; 2% of cells show random chromosome loss

p53 mutation
aneuploidy

hTERT expression; p53 mutated; pseudo diploidity
mode=46

n/a
n/a
p53 mutated (null)

no TERC expression, wt p53

p53-null

wt p53; pl16 not expressed due to methylation on
exonl; no expression estrogen receptors

p53 mutated
Introduction of chr7 suppressors division and causes
senescence
WRN-/-

p53 mutated (null)

n/a
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Primer name
G3PDH-FW
G3PDH-Rv
ACTB-Fw
ACTB-Rv
TBP-Fw
TBP-Rv
hEXO1-Fw
hEXO1-Rv
GPR137B-Fw
GPR137B-Rv
LYST-Fw
LYST-Rv
PSEUDO-ACO2-Fw
PSEUDO-ACO2-Rv
NID1-Fw
NID1-Rv
FEN1gPCR-FW
FEN1gPCR-Rv
ALU-ASO
MS32B

MS32E
MS32D2
MS32PR
MS32+1.4F
MS32+1.4Nf
MS32+0.6R
MS32+0.6F2NR
MVR-PCR E-F
MVR-PCR E-R
MVR-PCR e-F
MVR-PCR e-R
MVR-PCR Y-F
MVR-PCR Y-R
MVR-PCR y-F
MVR-PCR y-R
T7

T3

Sequence
GAAGGTCGGAGTCAACGGATTT
ATGGGTGGAATCATATTGGAAC
TCCTTCCTGGGCATGGAG
AGGAGGAGCAATGATCTTGATCTT
CCTAAAGACCATTGCACTTCG
CTTCACTCTTGGCTCCTGTG
GCTCCCTATGAAGCTGATGC
ACATTCCTAGCCGAGCTTGA
GACCTTACCAACCCTGGAAT
CATCAGACCTCCCTGAAGTC
TTGATCAGGCATTGACATG
GTCAGGATTATATCTGCTGAG
TACCATGTGGCCTCAGTCCT
CATCCAGGTGTCCATACACG
AGGAGCTCTTTCCCTTCGGC
GGTTCCCGGAGATCTCTTTC
aggcggctgaacgtcag
acagaggagggatgactggc
CTAAAAATACAAAAAATT
AAGCTCTCCATTTCCAGTTTCTGG
CTTCCTCGTTCTCCTCAGCCCTAG
CGACTCGCAGATGGAGCAATG
GAAGGGTGGTTACAGAACAGG
GGTAGCCACATCTCTGCATGATCTC
GCTAATCAAGTCACATGAGATCATG
GTCAAGGCAGATTTGAAGGGAG
GCAAGTGCAGGAGATAGAGAGAG
TAG-TTCTGAGTCACCCCTGGCCA
TAG-ACTCAGAATGGAGCAGGTGG
TAG-TTCTGAGTCACCCCTGGCCG
TAG-ACTCAGAATGGAGCAGGCGG
TAG-TTCTGAGTCACCCCTGGTCA
TAG-ACTCAGAATGGAGCAGGTGA
TAG-TTCTGAGTCACCCCTGGTCG
TAG-ACTCAGAATGGAGCAGGCGA
AATACGACTCACTATAG
ATTAACCCTCACTAAAG

Template
gPCR
gPCR
gPCR
gPCR
gPCR
gPCR
gPCR
gPCR
gPCR
gPCR
gPCR
gPCR
gPCR
gPCR
gPCR
gPCR
gPCR
gPCR

Appendices

Reference

Specifically designed
Specifically designed
Specifically designed
Specifically designed
Specifically designed
Specifically designed
Specifically designed
Specifically designed
Specifically designed
Specifically designed
Specifically designed
Specifically designed
Specifically designed
Specifically designed
Specifically designed
Specifically designed
Specifically designed
Specifically designed

ASO used as Alu-specific probe

MS32 analyis
MS32 analyis
MS32 analyis
MS32 analyis
MS32 analyis
MS32 analyis
MS32 analyis
MS32 analyis
MVR-PCR
MVR-PCR
MVR-PCR
MVR-PCR
MVR-PCR
MVR-PCR
MVR-PCR
MVR-PCR
33.15+33.6
33.15+33.6

