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Abstract

Telomeres are heterochromatic DNA-protein structures that protect the ends of linear
chromosomes from being recognized as sites of DNA damage and help maintain genomic
integrity. The shelterin complex that binds telomeres is vital for regulating telomere
length and function, disruption of which can lead to ageing and tumorigenesis. About
90% of human cancers activate telomerase to maintain telomere length, which allows
these cells to have unlimited proliferation. The remaining 10% of cancers use a
telomerase-independent mechanism that relies on homologous recombination for
telomere synthesis, known as alternative lengthening of telomeres or ALT. TRF1, a
component of the shelterin complex that binds directly to telomeric DNA, has been
implicated in telomere maintenance in both telomerase-positive and negative cancer cells.
The function of TRF1 is regulated in part by post-translational modifications, such as
phosphorylation. TRF1 phosphorylation at T371 has been implicated in regulating TRF1
functions in mitosis and in the repair of DNA double strand breaks in telomerase-positive
cells. The results presented in this thesis demonstrate that TRF1 phosphorylation at T371
is also important in ALT cells and is regulated by DNA damage response factors. T371
phosphorylation is required for the functional assembly of ALT-associated PML bodies
and the production of C-circles, which are hallmarks of ALT cancer cells. The results
presented in this thesis also suggest that the dimerization and DNA binding capabilities of
TRF1 are required for the functional assembly of ALT-associated PML bodies. The work
presented here identifies a novel role of TRF1 in ALT activity, which provides further

insight into telomere regulation mechanisms in this subset of cancer.
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CHAPTER 1 INTRODUCTION

1.1 Telomeres and Telomere Length Maintenance
1.1.1 Telomere Structure

Telomeres are dynamic heterochromatic DNA-protein structures located at the ends of
linear chromosomes. They protect the ends of DNA from being recognized as sites of
DNA damage and help maintain genomic integrity (Denchi & de Lange, 2007; Karlseder,
1999; Takai et al., 2003; van Steensel et al.,, 1998). Mammalian telomeres are composed
of double-stranded tandem repeats of the sequence TTAGGG, as well as a single-stranded
3’ G-rich overhang (Cheng etal., 1989; de Lange et al., 1990; Henderson & Blackburn,
1989; Makarov et al., 1997; McElligott & Wellinger, 1997; Meyne et al., 1989; Moyzis et
al., 1988; Wright et al., 1997). This hexameric G-rich telomeric sequence is
evolutionarily conserved throughout many eukaryotes (Palm & de Lange, 2008; Sfeir et
al., 2009). In humans, this repeating sequence ranges from 10 to 15 kilobase (kb) pairs in
length at birth, but can be up to 50kb in laboratory rats or mice (Allsopp etal., 1992; de
Lange et al., 1990; Harley et al., 1990; Kipling & Cooke, 1990; Palm & de Lange, 2008).

Telomeric DNA is coated in a six-subunit complex known as shelterin, composed of
TRF1, TRF2, POT1, TPP1, TIN2 and Rapl (Figure 1.1). The three main functions of
shelterin are to protect chromosome ends from DNA repair mechanisms, to distinguish
chromosome ends from DNA breaks elsewhere in the genome and to regulate telomere
function and maintenance (Palm & de Lange, 2008). The disruption of shelterin from

telomeres produces dysfunctional telomeres that are recognized damaged DNA,
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contributing to genome instability, ageing and tumorigenesis (Hockemeyer et al., 2005;
McKerlie & Zhu, 2011; Mitchell et al., 2009; Sfeir & de Lange, 2012; Sfeir et al., 2009;
Takai et al., 2003; van Steensel et al., 1998; Wang et al., 2004). The binding of this
complex to telomeres helps form a higher order t-loop structure (Amiard et al., 2007;
Doksani et al., 2013; Griffith et al., 1999; Stansel et al., 2001). This t-loop configuration
is formed when the single-stranded 3’ overhang loops back on the telomere and displaces
a complementary sequence in the double-stranded telomere region (Griffith etal., 1999).
A large double-stranded loop is formed with a short region of single-stranded DNA
exposed within the loop, known as the displacement loop or D-loop (Griffith et al., 1999).
Sequestering the chromosome end in at-loop is thought to provide a physical barrier
against DNA damage repair machinery that would otherwise target exposed DNA ends
for repair (Doksani et al., 2013; Griffith et al., 1999).
1.1.2 The End Replication Problem

Most human somatic cells are limited by the number of times they can divide
before senescence occurs. This is known as the Hayflick limit and is due to telomere
shortening (Hayflick, 1965). Since DNA polymerase can only operate in the 5’ to 3’
direction, leading and lagging strands are formed during DNA replication, with the
lagging strands synthesized discontinuously in small Okazaki fragments (Okazaki et al.,
1968). DNA polymerase requires a short RNA primer with a 3’-OH group to start
synthesizing an Okazaki fragment. These primers are subsequently degraded and replaced
with DNA which is ligated together. However, when the last RNA primer on the lagging

strand is removed, a gap forms and there is no free 3’-OH group for DNA polymerase to
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use (Levy etal., 1992; Olovnikov, 1971, 1973; Watson, 1972). This results in gradual
chromosome shortening with each round of replication, a process known as the end
replication problem (Greider & Blackburn, 1987; Olovnikov, 1971, 1973; Watson, 1972).
The last RNA primer is located randomly about 70 to 100 nucleotides from chromosome
ends, meaning that a length of DNA longer than the RNA primer is lost with each cell
division (Chow et al., 2012). Once telomeres shorten to less than 1kb, cells can become
irreversibly senescent and are no longer able to divide (Baird & Kipling, 2004; Blasco et
al., 1997; Counter etal., 1992). The telomere-imposed limit on the number of times a cell
can divide is thought to act as a tumour suppressing mechanism by preventing
uncontrolled cell proliferation (Olovnikov, 1971, 1973; Palm & de Lange, 2008);
however, the loss of telomeric DNA is correlated with ageing (de Lange et al., 1990;
Harley etal., 1990; Hastie et al., 1990). Since telomeres act as a protective cap or buffer
region for the rest of the chromosome, cells with longer telomeres are able to go through
more cell divisions than cells with shorter telomeres. Cancer cells are able to divide
indefinitely and keep their telomeres long by using certain telomere lengthening
mechanisms.
1.1.3 Telomere Lengthening Mechanisms

All cancer cells have acquired a mechanism to prevent telomere loss associated with
each cell division. About 90% of cancer cells activate telomerase, a reverse transcriptase
enzyme responsible for adding telomeric DNA to the ends of chromosomes (Greider &
Blackburn, 1985). In telomerase-positive cells, the telomerase ribonucleoprotein extends

telomeres by recognizing and binding to the 3° G-rich overhang by its complementary
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CCCUAA sequence in the RNA subunit, adding TTAGGG repeats to telomere ends
(Blackburn et al., 1989; Greider & Blackburn, 1985, 1987, 1989; Morin, 1989). This
addition of DNA thus compensates for the DNA lost during replication. Unlike DNA
polymerase, telomerase extension of telomeres does not require an RNA primer, but
rather can extend directly from the 3’ end of the chromosome (Blackburn etal., 1989;
Greider & Blackburn, 1985, 1987, 1989). Telomerase activity is not only restricted to
immortal cancer cells, but is also found in germ cells and stem cells, which have elevated
proliferative and self-renewal capacities and require long-term viability throughout an
individual’s lifetime (Broccoli etal., 1995; Cifuentes-Rojas & Shippen, 2012; Kim et al.,
1994; Lee et al., 1998).

The remaining 10% of cancers are telomerase-negative and use DNA recombination
to maintain their telomere length, in a process known as alternative lengthening of
telomeres (ALT) (Bryan et al., 1995; Henson et al., 2002; Muntoni & Reddel, 2005),
which will be discussed in more detail shortly.

1.2 The Shelterin Complex

The individual protein components of the shelterin complex each play important roles
in telomere regulation. TRF1 and TRF2 bind as homodimers to double-stranded telomeric
DNA (Bianchi etal., 1997; Bilaud et al., 1997; Broccoli etal., 1997b; Chong et al., 1995;
Fairall etal., 2001; Shen et al., 1997; Smogorzewska et al., 2000; van Steensel & de
Lange, 1997) and POT1 binds the single-stranded 3’ G-rich overhang (Baumann & Cech,
2001; Loayza etal., 2004). TRF1 and TRF2 are both negative regulators of telomere

length and have roles in end protection (Ancelin etal., 2002; Celli & de Lange, 2005; de
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Lange, 2005; Iwano et al., 2004; Karlseder, 1999; Karlseder et al., 2002; Liu et al., 2004a;
Martinez et al., 2009; McKerlie & Zhu, 2011; Sfeir etal., 2009; Smogorzewska et al.,
2000; Takai et al., 2010; van Steensel & de Lange, 1997; van Steensel et al., 1998; Wang
et al., 2004). TRF1 and TRF2 do not interact directly, but are joined together by TIN2,
which also interacts with TPP1 (Broccoli etal., 1997b; Chen et al., 2008c; Fairall et al.,
2001; Houghtaling et al., 2004; Kim et al., 2004, 1999a; Ye et al., 2004a; Zhu et al.,
2000). TPP1 plays arole in telomerase regulation at telomeres through its recruitment of
POT!1 to the 3” overhang (O’Connor et al., 2006; Ye et al., 2004b). Rapl forms a
heterodimer with TRF2 in a 1:1 stoichiometric ratio (Li etal., 2000; Zhu et al., 2000).
The TRF2/Rapl complex binds double-stranded DNA and plays a role in the prevention
of non-homologous end-joining (NHEJ) at telomeres (Bae & Baumann, 2007; van
Steensel et al., 1998).

1.2.1 Telomere RepeatBinding Factor 1 (TRF1)

TRF1 was the first telomere protein identified in mammals (Zhong et al., 1992;
Chong etal., 1995) and is transcribed from band 13 of chromosome 8 (Broccoli etal.,
1997a). TRF1 is an essential gene since the lack of TRF1 is embryonically lethal (Iwano
et al., 2004; Karlseder et al., 2003). TRF1 is a 56 kDa protein that contains an N-terminal
acidic domain, a TRF homology (TRFH) homodimerization domain, a flexible linker
region and a C-terminal SANT/Myb-like DNA binding domain (Broccoli et al., 1997b;
Fairall etal., 2001). TRF1 binds as a homodimer to double stranded telomeric DNA in

both interphase and mitosis (Bianchi et al., 1997; Chong et al., 1995; van Steensel & de



M.Sc. Thesis — F. Wilson; McMaster University — Biology

Lange, 1997). The flexible linker region in TRF1 allows it to bend and connect relatively
distant regions of telomeric DNA (Bianchi et al., 1999; Griffith et al., 1998).