Jeffreys et al 1997
Jeffreys et al 1997
Neumann & Jeffreys
Jeffreys et al 1998
Neumann & Jeffreys
Neumann & Jeffreys
Neumann & Jeffreys
Neumann & Jeffreys
Tamaki et al 1993
Tamaki et al 1993
Tamaki et al 1993
Tamaki et al 1993
Tamaki et al 1993
Tamaki et al 1993
Tamaki et al 1993
Tamaki et al 1993
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32+01btF
32+02btF
32+03btF
32+04btR
32+05btR
32-018btF
32-016btF
32+ENDBtR
32-1.4btF
32-0.9btF
32-0.5btF
32-0.19btR
Al-Fw
Al-Rv
A2-Fw
A2-Rv
A3-Fw
A3-Rv
A4-Fw
A4-Rv
Al6-Fw
Al6-Rv
A5-Fw
A5-Rv
AB-Fw
AB-Rv
A8-Fw
A8-Rv
Tell
Tel-G2
TelG-comp
TelK-comp

TelJ-comp

Appendix-3

TGATTTAGAATGGAGTAGGTG
AATTATTGATTAGAATTGTTGG
AAAGGTTGTTTAGTGAAATTAG
AAACCATACTTCTTAAATCC
TTCTACAAATAACTTCTCACTC
TATAGAATAGGTGATTTAGGATG
GATGATTTAGGTTAGAGTAG
AATTTCACTAAACAACCTTTTCC
GGTATTAGATAATTAGGGATAGT
GTGTTATGATAGAGTTAAGTAG
GTTTTTGGAAAAATTTGTGTAGA
CTATTCTATAACCACCCTTC
CTAGCACATTGCAGGAACAG
CAAGGTGCTCCCTATCTGAG
CAGGACAGGAAGAAGACTC
TCTAGAGACAAGGCCTCGC
AGAGTGAGACGCTCTCCTG
TGTGCATTACCATCTAGGC
ATTAATAGTGATATAACGGAAT
ATAGCATAGATTTGTCTGG
TTCAGTGCAGAAGAACTGGAG
TTCATGTGATCCAGTTCTAG
ATTGTGCTACCTTTCAAGCAG
TACCACCACGCCAAGCTAC
TGAGCATTAGACTCCAGGAAG
TGTGCATCGTAGTGTAGG
ACCTCTCTTATGGCTGCTG
GCATGTGTGAAATATTCCTGT
TTAGGGTTAGGGTTAGGG
TTAGGGTTAGGGTTAGGGtta
AGGGTGAGGGTGAGGGTG
AGGGTCAGGGTCAGGGTC
GGGTTGGGGTTGGGGTTG

3’ methylation
3’ methylation
3’ methylation
3’ methylation
3’ methylation
5’ methylation
5’ methylation
5’ methylation
5’ methylation
5’ methylation
5’ methylation
5’ methylation
Alu analysis
Alu analysis
Alu analysis
Alu analysis
Alu analysis
Alu analysis
Alu analysis
Alu analysis
Alu analysis
Alu analysis
Alu analysis
Alu analysis
Alu analysis
Alu analysis
Alu analysis
Alu analysis
T-circle TCA
T-circle TCA
T-circle TCA
T-circle TCA
T-circle TCA

Appendices

Specifically designed
Specifically designed
Specifically designed
Specifically designed
Specifically designed
Neumann & Jeffreys
Neumann & Jeffreys
Neumann & Jeffreys
Neumann & Jeffreys
Neumann & Jeffreys
Neumann & Jeffreys
Neumann & Jeffreys
Specifically designed
Specifically designed
Specifically designed
Specifically designed
Specifically designed
Specifically designed
Specifically designed
Specifically designed
Specifically designed
Specifically designed
Specifically designed
Specifically designed
Specifically designed
Specifically designed
Specifically designed
Specifically designed
N. J. Royle

Specifically designed
N. J. Royle

N. J. Royle

N. J. Royle
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Clone ID 11C/11E Name of gene

SNRPN-AA683321-NA 0.516323453 Small nuclear ribonucleoprotein polypeptide N
LTA-AA910185-Correct 0.506160055 Lymphotoxin alpha (TNF superfamily, member 1)
HLA-DPB1-AA486627-NA 0.485685847 Major histocompatibility complex, class Il, DP beta 1
PRG1-AA278921-NA 0.461378325 Proteoglycan 1, secretory granule
HLA-DRA-R48091-NA 0.450579851 Major histocompatibility complex, class Il, DR alpha
BCL2L1-NM_001191-Correct  0.433206001 BCL2-like 1

CASP10-AI1336849-Correct 0.420766269 Caspase 10, apoptosis-related cysteine peptidase
CFLAR-AA115792-NA 0.371547196 CASP8 and FADD-like apoptosis regulator
ASAH1-AA664155-NA 0.363650829 N-acylsphingosine amidohydrolase (acid ceramidase) 1
LTA-W74395-NA 0.35713766 Lymphotoxin alpha (TNF superfamily, member 1)
CCND2-A1142479-NA 0.355343629 Cyclin D2

CCR7-A1672677-Correct 0.335926397 Chemokine (C-C motif) receptor 7
KRT5-AA160595-NA 0.335186597 Keratin 5 (epidermolysis bullosa simplex,)
IL1IRN-T72877-NA 0.325194416 Interleukin 1 receptor antagonist

LCP1-W73144-NA 0.321751513 Lymphocyte cytosolic protein 1 (L-plastin)
CD83-AA083671-NA 0.321599176 CD83 molecule

AARS-AA156571-NA 0.314716706 Alanyl-tRNA synthetase

CCNG1-AA083032-NA 0.310780993 Cyclin G1

SSR4-AA486261-NA 0.307427302 Signal sequence receptor, delta (translocon-associated protein delta)
HCLS1-AA424681-NA 0.260398015 Hematopoietic cell-specific Lyn substrate 1
TNF-AI242177-Correct 0.257751476 Tumor necrosis factor (TNF superfamily, member 2)
ACVR1-AA136882-NA 0.254185308 Activin A receptor, type |

TRAF1-Al400707-Correct 0.252257736 TNF receptor-associated factor 1
TNFAIP3-AA476272-Correct  0.213423453 Tumor necrosis factor, alpha-induced protein 3
GABRB1-R24969-NA 0.176398481 Gamma-aminobutyric acid (GABA) A receptor, beta 1
PDK3-N94823-NA 0.174838434 Pyruvate dehydrogenase kinase, isozyme 3
CSNK2A2-AA054996-NA 0.157859132 Casein kinase 2, alpha prime polypeptide
PSCDBP-AA490903-NA 0.153074099 Pleckstrin homology, Sec7 and coiled-coil domains, binding protein
BCL2A1-AA459491-NA 0.147524461 BCL2-related protein Al

RPS8-AA683050-NA 0.141527899 Ribosomal protein S8

FDFT1-AA679352-NA 0.130892462 Farnesyl-diphosphate farnesyltransferase 1
BRAF-NM_004333-Correct 0.128302606 V-raf murine sarcoma viral oncogene homolog B1
CDC16-AA223933-Correct 0.118105596 Cell division cycle 16 homolog (S. cerevisiae)
HBEGF-R14663-NA 0.104845784 Heparin-binding EGF-like growth factor
AMPD2-AA485376-NA 0.076493189 Adenosine monophosphate deaminase 2 (isoform L)
SLC7A5-AA419177-NA 0.072341094 Solute carrier family 7 (cationic amino acid transporter, y+ system), member 5
MKRN2-NM_014160-Correct  0.043158998 Makorin, ring finger protein, 2
YES1-AU133140-Correct 0.032784639 V-yes-1 Yamaguchi sarcoma viral oncogene homolog 1
COLB8A1-AA872420-NA 0.027492282 Collagen, type VIII, alpha 1

TAGLN2-H08564-NA 0.01111442 Transgelin 2

VPS41-AA143559-NA -0.008056382 Vacuolar protein sorting 41 (yeast)
GPC5-AA878391-NA -0.031280141 Glypican 5

CNN1-AA398400-NA -0.033496161 Calponin 1, basic, smooth muscle
ACTN3-AA196115-NA -0.03747742 Actinin, alpha 3

NAPA-AA425754-NA -0.050835765 N-ethylmaleimide-sensitive factor attachment protein, alpha
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FLNB-AA486239-NA
FGF5-W46575-NA
KRT18-AA664179-Correct
GSTM2-Al761469-Correct
MDM2-AA687987-Correct
RPL19-T81168-Correct
TOP1-AA232856-NA
TNNI2-AA182927-NA
HSPA1B-AI1452579-Correct