Pin2 is an isoform of TRF1 which is derived from the same gene PIN2/TRF1 (Shen et
al., 1997). It was identified in a yeast two-hybrid screen through its interaction with
NIMA (never-in-mitosis A) mitotic kinase (Lu et al., 1996). Pin2 and TRF1 are identical
in sequence apart from a 20 amino acid deletion in the linker region of Pin2, generated
through alternative splicing (Shen et al., 1997). It is possible that this structural difference
between TRF1 and Pin2 affects their function at telomeres. Both Pin2 and TRF1 homo-
and heterodimers can localize to telomeres, but Pin2 is expressed at about a 5 to 10 fold
higher level than TRF1 (Shen et al., 1997).

1.2.2 Telomere RepeatBinding Factor 2 (TRF2)

TRF1 and TRF2 have several similarities and are likely paralogous (Bilaud et al.,
1997; Broccoli etal., 1997b). They have structural similarities and are both able to bind to
double-stranded telomeric DNA, but they contain different domains, have different
functions and interact with different proteins (Chen et al., 2008c; Palm & de Lange,
2008). TRF1 and TRF2 both contain Myb-type domains which bind to double-stranded
telomeric DNA, as well as TRFH domains, through which homodimerization occurs
(Bianchi et al., 1997; Bilaud et al., 1997; Broccoli et al., 1997b; Chong et al., 1995;
Fairall etal., 2001; Shen et al., 1997; Smogorzewska et al., 2000; van Steensel & de
Lange, 1997). However, TRF1 and TRF2 are unable to directly interact with each other
(Broccoli et al., 1997b; Fairall etal., 2001; Zhu et al., 2000).The main structural

difference between these two proteins is that TRF1 contains an acidic N-terminal domain
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whereas TRF2 contains a basic N-terminal domain that is rich in glycines and arginines
(Broccoli et al., 1997a, 1997b; Chong et al., 1995; Mitchell etal., 2009).

The main function of TRF2 is to protect telomeres from being recognized as damaged
DNA (Celli & de Lange, 2005; Karlseder, 1999; van Steensel et al., 1998). The flexibility
of the hinge region in TRF2 aids in its ability to form t-loop structures (Stansel et al.,
2001). If TRF2 is not present in cells, the 3* G-rich overhang is degraded, which is
through to prevent t-loop formation (Celli & de Lange, 2005; Stansel et al., 2001; van
Steensel et al., 1998). The exposed overhang is recognized as a double-strand break via
activation of the ATM and p53 DNA damage response pathway and telomere fusions
occur in an attempt to repair the damage, leading to cellular senescence or apoptosis
(Celli & de Lange, 2005; Iwano et al., 2004; Karlseder, 1999; Karlseder et al., 2002; van
Steensel et al., 1998). The presence of TRF2 on telomeres prevents overhang loss, thus
preventing NHEJ repair of chromosome ends and fusions (Zhu et al., 2003). ERCC1/XPF
is involved in nucleotide excision repair (Sijbers et al., 1996). TRF2 and ERCC1/XPF
associate at telomeres and the endonuclease activity of ERCC1/XPF is involved in
processing the 3’ overhang (Zhu et al., 2003). In cells expressing a dominant negative
allele of TRF2 (TRF24BAM) ERCC1/XPF degrades the 3’ overhangs and cells develop
telomere fusions. This suggests that TRF2 protects telomeric overhangs from
ERCC1/XPF processing and NHEJ repair (Zhu et al., 2003). TRF2 is also a negative
regulator of telomere length, but unlike TRF1, this is in a telomerase-independent
manner. Telomere length decreases when TRF2 is overexpressed in either telomerase-

positive or telomerase-negative cells, and conversely, shRNA knockdown of TRF2 results
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in telomere elongation (Karlseder et al., 2002; Smogorzewska et al., 2000; Takai et al.,
2010). TRF2 methylation by the protein arginine methyltransferase PRMTL1 is also
important in regulating its function in telomere length maintenance and genomic stability
(Mitchell et al., 2009).

1.2.3 TRF1-Interacting Nuclear protein 2 (TIN2)

Located centrally in the shelterin complex, TINZ2 interacts with TRF1, the
TRF2/Rapl complex and TPP1, acting as a bridge to stabilize these components
(Houghtaling et al., 2004; Liu et al., 2004a; O’Connor et al., 2006; Ye & de Lange, 2004;
Ye etal.,, 2004a). TIN2 was identified through a yeast two-hybrid screen where the C-
terminus of TIN2 containing an FXLxP motif was found to interact with the TRFH
domain of TRF1 (Kim etal., 1999a). The N-terminus of TIN2 interacts with a hinge
domain region in TRF2 (Chen et al., 2008c; Kim et al., 2004). Expression of truncated
TIN2 proteins that cannot interact with either TRF1 or TRF2 results in telomere
deprotection, which is accompanied by elevated levels of yH2AX and 53BP1 foci at
telomeres, indicating a DNA damage response (Kim et al., 2004). In addition, cells
lacking functional TIN2 show reduced levels of TRF2, TRF1 and Rapl at telomeres,
indicating that TINZ2 is important for the localization and stability of other shelterin
components and also for telomere protection and length control (Kim et al., 2004; Ye et
al., 2004a). In telomerase-positive cells, TIN2 acts as a negative regulator of telomerase-
dependent telomere elongation by mediating the function of TRF1 (Kim et al., 1999a).
Expression of TIN2 truncation mutants that can still interact with TRF1 results in

telomere elongation (Kim et al., 1999a). Additionally, telomerase-positive cells depleted



M.Sc. Thesis — F. Wilson; McMaster University — Biology

for TIN2 via shRNA show telomere elongation, resembling the phenotype of TRF1
depletion (Ye & de Lange, 2004). TINZ2 influences the TRF1-tankyrase 1 interaction by
preventing tankyrase 1 from modifying TRF1, thus stabilizing TRF1 on telomeres (Ye &
de Lange, 2004). Since TINZ2 is a central scaffolding protein in the shelterin complex, its
stability can regulate other proteins in the complex. The E3 ligase Siah2 is responsible for
the ubiquitination of TIN2, targeting TINZ2 to the proteasome for degradation (Bhanot &
Smith, 2012).

1.2.4 Repressor/Activator Protein 1 (Rapl)

Identified in a yeast-two hybrid screen, human Rapl (hRapl) associates with the
shelterin complex through interaction with TRF2 since it is unable to bind DNA itself (Li
& Lange, 2003; Li et al., 2000). TRF2 and hRapl are found in a ratio of approximately
1:1 (Zhu etal.,, 2000). The TRF2/Rapl complex plays a role in the prevention of NHEJ at
telomeres (Bae & Baumann, 2007; Li & Lange, 2003; Sarthy et al., 2009; van Steensel et
al., 1998). Rap1l has also been identified as a repressor of homology directed repair
(HDR) at telomeres (Sfeir etal., 2010). Telomeres lacking Rapl undergo an elevated
level of HDR, but do not contain detectable TIFs, unlike when either TRF2 or POT1 are
removed and TIFs are formed (Sfeir etal., 2010).

1.2.5 Protection of Telomeres 1 (POT1)

Human POT1 was identified through sequence homology with the
Schizosaccharomyes pombe protein (Baumann & Cech, 2001). POT1 is connected to the
shelterin complex through its interaction with TPP1 (Liu et al., 2004b; Ye et al., 2004b).

The interaction between POT1 and TPP1 greatly enhances the ability of POT1 to localize
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to and protect telomeres from fusions and from the induction of DNA damage responses
and dysfunctional telomere-induced foci (Hockemeyer et al., 2007; Wang et al., 2007
Xin et al., 2007). The N-terminus of POT1 contains two OB-fold domains, allowing it to
bind to the single-stranded 3’ G-rich overhang at telomeres (Baumann & Cech, 2001;
Kelleher et al., 2005; Lei et al.,, 2004; Loayza & Lange, 2003). The interaction between
POT1 and ssDNA has been demonstrated both in vitro through gel shift assays (Baumann
& Cech, 2001; Kelleher etal., 2005) and in vivo through ChIP assays (Loayza & Lange,
2003). POT1 can also bind to the single-stranded DNA within the D-loop (Loayza &
Lange, 2003; Palm & de Lange, 2008).

It has been proposed that the TRF1 complex mediates POT1 binding to telomeres,
since longer telomeres are capable of binding more TRF1 and therefore capable of
binding more POT1 (Loayza & Lange, 2003). POT1 may act to relay information from
the TRF1 complex to the telomere terminus where telomerase activity is regulated
(Loayza & Lange, 2003). ChIP analysis showed that a reduction in TRF1 at telomeres due
to tankyrase 1 overexpression results in less POT1 bound to telomeres (Loayza & Lange,
2003). In addition, a mutant POT1 lacking the OB-fold is unable to bind to telomeres and
causes rapid telomere elongation, even though TRF1 levels are unaffected (Loayza &
Lange, 2003). These results demonstrate the intricate interactions between TRF1 and
POTL1 required for telomere length regulation.

POTL1 also plays an important role in repressing the ATR-mediated DNA damage
response pathway, partially through its exclusion of RPA from telomeres (Denchi & de

Lange, 2007; Gong & de Lange, 2010; Takai et al., 2011). The ATR pathway is activated
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in response to single stranded DNA, making POTL an ideal suppressor of this pathway at
telomeres (Denchi & de Lange, 2007). POT1 has been reported to interact with the RecQ
helicases WRN and BLM (Opresko et al., 2005) and to aid in the dissociation of
telomeric G-quadruplexes (Zaug et al., 2005), potentially facilitating recombination and
telomere replication.

1.2.6 TPP1 (TINT1/PTOP/PIP1)

TPP1 is known formerly as TINT1, PTOP and PIP1 since it was discovered by
three separate groups (Houghtaling et al., 2004; Liu et al., 2004b; Ye et al., 2004b). TPP1
has no DNA binding activity itself (Wang etal., 2007; Xin et al., 2007), but links POT1
to TIN2 (Abreu et al., 2010; Takai et al., 2010, 2011). The OB-fold domain at the N-
terminus of TPP1 is essential for the recruitment of telomerase to telomeres and thus for
telomere elongation in telomerase-positive cells (Xin et al., 2007; Zhong et al., 2012).
1.3 Telomeres and the DNA damage response

The structure of telomeres, including the shelterin complex, t-loop and accessory
factors, helps to prevent chromosome ends from being recognized as broken or damaged
DNA. DNA is constantly exposed to damaging agents, including reactive oxygen species,
ionizing radiation, ultraviolet radiation and chemicals. DNA double strand breaks (DSBs)
are a harmful consequence of this exposure and must be repaired efficiently and
accurately to maintain genome integrity. The two major pathways involved in the repair
of DSBs are non-homologous end joining (NHEJ) and homologous recombination (HR)
(Figure 1.2) (Liang et al., 1998; Rouet et al., 1994). The choice between NHEJ and HR is

controlled by two main tumour suppressor proteins, 53BP1 and BRCAL. These proteins
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have an antagonistic relationship, with 53BP1 promoting NHEJ and BRCA1 promoting
HR (Bouwman et al., 2010; Bunting et al., 2010; Cao et al., 2009; Dimitrova et al., 2008;
Escribano-Diaz etal., 2013; Moynahan et al.,, 1999; Nakamura et al., 2006; Schultz et al.,
2000; Scully et al., 1997; Xu et al., 2001). It has been suggested that deprotected
telomeres bound by 53BP1 have increased mobility, which increases the probability that
telomeres will become close enough to fuse through NHEJ (Dimitrova et al., 2008). The
antagonistic relationship between 53BP1 and BRCA1 was first discovered in mice.
Expression of a mutant BRCAL allele (a deletion of exon 11, Brcal®'"A'!) in mice
resulted in tumorigenesis, chromosomal abnormalities and embryonic lethality (Xu et al.,
2001). Deleting 53BP1 in addition to BRCAL was able to rescue many of these defects,
but an elevated level of genomic instability was still present (Cao etal., 2009). The
relationship between 53BP1 and BRCAL is specific, as depletion of 53BP1 is unable to
rescue cells lacking Xrcc2 or Brca2, which are two other important HR proteins
(Bouwman et al., 2010; Bunting et al., 2010).

The telomeric structure helps prevent DNA damage responses by repressing the
activation of the two main DNA damage response kinases, ATM and ATR (Griffith etal.,
1999; Guo et al., 2007; Takai et al., 2003). The presence of DSBs in a cell activates the
ATM Kkinase, while single stranded DNA activates ATR (Shiloh, 2003; Zhou & Elledge,
2000). Both kinases are also activated when telomeres reach a critically short length,
possibly due to an insufficient amount of shelterin at telomeres (Guo et al., 2007;
Karlseder, 1999; Takai et al., 2003; Vaziri etal., 1997). The phosphorylation and

activation of Chk1 and Chk2 via ATM and ATR can result in cell cycle arrest and p53
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activation, leading to inhibition of cell division (Bartek & Lukas, 2003; Palm & de Lange,
2008).

The accumulation of protein complexes at DNA sites can be visualized through
cytological techniques and are termed “foci”. When DNA damage and repair proteins
accumulate at dysfunctional telomeres, the resulting foci are known as telomere
dysfunction-induced foci or TIFs (Takai et al., 2003).

1.3.1 Homologous Recombination

Homologous recombination can occur in response to DNA lesions but is also used as
atelomere maintenance mechanism in ALT cells. HR is predominantly an error-free
pathway and involves the pairing and exchange of two homologous DNA molecules
(Chapman et al., 2012; Moynahan & Jasin, 2010; San Filippo etal., 2008). HR is limited
to S and G2 phases, since cells are enriched with sister chromatids at this time, providing
the template DNA necessary for this process (Liang et al., 1998). Using HR to repair
DNA when sister chromatids are available helps prevent unnecessary mutagenesis.
Defects in HR are associated with genome instability and a predisposition to cancer; for
example, humans expressing a defective or mutated version of the HR protein BRCA1
show elevated levels of breast and ovarian cancer (Easton etal., 1993; Szabo & King,
1995; Tirkkonen et al.,, 1997; Tomlinson et al., 1998).

An overview of the HR process is shown in Figure 1.2. An early step in HR involves
the binding of the Mrel1-Rad50-Nbsl (MRN) complex to DNA ends (Carson et al.,
2003; Nelms & Petrini, 1998; Petrini, 1999). Following this, the ATM phosphoinositide-

3-kinase is recruited and activated by MRN (Falck et al., 2005; Jazayeri et al., 2006; Lee
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& Paull, 2004; Uziel et al.,, 2003; You et al., 2005). ATM and MRN regulate each other’s
activity through a positive feedback loop (Jazayeri et al., 2006; Lee & Paull, 2005; Lim et
al., 2000; Wu et al., 2007). One of the initial responses of ATM is to phosphorylate
histone H2AX on S139, forming YH2AX, and leading to the recrutment of other repair
factors (Burma et al., 2001; Paull et al., 2000; Rogakou et al., 1998; Takai et al., 2003).
Next, the mediator and scaffold protem MDCI1 is recruited through binding to YH2AX,
which in turn promotes binding of the E3 ubiquitin ligase RNF8 (Chapman et al., 2012;
Huen et al., 2007; Lukas et al., 2004; Stucki et al., 2005). Then, the recruitment and
interaction of 53BP1 and BRCA1 promotes the appropriate repair pathway (Chapman et
al., 2012; Huen et al., 2007). The nuclease CTBP-interacting protein (CtIP) is
phosphorylated at S327 by cyclin-dependent kinases (CDKSs) in G2 phase (Yu & Chen,
2004). Once CtIP is phosphorylated it can interact with BRCAL, which has E3 ubiquitin
ligase activity. This allows BRCAL to ubiquitinate CtIP and enhance its DNA association
(Yu etal., 2006). CtIP phosphorylation also promotes its interaction with MRN, required
for end resection (Chen et al., 2008a; Paull, 2010; Sartori et al., 2007). The combined
action of the CtIP-MRN complex, in conjunction with BLM and EXO1 nucleases, helps
promote nucleolytic end-resection and the production of single stranded DNA (Chapman
et al,, 2012; Gravel et al.,, 2008; Nimonkar et al., 2011; Sartori et al., 2007). Replication
protein A (RPA) binds to the single stranded DNA produced by resection, stabilizes the
DNA and protects it from degradation (Alani et al., 1992; Coverley et al., 1992). Rad51
displaces RPA and forms a nucleoprotein filament wrapped around the single stranded

DNA (Liu et al., 2010; New et al., 1998). Rad51 recombinase is stimulated by a direct
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interaction with Rad52 (Milne & Weaver, 1993; Shen et al., 1996) and invades the
complementary strand of DNA, searching for a “donor” homologous sequence to use as a
template (Baumann & West, 1998). This process forms a displacement loop (D loop)
(Radding, 1978). Rad54 appears to stimulate topological changes in this invasion,
including the introduction of negative supercoils into DNA (Petukhova et al., 1999; Tan
et al., 1999) and disassembling Rad51 filaments from dsDNA (Solinger et al., 2002).
DNA synthesis occurs through the action of DNA polymerase & and the processivity
factor PCNA, extending the 3’ end of the invading strand using the donor strand as a
template (Li etal., 2009). Nucleotides that were lost through the initial resection are also
replaced at this point, followed by Holliday junction resolution and ligation of DNA ends
(Constantinou et al., 2001; Duckett et al., 1988; Heyer et al., 2010; Liu et al., 2004c).
Depending on how the intermediates of the HR process are resolved, either crossover or
non-crossover products can be formed (San Filippo et al., 2008). It is important that the
correct resolution is chosen, depending on the situation; crossing over is essential in
meiotic cells but it is avoided in mitotic cells, since this may increase mutations such as
translocations (Chapman etal., 2012).
1.3.2 Non-Homologous End Joining

The NHEJ repair pathway is much more error-prone than HR, since DNA ends are
directly ligated, which frequently results in deletions and insertions at the break site
(Chapman et al., 2012; Liang etal., 1998; Lieber, 2010; Rouet et al., 1994). NHEJ is the
main form of DNA repair in mammalian cells since it occurs more rapidly than HR and is

active throughout the cell cycle, favoured especially in G1 cells (Burma et al., 2006; Mao
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et al., 2008). As shown in Figure 1.2, this process begins similarly to HR. The activation
of ATM and MRN at a DNA break triggers the accumulation of yH2AX, which leads to
the recruitment of other repair factors and 53BP1 promotes the NHEJ pathway. The next
complex to bind the break site is DNA-dependent protein kinase (DNA-PK) holoenzyme,
composed of a Ku70/80 heterodimer and a catalytic subunit (Gottlieb & Jackson, 1993).
The Ku70/80 heterodimer component of this complex holds DNA ends together (Burma
et al., 2006; Falzon et al.,, 1993; Walker et al., 2001). The binding of Ku to dSDNA ends
recruits and activates the catalytic subunit of DNA-PK (DNA-PKcs) (Dynan & Yoo,
1998; Gottlieb & Jackson, 1993). The nuclease Artemis is also recruited, and its
phosphorylation by DNA-PKcs activates its 5’ to 3’ endonuclease activity, enabling
Artemis to process DNA ends if they are not compatible to be ligated directly (Maet al.,
2002; Moshous et al., 2001). If a gap is formed by resection of the break, DNA
polymerases fill the gap and DNA ligase 1V joins the DNA ends together, while XRCC4
helps stabilize and stimulate ligase 1V (Burma et al., 2006; Grawunder et al., 1997,
Modesti et al., 1999).
1.4 Altermative Lengthening of Telomeres

Besides serving as a DNA damage repair mechanism, HR can also occur at telomeres
and is used as a telomere lengthening mechanism in some cells. Most cancer cells express
telomerase through transcriptional up-regulation (Shay & Bacchetti, 1997), but a subset
of tumours are telomerase-negative and use DNA recombination to maintain their
telomere length (Dunham et al., 2000; Londofio-Vallejo et al., 2004; Lundblad &

Blackburn, 1993). This mechanism is known as alternative lengthening of telomeres

16



M.Sc. Thesis — F. Wilson; McMaster University — Biology

(ALT) (Bryan et al., 1995; Henson et al., 2002; Muntoni & Reddel, 2005). In ALT cells,
telomeres have been observed to undergo several types of HR, including homologous
recombination at the t-loop, telomere-sister chromatid exchange, recombination between
the telomere and interstitial DNA sites, and recombination with extrachromosomal
telomere repeats (Palm & de Lange, 2008). There are several main characteristics of ALT
cells that distinguish them from telomerase-positive cells; a heterogeneous telomere
length distribution, elevated telomere-sister chromatid exchange (T-SCE) events, the
presence of ALT-associated promyelocytic leukemia bodies (APBs) and
extrachromosomal telomere repeats (ECTRs). The majority of ALT cells display all of
these characteristics and thus operate in the canonical ALT pathway. Although very rare,
it is also possible for cells to exhibit ALT activity, but lack one or more of these
characteristics, referred to as the non-canonical ALT pathway (Chung etal., 2012). This
may suggest that multiple ALT mechanisms of telomere regulation exist (Muntoni &
Reddel, 2005).