SPP1-AAT775616-NA

SPARC-H95960-NA
SLC2A1-H58873-NA
DKK3-AA425947-NA
NPTX1-H22481-NA
CCT5-AA629692-NA
HPRT1-N47312-NA
UNG-H15112-NA
ELF3-AA433851-NA
KDELR2-AA486516-NA
FGB-T73858-NA
MYH11-AA126989-NA
AGRN-AA458878-Correct
CASP5-W60764-NA
EXT1-AA487582-NA
SFTPC-AA487571-NA
AKR7A2-T62865-NA
PSMB1-T68824-NA
TMA4SF8-AA287196-NA
PROCR-T47442-NA

PTGS2-AA644211-Correct

AHCY-AA485626-NA
LY6E-AA865464-NA
HIF1A-AA598526-NA
GLIPR1-AA251930-NA
DPH2L1-AA670380-NA
ADRBK1-R88247-NA
RAD51C-T64278-NA
VIM-AA486321-NA
MYL9-AA877166-NA
GLS-AI383124-NA
MFGEB8-AA449667-NA
ANXA1-H63161-NA
S100A11-AA464731-NA
ABP1-T46924-NA
CD99L2-AA490911-NA
TEGT-AAG29591-NA

-0.05456511

-0.060378538
-0.064074713
-0.071711925
-0.083519302
-0.093070306
-0.101802239
-0.103943392
-0.112368837

-0.119604186

-0.120731656
-0.122332977
-0.125518889
-0.126246684
-0.13083686

-0.135569792
-0.136294387
-0.143933824
-0.145089926
-0.148899688
-0.153211225
-0.163154894
-0.166763181
-0.171016381
-0.172723876
-0.17501847

-0.177676421
-0.17968432

-0.185527391

-0.187718254

-0.189514433
-0.192244083
-0.192921318
-0.195278836
-0.196801196
-0.205643597
-0.207389598
-0.209968024
-0.215822586
-0.232242477
-0.247700125
-0.248737714
-0.253362984
-0.259683498
-0.266786496
-0.268291063

Filamin B, beta (actin binding protein 278)

Fibroblast growth factor 5

Keratin 18

Glutathione S-transferase M2 (muscle)

Mdm2, transformed 3T3 cell double minute 2, p53 binding protein
Ribosomal protein L19

CSODDO001YF18 of Neuroblastoma Cot 50-normalized (human)
Troponin | type 2 (skeletal, fast)

Heat shock 70kDa protein 1B

Secreted phosphoprotein 1 (osteopontin, bone sialoprotein I, early T-
lymphocyte activationl)

Secreted protein, acidic, cysteine-rich (osteonectin)

Solute carrier family 2 (facilitated glucose transporter), member 1
Dickkopf homolog 3 (Xenopus laevis)

Neuronal pentraxin |

Chaperonin containing TCP1, subunit 5 (epsilon)

Hypoxanthine phosphoribosyltransferase 1 (Lesch-Nyhan syndrome)
Uracil-DNA glycosylase

E74-like factor 3 (ets domain transcription factor, epithelial-specific )
KDEL (Lys-Asp-Glu-Leu) endoplasmic reticulum protein retention receptor 2
Fibrinogen beta chain

Myosin, heavy chain 11, smooth muscle

Agrin

Caspase 5, apoptosis-related cysteine peptidase

Exostoses (multiple) 1

Surfactant, pulmonary-associated protein C

Aldo-keto reductase family 7, member A2 (aflatoxin aldehyde reductase)
Proteasome (prosome, macropain) subunit, beta type, 1

Tetraspanin 3

Protein C receptor, endothelial (EPCR)

Prostaglandin-endoperoxide synthase 2 (prostaglandin G/H synthase and
cyclooxygenase)

S-adenosylhomocysteine hydrolase

Lymphocyte antigen 6 complex, locus E

Hypoxia-inducible factor 1, alpha subunit (basic helix-loop-helix transcription
GLI pathogenesis-related 1 (glioma)

DPH1 homolog (S. cerevisiae)

Adrenergic, beta, receptor kinase 1

RADS51 homolog C (S. cerevisiae)

Vimentin

Myosin, light chain 9, regulatory

Glutaminase

Milk fat globule-EGF factor 8 protein

Annexin Al

S100 calcium binding protein A11

Amiloride binding protein 1 (amine oxidase (copper-containing))
CD99 molecule-like 2