ALT is activated in cancers of neuroepithelial origin, such as astrocytomas, and of
mesenchymal origin, including soft tissue sarcomas and osteosarcomas (Henson et al.,
2005). The prognostic outcome of ALT tumours appears to vary with cell type (Muntoni
& Reddel, 2005). The astrocytoma glioblastoma multiforme is the most common and
most malignant form of brain cancer in humans (Darefsky et al., 2012). Although
treatment options have improved greatly in the past two decades, patient prognosis is still
poor, with a mean survival time of several months to two years after diagnosis (Darefsky

et al., 2012; Hakin-Smith et al., 2003).
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Just as telomerase activity exists normally in germ cells and stem cells but is
upregulated in telomerase-positive tumours, it has been proposed that ALT is a normal
telomere maintenance mechanism, but that ALT regulation is lost in ALT-positive
tumours, leading to overly active and unscheduled HR (Muntoni & Reddel, 2005).
Similar to telomerase activation, ALT activation also requires the loss of normal p53
tumour suppressor function (Mekeel et al., 1997; Rogan et al., 1995; Stampfer et al.,
2003). It is also possible that reduced telomere protection caused by loss of the shelterin
complex may increase recombination at telomeres and promote ALT; for example, low
levels of TRF2 at telomeres have been found in some ALT cell lines (Cesare et al., 2009).
When ALT cells are fused with telomerase-positive cells or with normal fibroblasts, ALT
activity is repressed and telomerase is activated, suggesting that a loss of normal
suppressor function may trigger ALT activity (Cesare et al., 2009; Perrem et al., 1999).

Another interesting phenotype of ALT cells is the presence of spontaneous telomere
dysfunction in the absence of exposure to DNA damage. Metaphase chromosomes in
untreated ALT cells show YH2AX staining predominantly at telomeres, with a signal at
either one or both sister chromatid ends. This staining pattern is referred to as metaphase
TIFs or meta-TIFs (Cesare et al., 2009). Spontaneous meta-TIFs occur more frequently in
ALT cells, such as GM847, than in telomerase-positive cells and appear to be caused by
telomere dysfunction, since similar meta-TIFs can be produced in telomerase-positive
cells by overexpressing TRF24B*M or cells depleted of POT1 (Cesare et al., 2009). The
presence of many meta-TIFs in a cell line seems to be correlated with a loss of p53

function, and cell lines with limited or no telomerase activity have a higher abundance of
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meta-TIFs (Cesare et al., 2009). Notably, the human ALT osteosarcoma cell line U20S is
the only ALT cell line known to have functional wild-type p53, and U20S cells have a
similar low level of YH2AX meta-TIFs as telomerase-positive cells (Cesare et al., 2009).
Even though most ALT cells display a high number of meta-TIFs, there are very few
spontaneous end-to-end telomere fusions in these cells, suggesting that the telomere
dysfunction causing meta-TIFs is distinct from that causing fusions (Cesare et al., 2009).
The number of meta-TIFs in GM847 cells can be reduced by overexpressing TRF2
(Cesare et al., 2009). Since ALT cells have a low level of TRF2 protein compared to the
amount of telomeric DNA, this change may be due to rescuing the level of TRF2 relative
to telomeric DNA, rather than inhibiting the DNA damage response at telomeres (Cesare
et al,, 2009).
1.4.1 Extrachromosomal Telomere Repeats

The presence of nuclear extrachromosomal telomere repeats (ECTRS), often in the
form of circles, is used as a marker for ALT cells. The t-loop formation at telomeres has
been described as an intermediate structure in homologous recombination (Jiang et al.,
2007). When HR occurs at the t-loop and the Holliday junction (HJ) is resolved, an
excised telomeric circle or linear fragment and a truncated telomere are produced (Cesare
& Griffith, 2004; Lustig, 2003; Muntoni & Reddel, 2005; Wang et al., 2004). Telomeric
circles may occur as a by-product of normal mechanisms that trim long telomeres to
regulate telomere length (Pickett et al., 2009). T-loop resolution frequently results in
telomeric rapid deletion (TRD) events (Li & Lustig, 1996; Palm & de Lange, 2008; Wang

et al., 2004). These sudden lengthening and shortening events help explain why ALT cells
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show such heterogeneity in telomere length, with lengths ranging from <1 to >50kb
(Bryan et al., 1995; Rogan et al., 1995). Holliday junction resolution depends on the
resolvase activity of XRCC3, as well as on Nbsl (Liu et al., 2004c; Wang et al., 2004).
The helicase WRN has also been implicated in the branch migration step of t-loop HR (Li
et al., 2008). Perturbing the end-protection roles of TRF2 and POT1 can produce a
situation where ECTRs are formed and T-SCE events occur. In telomerase-positive cells,
overexpression of a TRF2 allele with a basic domain deletion (TRF2“P) can result in
circle formation through t-loop HR, indicative of the role of TRF2 in forming t-loops and
inhibiting Holliday junction resolution (Wang et al., 2004). Inhibition of POT1 function
in telomerase-positive cells can also induce t-loop resolution and T-SCE events (Opresko
et al., 2005; Wu et al., 2006). Although ALT cells show elevated levels of HR at
telomeres, there does not appear to be an increase in recombination throughout the
genome (Bechter etal., 2003, 2004; Cho et al., 2014).

ALT cells contain several forms of telomeric circles (Figure 1.3); t-circles are relaxed
double-stranded circles with nicks in both strands, whereas C-circles and G-circles are
both partially single-stranded, self-priming circles, containing either C-rich or G-rich
sSDNA (Cesare & Griffith, 2004; Henson et al., 2009). C-circles have been reported to be
the most reliable marker for ALT activity (Henson et al., 2009). C-circles are specific to
ALT cells, whereas t-circles can be induced in telomerase-positive cells (Cesare &
Griffith, 2004; Henson et al., 2009; Wang et al., 2004; Wu et al., 2006). The appearance
of C-circles is associated with ALT activation and the level of C-circles tends to correlate

with the level of ALT activity (Henson etal., 2009). The ALT-positive subclonal cell line
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C3-c16 (created from WI38-VAL3/2RA cells expressing functional hTR but catalytically
inactive hTERT) is a telomerase-negative cell line that is devoid of APBs, t-circles and
length heterogeneity, yet telomere length is still maintained (Cerone et al., 2005). C-
circles are present in this cell line, suggesting that C-circles could be a reliable indicator
of ALT activity, regardless of other ALT characteristics (Henson et al., 2009).

It is thought that telomeric circles are used as a template for telomere elongation
through rolling-circle amplification. The 3’ G-rich single-stranded telomeric overhang
pairs with complementary bases in C-circles and G-circles and uses the overhang as a
primer and the circle as atemplate sequence (Henson et al., 2002; Nabetani & Ishikawa,
2011; Natarajan & McEachern, 2002). Since t-circles have nicks in both DNA strands,
they are only able to undergo one round of rolling-circle amplification, unless these nicks
are ligated (Henson et al., 2009; Wang et al., 2004). The process of rolling-circle
amplification has been used in vitro to amplify telomeric DNA (Henson et al., 2009),
supporting the role of ECTRs in telomere regulation.

1.4.2 Telomere-Sister Chromatid Exchanges

Recombination at telomeres can also result in telomere-sister chromatid exchange (T-
SCE) where leading and lagging strand sequences are exchanged (Londofio-Vallejo etal.,
2004). It has been suggested that these events are specific to ALT cells (Londofio-Vallejo
et al., 2004), but some telomerase-positive cells and cells with short or damaged
telomeres may also show elevated T-SCE (Jin & Ikushima, 2004; Wang et al., 2005).
Therefore T-SCE may not always be a reliable indicator of ALT activity (Henson &

Reddel, 2010).
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In contrast to telomeric circle formation, overexpression of the TRF2® allele in
telomerase-positive cells does not result in elevated T-SCE events, indicating that the
basic domain of TRF2 is not required for TRF2 to repress this process (Celli et al., 2006).
Since telomeres contain repetitive DNA sequences, it is possible for sister telomeres to
find homologous sites at various locations along the telomere, possibly resulting in
unequal exchange. Unequal T-SCEs can be detrimental to genomic integrity, as one sister
telomere could lose DNA to the other, resulting in daughter cells with either elongated or
shortened telomeres (Celli etal., 2006; Palm & de Lange, 2008). Cell cycle arrest is
possible in a cell with one short telomere, so the daughter cell that receives the shorter
telomere would soon senesce or die (Hemann et al., 2001). Although this seems
detrimental to the cell population, the cell with the longer telomere now has increased
proliferative potential, ultimately immortalizing these cells (Muntoni & Reddel, 2005).

Recombination can also occur between a telomere and an internal TTAGGG-like
sequence within the chromosome, which may be how telomeric-DNA containing double
minute chromosomes (TDMs) form (Zhu et al.,, 2003). The endonuclease complex
ERCC1/XPF, likely recruited to telomeres through an interaction with TRF2, may help
prevent this aberrant event from occurring by cleaving an intermediate HR structure (Zhu
et al., 2003). WRN helicase has also been proposed to reduce T-SCE and prevent TDMs
from forming by repressing the formation of recombination intermediates (Laud et al.,

2005).
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1.43 ALT-Associated PML Bodies

Homologous recombination occurs in late Sand G2 phase and this is correlated with
the presence of ALT-associated PML bodies (APBs) (Wu et al., 2000a). APBs are
defined as the co-localization of telomeric DNA, telomere-binding proteins and other
proteins involved in recombination within promyelocytic leukemia (PML) nuclear bodies
(Grobelny et al., 2000; Pickett et al., 2009; Yeager et al., 1999). Despite this true
definition, cytological experiments most often use the localization of a single telomere-
binding protein or recombination factor within the PML body as an indicator of APBs.
PML bodies are present in both telomerase-positive and ALT cells, but the clusters of
chromosome ends in these bodies is only associated with ALT activity and only occurs in
a subset of PML bodies (Henson et al., 2005; Yeager et al., 1999). Telomeric clusters at
APBs tend to have a greater signal intensity than telomeres not at APBs (Henson &
Reddel, 2010; Yeager et al., 1999). Bringing telomeres in close proximity within PML
bodies is thought to facilitate recombination between homologous sequences, but the
details of this process are still unknown (Draskovic et al., 2009). There is a strong
correlation between APBs and ECTRs in ALT cells, regardless of whether these
characteristics are elevated or reduced. For example, cells depleted for the histone
chaperone anti-silencing factor 1 (ASF1) show elevated levels of APBs and ECTRS
(O’Sullivan et al., 2014), whereas cells depleted for the telomere-associated homeobox-
containing protein 1 (TAH1) show reduced levels of APBs and ECTRs (Feng et al.,

2013). This further suggests that telomeric recombination occur at APBs.

23



M.Sc. Thesis — F. Wilson; McMaster University — Biology

There are various techniques for scoring APBs, including counting the number of
cells with at least one APB showing clustered proteins or telomeric DNA of increased
signal intensity localized completely within the PML body (Henson et al., 2005; Jiang et
al., 2005; Laud et al., 2005; Wang et al., 2013; Zhong et al., 2007), the number of cells
with APBs of small or large size (Fasching et al., 2007), the number of APBs per cell
(Cho et al., 2014; Conomos et al., 2012; Feng et al., 2013), or using 3D computer
scanning technology to record APB co-localizations (Osterwald et al., 2012; Pickett et al.,
2009; Potts & Yu, 2007). The APB scoring technique that is used could potentially
influence the experimental outcome, so it is crucial that an appropriate technique is
chosen, that the results it produces are reproducible, and that the technique is documented
accurately so that data can be interpreted accordingly.

PML bodies are mobile nuclear organelles found in various cell types. These hollow
shell structures range in size from 0.25 to Ium in diameter (Lang etal., 2010). The shell
thickness of PML bodies varies between 50 to 100nm and is independent of APB size
(Lang et al., 2010). Between 5 to 30 PML bodies can be found within a cell nucleus ata
given time, depending on the cell type, phase of the cell cycle and stimuli that are present
(Chung et al., 2012). The proteins PML and Sp100 are the main structural components of
PML bodies. Both of these proteins contain SUMO interacting motifs and are post-
translationally sumoylated (Chung et al., 2012; Hecker et al., 2006). PML bodies have a
variety of functions, including transcription regulation (Vallian et al., 1997; Xie et al.,
1993), an apoptotic role (Wang et al., 1998), viral genome replication (Maul et al., 1993)

and they are potential sites of RNA accumulation and transcription factor storage (Doucas
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et al,, 1999; LaMorte etal.,, 1998). In ALT cells, PML bodies are involved in DNA repair
and transiently associate with many cellular factors, providing a nuclear sub-compartment
with ideal catalytic conditions for reactions to take place (Chung etal., 2012; Draskovic
et al., 2009; Lallemand-Breitenbach & de Thé, 2010). During mitosis, the PML protein
scaffold becomes highly dynamic and de-sumoylated, leading to breakdown of the
structure (Everett etal.,, 1999; Lang et al., 2010). Thus, APBs are not present in mitotic
cells and the co-localization of telomeric DNA with PML is only visible from early G1 to
late G2 phase (Draskovic et al., 2009). Under normal circumstances, APBs are enriched
in late Sand G2 phase when DNA recombination is most active (Grobelny et al., 2000;
Perrem et al., 2001). A proposed model for APB formation is through a sequential
assembly mechanism. An initial sumoylation of telomere proteins by MMS21 may
promote the recruitment of a PML and Sp100 structural scaffold, which is required for the
subsequent recruitment of DNA repair and HR proteins, such as Nbsl and Rad51 (Chen
et al., 2008b; Chung et al., 2011; Jiang etal., 2007). The PML scaffold also appears to
promote telomere clustering and recombination within the APB (Cho et al., 2014; Chung
et al., 2011; Draskovic et al., 2009).

DNA synthesis occurs at APBs, shown by the incorporation of the thymidine
analogue bromodeoxyuridine (BrdU) in late S and G2 phase cells (Grobelny et al., 2000;
Wu et al., 2000a). DNA synthesis at APBs depends on ATM and ATR activity (Nabetani
et al., 2004) and on the localization of the entire MRN complex and BRCAL at APBs
(Wu et al., 2003), suggesting that DNA damage signaling is coupled to the ALT pathway.

When APB formation is inhibited, the telomeres in ALT cells progressively shorten,
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further suggesting that DNA synthesis occurs at these sub-nuclear structures (Jiang et al.,
2005). Once telomere elongation at APBs is complete, it is thought that the PML body
and telomeres dissociate, or de-sumoylation of the APB structure results in disassembly
of the complex (Brouwer et al., 2009).

A variety of proteins involved in the DNA damage response and HR repair of DSBs
in telomerase-positive cells are also found at APBs in ALT cells. The HR proteins Rad51,
Rad52, RPA (Yeager et al., 1999), Nbsl, Mrell, Rad50, BRCA1 (Wu et al., 2003) and
the RecQ helicases WRN and BLM (Cesare & Reddel, 2010; Henson et al., 2002)
localize to APBs, as well as the entire shelterin complex (Wu et al., 2000a, 2003; Yeager
et al., 1999) and the phosphorylated histone variant YH2AX (Cesare et al., 2009; Nabetani
et al., 2004). Although these factors are found at both DNA damage foci and APBs, it is
important to note that these complexes form independently and are structurally distinct
(Wu et al., 2003). For example, phosphorylation of Nbsl at S343 by ATM s critical for
its role in the DNA damage response (Lim etal., 2000; Wu et al., 2000b), but this site
does not appear important for the localization of Nbsl to APBs (Wu et al., 2003).
Furthermore, Rad51 is essential for the HR repair of DSBs, but there is no effect on APB
formation when ALT cells are depleted of Rad51 (Potts & Yu, 2007; Tarsounas et al.,
2004).

Each component of the MRN complex is important for APB formation and ALT
activity (Jiang et al., 2007; Zhong et al., 2007). A functional Nbsl protein is required for
APB formation and a direct interaction between Nbsl and the PML body component

Sp100 may promote its early localization to APBs (Naka et al., 2002; Wu et al., 2000a;
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Zhong et al., 2007). Overexpressing Sp100 sequesters the MRN complex away from
APBs and inhibits telomeric DNA and telomere-binding proteins from localizing to PML
bodies, which prevents APB formation (Jiang etal., 2005). Deleting the N-terminal
BRCT domain of Nbs1, but not the CR2 Mrell interaction domain, abrogates the ability
of Nbs1 to localize to APBs (Wu etal., 2003). This suggests that Nbs1 localizes to APBs
independently of Mrell (Wu et al., 2003). However, Nbs1 is required for the subsequent
recruitment of Mrell, Rad50 and BRCA1 to APBs, but it is not required for the
localization of TRF1 or Rad51 (Wu et al., 2003), despite the ability of Nbsl to bind
directly to TRF1 (Wu et al., 2000a). In addition, shRNA-mediated knockdown of MRN
proteins results in less APB formation as well as decreased telomere length (Zhong etal.,
2007). These data suggest that Nbsl and the MRN complex have a role in telomere
maintenance in ALT cells.

PML and the shelterin proteins TRF1, TRF2, TIN2 and Rapl are also required for
APB formation, but Sp100 is dispensable (Jiang et al., 2007). Through tethering
experiments, researchers have been able to form APBs de novo. Tethering GFP-tagged
PML to lacO-labeled telomeres resulted in the recruitment of Sp100 to these sites and the
formation of APB-like structures (Chung et al., 2011). In addition, tethering GFP-tagged
TRF1, TRF2, Nbsl, Rad51 and the SUMO E3 ligase MMS21 to lacO-labeled telomeres
resulted in the recruitment of endogenous PML protein to these sites forming bona fide
APBs (Chung et al., 2011).

It has been suggested that ALT telomere clustering can occur independently of

BRCAL (Cho et al., 2014), but whether RPA has a role in APB formation has yet to be
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determined. Although there are no reports on a requirement for ATM in APB formation,
it appears that ATM is required for DNA synthesis at APBs (Nabetani et al., 2004). The
NHEJ factor 53BP1 shows partial co-localization with APBs, but it is not required for
telomere clustering or for APB formation (Cho et al., 2014; Jiang et al., 2007; Osterwald
et al,, 2012).
1.4.4 Chromatin Remodeling in ALT

Several studies have identified an important role of chromatin remodeling in ALT
activity. It has been proposed that altering the heterochromatic state of telomeres by
creating an “open” configuration may allow HR between telomeres to occur more easily,
thus regulating telomere length and APB formation in ALT cells (Conomos et al., 2013).
Similarly, it is possible that a “closed” chromatin configuration is involved in repressing
ALT activity (Benetti etal., 2007a, 2007b; Gonzalo et al., 2006). Correlations have been
found between ALT activity and mutations in the SWI/SNF-family ATP-dependent
helicase ATRX and the death domain-associated protein DAXX (Schwartzentruber et al.,
2012). It is possible that disruption of ATRX-DAXX function interferes with the
incorporation of the histone H3 variant H3.3 at telomeres, disrupting the heterochromatic
state of telomeres, which results in increased HR (Chung et al., 2012; Heaphy et al., 2011,
Schwartzentruber et al., 2012). The histone chaperone anti-silencing factor 1 (ASF1) has
also been implicated in ALT activity, as depletion of both ASF1 paralogs resulted in an
upregulation of ALT characteristics, including APBs, ECTRs and T-SCE events
(O’Sullivan etal., 2014). In addition, interaction of the nucleosome remodeling and

histone deacetylation (NuRD) complex with the zinc-finger protein ZNF827 at telomeres
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has been shown to promote chromatin remodeling and recombination of telomeric DNA
in ALT cells (Conomos et al.,, 2014). Telomeric histone deacetylation by the NuRD-
ZNF827 complex results in chromatin compaction and is associated with increased ALT
activity, as evident by increased levels of APBs, C-circles and T-SCE events (Conomos et
al., 2014). Therefore, although the regulation of telomeric chromatin state is not well
understood, it appears that ALT activity is highly dependent on this intricate process, and
it is possible that ALT activity may be partially a result of deregulated chromatin
organization.
1.5 TRF1 Function and Post-Translational Modifications
1.5.1 TRF1 and Telomere Maintenance

The shelterin protein TRF1 has a wide variety of roles in the cell, including telomere
protection, telomere length regulation, telomere resolution during mitosis and signalling
in the DNA damage response. TRF1 is important for telomere protection, evident in cells
lacking TRF1 that show elevated levels of telomere fusions (Iwano et al., 2004; Martinez
et al,, 2009; McKerlie & Zhu, 2011; Sfeir etal., 2009). TRF1 is also required for the
replication of telomeric DNA, perhaps by recruiting BLM and RTELL1 helicases to
replication forks (Sfeir et al., 2009), as well as in mitosis, where TRF1 regulates sister
telomere resolution (Dynek & Smith, 2004; McKerlie & Zhu, 2011) and mitotic spindles
(Nakamura et al., 2002; Shen et al., 1997). Although the role of TRF1 in telomerase-
positive cells has been investigated extensively, little work has been done regarding its

role in telomerase-negative or ALT cells.