Testis enhanced gene transcript (BAX inhibitor 1)
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CD151-AA443118-NA
MYO1B-AA047778-NA
HNRPUL1-AA464198-NA
MT1B-H72723-NA
APP-W42849-NA
H1F0-W69399-NA
MT1G-H53340-NA
TERF1-BF592946-Correct
TACSTD2-AA454810-NA
MTCH2-BM666932-Correct
FOS-BF855049-Correct
EMR3-W67173-NA
TFPI-T50282-NA
MT1F-T56281-NA
APP-W42849-NA
PRODH-W76467-NA
ADH1B-W21470-NA
TGFBI-R80636-NA
ANXA5-AA451895-NA
COL6A1-N28431-NA
EPHA2-H84480-NA
IFITM2-AA862371-NA
CYRG61-AAT777187-Correct
SPINT2-AA459039-NA
COLG6A1-N28431-NA
TIMP2-AA486280-NA
AGXT-N57872-NA
GTF2E1-AA455964-NA
MYL6-AA488346-NA
NR4A1-W23937-NA
TRIP-AA186427-NA
PON3-T57140-NA
AKR7A2-T62865-NA
RAD51C-T64278-NA
EIF3S6-AA669674-NA
S100A10-AA444051-NA
MT1B-H72723-NA
ARID4A-A1206923-NA
NR4A1-W23937-NA
POLR2L-AA873691-NA
FN1-AA742408-NA
TGFBI-AA633901-Correct
MYH11-Al1357713-NA

-0.270874995
-0.271649219
-0.276781552
-0.282911248
-0.303458533
-0.305346965
-0.313214954
-0.313986959
-0.314317586
-0.319913341
-0.329226428
-0.349596152
-0.353702584
-0.358718803
-0.368451508
-0.370196566
-0.372218693
-0.384798991
-0.391749279
-0.392221371
-0.393501765
-0.39925843

-0.402687332
-0.403489896
-0.412790032
-0.41579264

-0.420107678
-0.428164697
-0.446688618
-0.449919916
-0.452845555
-0.453504617
-0.468043169
-0.468896042
-0.469678828
-0.474424648
-0.512183189
-0.513011015
-0.547723819
-0.607278516
-0.62559907

-0.653978191
-0.943433403

Tetraspanin 4

Myosin 1B

Heterogeneous nuclear ribonucleoprotein U-like 1
Metallothionein 1A (functional)

Amyloid beta (A4) precursor protein (peptidase nexin-11, Alzheimer disease)
H1 histone family, member 0

Metallothionein 1G

Telomeric repeat binding factor (NIMA-interacting) 1
Tumor-associated calcium signal transducer 2

Mitochondrial carrier homolog 2 (C. elegans)

V-fos FBJ murine osteosarcoma viral oncogene homolog
Integrin, beta 1 (fibronectin receptor)

Tissue factor pathway inhibitor (lipoprotein-associated coagulation inhibitor)
Metallothionein 1A (functional)

Amyloid beta (A4) precursor protein (peptidase nexin-11, Alzheimer disease)
Proline dehydrogenase (oxidase) 1

Alcohol dehydrogenase 1C (class I), gamma polypeptide
Transforming growth factor, beta-induced, 68kDa

Annexin A5

Collagen, type VI, alpha 1

EPH receptor A2

Interferon induced transmembrane protein 2 (1-8D)
Cysteine-rich, angiogenic inducer, 61

Serine peptidase inhibitor, Kunitz type, 2

Collagen, type VI, alpha 1

TIMP metallopeptidase inhibitor 2

Alanine-glyoxylate aminotransferase

General transcription factor I1E, polypeptide 1, alpha 56kDa
Myosin, light chain 6, alkali, smooth muscle and non-muscle
Nuclear receptor subfamily 4, group A, member 1

TRAF interacting protein

Paraoxonase 3

Aldo-keto reductase family 7, member A2 (aflatoxin aldehyde reductase)
RAD51 homolog C (S. cerevisiae)

Eukaryotic translation initiation factor 3, subunit 6 48kDa
S100 calcium binding protein A10

Metallothionein 1A (functional)

AT rich interactive domain 4A (RBP1-like)

Nuclear receptor subfamily 4, group A, member 1
Polymerase (RNA) Il (DNA directed) polypeptide L, 7.6kDa
Fibronectin 1

Transforming growth factor, beta-induced, 68kDa

Interferon, alpha-inducible protein 6

Appendix-4: List of the 136 genes common to both microarray experiments. The clone ID shows the
gene accession number and the sequencing result (correct/bad). The ratio between 11C/11E is shown
(positive numbers show higher expression in the Tel+ than in the ALT+ and vice-versa). The most
relevant genes for this study are highlighted in bold
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