29



M.Sc. Thesis — F. Wilson; McMaster University — Biology

TRF1 is well known for its role as a negative regulator of telomerase-dependent
telomere elongation. TRF1 limits the accessibility of telomerase to telomeres, thus
regulating telomere length (Ancelin etal., 2002; Smogorzewska & de Lange, 2004;
Smogorzewska et al., 2000; van Steensel & de Lange, 1997). When the poly(ADP-ribose)
polymerase tankyrase 1 binds to TRF1, TRF1 dissociates from telomeres, is ubiquitinated
and degraded by the proteasome, resulting in telomere elongation (Chang et al., 2003;
Cook etal., 2002; Her & Chung, 2009; Smith & de Lange, 2000; Smith, 1998). The
overexpression of TRF1 in telomerase-positive cells results in a gradual loss of telomere
length, whereas the same cells expressing a dominant-negative form of TRF1 that lacks
DNA-binding activity leads to a progressive increase in telomere length (Smogorzewska
et al., 2000; van Steensel & de Lange, 1997). Telomere repeat amplification protocol
(TRAP) assays have shown that TRF1 does not affect telomerase expression, which
illustrates that TRF1 works through a cis-acting regulatory pathway (Ancelin etal., 2002;
Smogorzewska et al., 2000; van Steensel & de Lange, 1997). Similar mechanisms of
telomerase-mediated control of telomere length also exist in yeast. Rapl in S. cerevisiae
and Tazl in S. pombe also act as negative regulators of telomerase-dependent telomere
elongation in cis (Cooper et al., 1997; Marcand, 1997).

1.5.2 Post-translational modifications of TRF1

The stability, localization and DNA binding affinity of TRF1 is regulated by various
post-translational modifications, including phosphorylation, ubiquitination, sumoylation
and PARsylation (Walker & Zhu, 2012). TRF1 contains many serine and threonine

residues, allowing it to be targeted by various kinases. Ten phosphorylation sites have
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been studied quite extensively (Figure 1.4). Cyclin B-dependent kinase 1 (Cdk1l)
phosphorylates serine/threonine sites with a Ser/Thr-Pro (S/TP) consensus sequence
(Kennelly & Krebs, 1991). Cdk1 phosphorylates several sites on TRF1, including T149,
T344 and T371. Phosphorylation of TRF1 at T149 occurs in mitosis and allows TRF1 to
interact with the prolyl isomerase PIN1 through its TRFH domain (Lee et al., 2009). PIN1
binds and isomerizes S/TP motifs (Shen et al., 1998). The interaction of PIN1with TRF1
impairs the ability of TRF1 to bind telomeres, leading to TRF1 degradation (Lee et al.,
2009). CdK1 has also been shown to phosphorylate T344 in vitro (Wu et al., 2008) and
T371 both in vitro and in vivo (McKerlie & Zhu, 2011; Wu et al., 2008).

Previous studies that have investigated the TRF1 phosphorylation site T371 have been
exclusively in telomerase-positive cells. About 5% of endogenous TRF1 is
phosphorylated at T371 by Cdk1, referred to as (pT371)TRF1 (McKerlie & Zhu, 2011).
This phosphorylation is upregulated upon mitotic entry, but is also present at a low level
in interphase cells (McKerlie & Zhu, 2011). The chromatin binding ability of TRF1 has a
significant impact on its function at telomeres. T371 phosphorylation negatively regulates
the ability of TRF1 to bind DNA. This is shown by differential salt extraction
experiments where wild type TRF1 is predominantly chromatin-bound (420mM KCI
fraction) whereas phosphorylated (pT371)TRF1 is predominantly chromatin-free
(150mM KCl fraction) (McKerlie & Zhu, 2011). Phosphorylation at this site only occurs
on TRF1 that is unbound from DNA, which stabilizes TRF1 and prevents its degradation
(McKerlie & Zhu, 2011). T371 phosphorylation upon mitotic entry is associated with

telomere de-protection and the accumulation of YH2AX at telomeres, labeling these sites
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as damaged (McKerlie & Zhu, 2011). When Cdk1 activity decreases in telophase, TRF1
is dephosphorylated at T371, allowing TRF1 to re-bind telomeres in late mitosis
(McKerlie & Zhu, 2011). Creating a phosphomimic point mutation at T371 by replacing
threonine with aspartic acid (T371D) acts as a permanent phosphorylation and thus
cannot be dephosphorylated upon mitotic exit. This mutation impairs the ability of TRF1
to bind DNA which results in sister telomere fusions, anaphase bridges and lagging
chromosomes (McKerlie & Zhu, 2011). Conversely, a non-phosphorylatable alanine point
mutation at T371 (T371A) prevents the release of TRF1 from DNA in early mitosis and
blocks sister telomere resolution (McKerlie & Zhu, 2011). Together, these results suggest
that T371 phosphorylation is important for the resolution of sister chromatids in mitosis.
Cells depleted for TRF1 show an increased level of telomere loss and the expression of
either T371A or T371D in TRF1-depleted cells further promoted this loss (McKerlie &
Zhu, 2011). Expression of T371D also produced defects in cell proliferation, suggesting
that telomere uncapping and fusions promoted apoptosis (McKerlie & Zhu, 2011).
Defects in telomere replication can produce telomere doublets, where two telomeric DNA
signals are present at a single metaphase chromatid end (Martinez et al., 2009; Sfeir et al.,
2009). Cells depleted for TRF1 show increased telomere doublets, but the introduction of
T371A or T371D mutants into these cells was able to suppress this phenotype to a level
comparable to wild type TRF1 (McKerlie & Zhu, 2011). These findings suggest that
phosphorylation at T371 is not involved in telomere replication.

Phosphorylated (pT371)TRF1 is also involved in the DNA damage response

(McKerlie etal., 2013). Although phosphorylation at T371 has been shown to promote
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TRF1 dissociation from telomeres (McKerlie & Zhu, 2011), phosphorylated
(pT371)TRF1 is predominantly chromatin-bound after exposure to ionizing radiation
(McKerlie et al., 2013). Immunofluorescence using a phospho-specific anti-pT371
antibody shows that this form of TRF1 localizes to IR-induced DNA damage foci and co-
localizes with the DSB damage markers 53BP1 and yYH2AX (McKerlie etal., 2013).
These damage foci occur independently of telomeric DNA, implicating TRF1 in a non-
telomeric role (McKerlie et al., 2013). The point mutation R425V in the Myb-like DNA
binding domain of TRF1 prevents TRF1 from binding to telomeric DNA (Fairall et al.,
2001; McKerlie & Zhu, 2011; McKerlie et al., 2013). Although TRF1-R425V cannot
localize to telomeres, this mutant forms IR-induced DNA damage foci, suggesting that
unbound TRF1 is recruited to sites of DNA damage (McKerlie et al., 2013). The use of I-
Scel reporter constructs specific to NHEJ and HR in cells expressing T371 mutants
showed that phosphorylation at T371 was important for HR-mediated repair of DNA
(McKerlie etal., 2013). The formation of (pT371)TRF1 IR-induced foci at DSBs was
reduced in cells lacking functional ATM, MRN or BRCA1, but foci formation was
upregulated in cells lacking 53BP1 or the 53BP1 effector Rifl, further suggesting that
(pT371)TRF1 is important for the HR repair of DSBs (McKerlie et al., 2013). Since ALT
cells are known to employ an HR mechanism of telomere length maintenance,
(pT371)TRF1 may be involved in this process.

TRF1 is also targeted by the ATM kinase which phosphorylates Ser-GIn (SQ) sites
(Kim etal., 1999b). ATM interacts with and phosphorylates TRF1 at S219 following

exposure to ionizing radiation (Kishi etal., 2001). However, mutating S219 does not
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affect TRF1-DNA interactions (Wu et al.,, 2007) and thus does not affect telomere length
(Kishi et al., 2001). ATM also phosphorylates TRF1 at S274 and S367 independent of
DNA damage, which may negatively regulate the ability of TRF1 to bind to telomeres
(McKerlie etal., 2012; Wu et al., 2007). TRF1 phosphorylated at S367 targets it to
subnuclear proteasome centres for degradation (McKerlie et al., 2012). Expression of a
phosphomimic mutation at this site (S367D) abrogates TRF1 binding to telomeres,
promotes TRF1 degradation, telomerase-dependent telomere elongation and the
formation of telomere doublets, suggesting that S367 phosphorylation is important for
regulating telomere length, replication and stability (McKerlie et al., 2012).

The serine-threonine kinases AKT, Aurora A, CK2 and PIk1 also phosphorylate
TRF1. AKT phosphorylates T273 of TRF1 in vitro (Chen et al., 2009). Overexpressing
AKT upregulates the level of TRF1 and causes telomere shortening (Chen et al., 2009).
Aurora A phosphorylates TRF1 at S296 in vitro and is involved in regulating mitosis and
chromosomal stability (Ohishi etal., 2010). Casein kinase 2 (CK2) phosphoylates T122
of TRF1 in vitro (Kim et al., 2008). CK2 phosphorylation is required for TRF1 to
dimerize and bind DNA and therefore regulates TRF1 stability (Kim et al., 2008). Polo-
like kinase 1 (Plk1) also phosphorylates TRF1 at S435 in vitro, which enhances TRF1
binding to telomeres (Wu et al., 2008).

Post-translational modifications are important for controlling cellular processes and
this is no exception in ALT cells. Sumoylation, the covalent attachment of small
ubiquitin-related modifier (SUMO) proteins, is a highly dynamic and reversible process

that is vital for genome integrity. Sumoylation occurs through a similar enzymatic
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cascade to ubiquitination, but it does not usually trigger protein degradation (Chung et al.,
2012). Sumoylation can influence protein localization, such as nuclear transport, protein-
protein interactions, the stabilization of protein complexes and transcriptional repression
(Mller etal., 2001). PML bodies are nuclear hotspots for sumoylated protein complexes
(Mdiller et al., 2001). Modification of PML and Sp100 proteins by SUMO is required for
APB formation (Potts & Yu, 2007; Sternsdorf et al.,, 1997). The SUMO E3 ligase
MMS21 is part of the SMC5/6 complex and localizes to APBs in late S and G2 phase
(Andrews et al., 2005; Potts & Yu, 2005, 2007; Zhao & Blobel, 2005). MMS21 induces
the sumoylation of the shelterin proteins TRF1, TRF2, TIN2 and Rapl, which is required
for APB formation (Chung et al., 2011; Potts & Yu, 2007). The sumoylation of these four
shelterin proteins does not seem to be regulated by a DNA damage response, as their level
of sumoylation is unaffected by exposure to ionizing radiation (Potts & Yu, 2007). The
requirement of TRF1 and TRF2 sumoylation for APB formation may suggest that
shelterin sumoylation is required for interaction with the SUMO binding domain of PML
(Draskovic et al., 2009; Potts & Yu, 2007). In fact, TRF1 and the PML isoform PML3 are
known to directly interact (Yu etal., 2010). It has also been proposed that sumoylation is
required for APBs to persist in the cell, rather than for their initial formation, since
telomere clustering has also been observed in G1 phase (Draskovic etal., 2009). MMS21
is also required for HR, as mouse and human ALT cells depleted of MMS21 by siRNA

show reduced T-SCE events (Potts & Yu, 2007).
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153 The Role of TRF1 in ALT

There are various connections between TRF1 and the ALT pathway. Although the
sumoylation of TRF1 is required for APB formation, the involvement of other post-
translational modifications of TRF1 in ALT activity has yet to be investigated. TRF1 is
able to initiate de novo APB formation (Chung et al., 2011) and an interaction between
TRF1 and Nbsl was discovered through yeast two-hybrid assays (Wu et al., 2000a). The
C-terminus of Nbsl interacts directly with full length TRF1 and this complex localizes to
PML bodies in S and G2 phase where it appears to bind telomeric DNA (Wu etal.,
2000a). Despite the ability of TRF1 to interact with Nbs1, this interaction is not required
for Nbs1 to localize to APBs (Wu et al., 2003) and TRF1 shows no binding affinity for
the other components of the MRN complex, Mrell and Rad50 (Wu et al., 2000a). In
addition, it has been reported that the overexpression of a TRF1 allele that is unable to
bind DNA (TRF1AMyb) does not significantly affect the localization of Nbslto APBs.

It is clear that post-translational modifications of proteins are important for ALT
activity, and also that phosphorylation is important for regulating the functions of TRF1
in telomere maintenance. Previous work on the T371 phosphorylation site identified a
role for TRF1 at DNA damage sites away from telomeres, as well as in sister chromatid
resolution in mitosis, suggesting that one phosphorylation site can have various diverse
functions (McKerlie et al., 2013). As mentioned, phosphorylated (pT371)TRF1 requires
several components of the HR pathway to facilitate the repair of DSBs. The HR pathway

is also used in cancer cells that rely on the alternative lengthening of telomeres
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mechanism for telomere length control. This relationship is interesting and may suggest
that phosphorylated (pT371)TRF1 is also involved in some aspects of ALT activity.
1.6 Objectives and Significance

TRF1 has been investigated quite extensively in telomerase positive cells, and
although there are connections between TRF1 and the ALT pathway, the functional
significance of TRF1 in ALT cells is not well understood. It is clear that the
phosphorylation of TRF1 at T371 is important for the HR-mediated repair of DSBs
induced by DNA damaging agents (McKerlie et al., 2013) and that ALT cells rely on HR
mechanisms for telomere regulation. Based on this, it was proposed that phosphorylated
(pT371)TRF1 also plays a role in ALT activity.

There are two main aims of this thesis: 1) an analysis of the role of TRF1
phosphorylation at T371 in ALT activity; and 2) investigating the TRF1 domain structure
in ALT activity. Multiple approaches were used to address these aims, including the use
of a phospho-specific antibody against (pT371)TRF1, cell lines expressing phosphomimic
or non-phosphorylatable T371 mutants within either full length TRF1 or truncated forms
of TRF1, and the disruption of various DNA damage response components known to be
involved in ALT pathways. The major findings presented in this thesis include
characterizing the activity of phosphorylated (pT371)TRF1 in ALT cells, along with the
involvement of several DNA damage factors in this process. In addition, mutational
analysis of the TRF1 domain structure uncovered separate functions for the Myb and
dimerization domains of TRF1 in APB assembly, providing more mechanistic insight into

how APB formation occurs.
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The distinct characteristics of ALT cells compared to telomerase-positive cells
provides several targets that may be exploited for cancer therapeutics, since repressing the
ALT mechanism results in senescence and apoptosis of ALT cells (Perrem et al., 1999).
Telomerase-inhibitor treatments are commonly used to target telomerase-positive
tumours, but a possible implication of this could be ALT activation and the development
of ALT tumours (Muntoni & Reddel, 2005). Understanding the ALT pathway and the
requirements of ALT cells is therefore important to provide cancer therapy options and
improve patient survival. The work presented in this thesis has identified several factors
that are important for ALT activity, which could be potential targets for cancer

therapeutics.
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Figure 1.1. The Shelterin Complex. A schematic diagram of the interactions between
the six protein subunits in the human shelterin complex and their association with

telomeric DNA (Modified from Palm & de Lange, 2008).
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Figure 1.2. The DNA Damage Response. A schematic diagram of the DNA damage
response that occurs when a double strand break is generated. The Homologous
Recombination and Non-Homologous End Joining pathways are depicted. A description
of proteins and every step of the pathways are described in the text. Proteins are not
drawn to scale and interactions are representations only. Damaged DNA is shown in

black and homologous DNA is shown in red.
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Figure 1.3. Telomeric Circles. A schematic diagram of forms of telomeric circles,
including t-circles, C-circles and G-circles. The G-strand is shown in grey and the C-

strand is shown in black (Henson & Reddel, 2010).
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Figure 1.4. TRF1 Structure and Phosphorylation Sites. A schematic diagram of the
major domains of TRF1 and the locations of phosphorylation sites. The first and last

amino acids of TRF1 are indicated. Diagram is not drawn to scale.
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CHAPTER 2 MATERIALS AND METHODS

2.1 Plasmids and Antibodies

Expression constructs for shTRF1 and the TRF1 mutant alleles T371A, T371D,
R425V, R425V-T371A and R425V-T371D have been previously described (McKerlie &
Zhu, 2011; McKerlie etal., 2013). The shRNA constructs used for shATM, shBRCA1
and sh53BP1 have also been previously described (McKerlie etal., 2013). John Walker
generated all TRF1 truncation mutant constructs through PCR using wild type TRF1 asa
template. Primer sequences for all alleles will be made available upon request by
contacting Xu-Dong Zhu.

The phospho-specific anti-pT371 antibody has been previously described
(McKerlie & Zhu, 2011; McKerlie etal., 2013). Antibodies against TRF1, TRF2, TIN2
and Rapl were gifts from Titia de Lange, Rockefeller University. Anti-Nbsl antibody
was provided by John Petrini, Memorial Sloan-Kettering Cancer Center. Antibodies
obtained commercially were c-Myc (9E10, Calbiochem), Cyclin A (Abcam), rabbit anti-
PML (Abcam), mouse anti-PML (Santa Cruz), yYH2AX (Upstate), histone H2AX
(Upstate), BRCA1 (MS110, Abcam), RPA32 (9H8, Abcam), 53BP1 (BD Biosciences),
ATM (Novus) and y-tubulin (GTUS88, Sigma).

2.2 Cell Culture and Drug Treatments

All parental cell lines, including Phoenix A, GM847 and U20S, were grown in

DMEM media containing 5% FBS, 20mM L-glutamine, 100U/ml penicillin, 0.1mg/ml

streptomycin, and 1% non-essential amino acids. Cells stably expressing pRS constructs
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were grown in the presence of 2pg/ml puromycin and cells stably expressing pWZL
constructs were grown in 90pg/ml hygromycin. Cells expressing both pRS and pWZL
constructs were grown in media containing either puromycin or hygromycin, alternating
every two weeks. All cells were grown in incubators at 37°C with 5% CO» and 100%
humid ity.

The Invitrogen Lipofectamine 2000 protocol was used for plasmid DNA
transfection into Phoenix amphotropic retroviral packaging cells. Phoenix cells were
seeded 24h prior to transfection on 6cm plates at 2x10° cells per plate. GM847 and U20S
target cells were seeded onto 10cm plates at the time of transfection at 7x10° cells per
plate. Retroviral infections were carried out as previously described to generate stable cell
lines (Karlseder etal., 2002; Zhu et al., 2003). GM847 pRS and pRS-shTRF1 cell lines
were made by Michael Gurecki.

For GM847 long term growth curves, cells were counted using a Beckman Z1
Coulter® Particle Counter and 5x10° cells were seeded on 10cm plates every 4 days. The
total number of population doublings (PDs) was calculated from the formula 2"a=b,
where “a” is the iitial number of cells, ‘“b” is the final number of cells and “n” is the
number of PD. Therefore n = (log b — log a)/log2 and the total PD is the sum of all n-
values at that time point.

For all drug treatments, drugs were mixed with fresh media and applied to cells
for the indicated treatment times for each experiment. The Mrell inhibitor Mirin (Sigma,

M9948) was used at 100uM, the ATM inhibitor KU55933 (Sigma, K4104)was used at
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20pM and the DNA PK inhibitor NU7026 (Sigma, N1537) was used at 20pM. DMSO
was used in an equal volume to the inhibitors.
2.3 Protein Extracts, Differential Salt Extraction of Chromatin and Immunoblotting

Protein extracts were collected as described (McKerlie et al., 2013). Cells were
trypsinized, washed with media containing 5% FBS and counted. Cells were spun at
1000rpm for 5min at 4°C and the pellet was washed with 1ml cold 1xPBS. Cells were
spun at 3000rpm for 2min at 4°C and the pellet was resuspended in buffer C-420 (20 mM
HEPES buffer (pH 7.9), 25% glycerol, 5 mM MgCI, 0.2% Nonidet P-40,1 mM DTT, 1
mM phenylmethylsulfonyl fluoride, 1 pg/ml of aprotinin, 10 pg/ml of peptatin, 1 pg/ml
of leupeptin and 420 mM KCI) to obtain 2x10* cells/pl and incubated on ice for 30min.
Cells were spun at 14,000rpm for 10min at 4°C and the supernatant was resuspended in
2x Laemmli buffer to obtain 10,000cells/pl.

Differential salt extraction of chromatin was performed essentially as described
(McKerlie etal., 2013; Ye & de Lange, 2004). Briefly, cells were trypsinized, washed
with media containing 5% FBS and counted. Cells were spun at 1000rpm for 5min at 4°C
and the pellet was washed with 1ml cold 1xPBS. Cells were spun at 3000rpm for 2min at
4°C and the pellet was resuspended in buffer C-150 (20 mM HEPES buffer (pH 7.9),
25% glycerol, 5 mM MgCI, 0.2% Nonidet P-40,1 mM DTT, 1 mM phenylmethylsulfonyl
fluoride, 1 pg/ml of aprotinin, 10 pg/ml of peptatin, 1 pg/ml of leupeptin and 150 mM
KCI) to obtain 2x10* cells/pl and incubated on ice for 15min. Cells were spun at 3000rpm
for 5min at 4°C and the supernatants containing soluble cytoplasmic and nucleoplasmic

proteins were collected (150mM KCI fractions). Pellets were resuspended in buffer C-420
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(as above, but containing 420mM KCI) to obtain 2x10* cells/ul and incubated on ice for
15min. Cells were spun at 14,000rpm for 10min at 4°C and the supernatants containing
chromatin-bound proteins were collected (420mM KClI fractions). Both fractions were
resuspended in 2x Laemmli buffer to obtain 1x10* cells/pl. The final pellets were
sonicated in Laemmli buffer to obtain 1x10* cells/l. The whole cell extract was process
in parallel, where the cell pellet obtained after the initial PBS wash was directly sonicated
in Laemmli buffer.

Immunoblotting was performed as described previously (McKerlie etal., 2013;
van Steensel et al., 1998). Unless otherwise stated, protein extracts were fractionated on
8% SDS-PAGE gels and transferred to nitrocellulose membranes which were
immunoblotted with the antibodies indicated.

2.4 Immunofluorescence and Fluorescence in-situ Hybridization

Immunofluorescence (IF) was performed essentially as described previously
(Batenburg et al., 2012; McKerlie et al.,, 2013; Mitchell etal., 2009). Cells were grown on
glass coverslips, rinsed with 1xPBS and fixed in 3% paraformaldehyde with 300mM
sucrose in 1xPBS for 10min at room temperature (RT). Cells were washed twice with
1xPBS for 5min each and permeabilized in 0.5% Triton X-100 buffer (20mM Hepes-
KOH pH7.9, 50mM NaCl, 3mM MgCl, 300mM sucrose) for 10min at RT. Cells were
washed twice with 1xPBS for 5min each and stored in 1xPBS with 0.02% sodium azide at
4°C. Fixed cells were blocked with PBG (0.2% fish gelatin, 0.5%BSA, 1xPBS) for 30min

and incubated with 50ul of primary antibody diluted in PBG for 2h at RT. Coverslips

were washed three times in PBG, then incubated with 50ul of secondary antibody
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(TRITC or FITC) diluted 1:250 in PBG for 45min at RT in the dark. Coverslips were
washed three times in PBG and incubated with 50ul of DAPI diluted in PBG (100ng/ml)
for 5min at RT, followed by three washes in 1xPBS. Coverslips were placed cell-side
down on embedding media (90% glycerol/10% PBS containing 1mg/ml p-phenylene
diamine) on slides and sealed with nail polish.

Immunofluorescence - Fluorescence in-situ Hybridization (IF-FISH) was
performed essentially as described (Batenburg et al.,, 2012; McKerlie et al., 2013). Cells
grown on coverslips were fixed in 2% paraformaldehyde in 1xPBS for 10min at RT. Cells
were washed twice in 1xPBS for 5min each, and stored in 1xPBS with 0.02% sodium
azide at 4°C. Coverslips were blocked with IF-FISH blocking solution (1mg/ml BSA, 3%
goat serum, 0.1% TritonX-100, 1mM EDTA pH8.0 in 1xPBS) for 30min at RT. Cells
were incubated with 50ul primary antibody diluted in blocking solution for 2h at RT and
washed in 1xPBS three times for 5min each. Cells were incubated with 50ul secondary
antibody diluted in blocking solution for 45min at RT in the dark and washed in 1xPBS
three times for 5min each. Cells were fixed again in 2% paraformaldehyde in 1xPBS for
5min at RT and washed twice in 1xPBS. Cells were dehydrated consecutively in 70%,
95% and 100% ethanol for 5min each. Coverslips were placed cell-side down on a drop
of hybridizing solution (70% formamide, 0.5% blocking reagent, 10mM Tris pH7.2, and
1:1000 FITC-TelC PNA probe) on slides and denatured at 80°C for 4min. Coverslips
were incubated overnight at 4°C in the dark. Cells were washed twice in washing solution
(70% formamide, 10mM Tris pH7.2) for 15min each, followed by three 5min washes in

1xPBS, with DAPI added to the second wash. Coverslips were dried, embedded and
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sealed as described previously. For IF-FISH triple staining, the above IF-FISH protocol
was followed, using two primary rabbit and mouse antibodies, followed by the
corresponding secondary antibodies Rhodamine anti-rabbit 1gG (red) and TRITC anti-
mouse 1gG (blue). As above, the hybridizing solution contained FITC-TelC (green), but
DAPI was omitted from the PBS wash.

A Zeiss Axioplan 2 microscope was used to record all cell images. Pictures were
captured with a Hamamatsu C4742-95 camera and processed in Open Lab.

The scoring criteria for immunofluorescence microscopy are described with each
experiment. All experiments with multiple cell lines were scored in blind, with at least
500 cells scored in triplicate for each experiment.

2.5 Metaphase Chromosome Spreads

Cells were grown on 10cm plates to 80% confluence. Cells were arrested in
nocodazole (0.1pg/ul) at 37°C for 90-180min. Cells were collected by mitotic shake off,
counted and spun at 1000rpm for 5min at 4°C. Cell pellets were gently resuspended in
pre-warmed (37°C) RSB buffer (10mM Tris-HCI (pH 7.4), 10mM NaCl, 5mM MgCl) to
obtain 3-4x10° cells/ml. Cells were incubated in RSB buffer at 37°C for 10min, then
placed immediately on ice. Cell droplets of 25ul were pipette onto 22mm square glass
coverslips on Whatman paper in the swing-out buckets of the table-top centrifuge
(Beckman Coulter Allegra® X-15R). Cells were spun until the centrifuge reached
3000rpm then stopped immediately. Coverslips were rinsed in 1xPBS, fixed in 2%
paraformaldehyde in 1xPBS for 10min at RT, washed twice in 1xPBS for 5min each and

permeabilized in Trixon X-100 buffer for 10min at RT. Cells were washed in 1xPBS,
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blocked in PBG for 30min and incubated with primary and secondary antibodies in PBG
as above. Coverslips were stained with DAPI, embedded and sealed as previously
described.
2.6 Genomic DNA Isolation and Digestion

Cells were collected by scraping and spun at 1000rpm for 5min at 4°C. Cell
pellets were washed in 1ml cold 1xPBS and spun at 3000rpm for 2min at 4°C. Pellets
were stored at -80°C until needed and were between 50-100uL in size. Genomic DNA
was isolated by phenol-chloroform extraction. Cell pellets were incubated overnight at
37°C in Iml 1IXTNE and 1ml TENS/proteinase K in 15ml phase lock gel heavy tubes. An
equal volume of phenol/chloroform/isoamylalcohol (25:24:1) was added and mixed
gently at RT for 5min to completely mix the phases. Samples were spun at 3000rpm for
10min at 4°C, the aqueous phase was transferred to a new phase lock tube and an equal
volume of phenol/chloroform/isoamylalcohol was added. Samples were mixed and spun
again at 3000rpm for 10min at 4°C. The aqueous phase was mixed with 2ml iso-propanol
and 220pL 2M NaAc (pH 5.5) and the bundle of genomic DNA was incubated in 300pL
IXTNE with 100pg/ml RNase A for 30min at 37°C. DNA was resuspended using a blue
cut tip and incubated for 2h at 37°C. Then, 300uL IXTENS/proteinase K was added to the
DNA, solutions were mixed and incubated at 37°C for 1h. An equal volume of
phenol/chloroform/isoamylalcohol was added, samples were mixed well and spun at
13000 rpm at 4°C for 10min. The upper phase was transferred with a blue cut tip to a new
tube containing 600uL of iso-propanol and 66ul of 2 M NaAc (pH 5.5). Samples were

inverted several times and DNA bundles were dissolved in T10Ep 1 (pH 8.0).
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Genomic DNA was digested with Rsal and Hinfl and DNA concentrations were
measured in duplicate using Hoechst fluorimetry. DNA concentrations ranged from
100ng/uL to 500ng/uL.

2.7 C-Circle Amplification Assay

C-circle amplification (CCA) assays were performed essentially as described
(Henson et al., 2009). Rsal/Hinfl digested genomic DNA was ethanol precipitated and
resuspended in 10mM Tris (pH 7.6). DNA samples were stored at -80°C until needed.
Each 101 DNA sample was combined with 9.25u of premix (0.2mg/ml BSA, 0.1%
Tween 20, ImM dATP, ImM dTTP, 1mM dGTP, 1x ¢29 buffer) and either 7.5U ¢29
DNA polymerase (NEB) or 0.754 ddH,0, for a total reaction volume of 20jl. Reactions
were incubated at 30°C for 8h, followed by incubation in a 65°C water bath for 20min to
inactivate the $29 enzyme. Samples were mixed with Orange-G loading dye and
separated on a 0.6% agarose gel in 0.5XTBE at 1.75V/cm for 12-16h. Gels were dried at
50°C for 2h, washed in 2xSSC (0.3M NaCl, 30mM Sodium Citrate) at RT for 30min and
blocked with Churchmix (0.5M NaPi pH7.2, 1ImM EDTA pH8.0, 7% SDS, 1% BSA) at
37°C for 2h. Gels were incubated with end-labeled *?P-y-dATP (CCCTAA); probe in
Churchmix at 37°C overnight. Gels were washed three times in 0.1xSSC (15mM NaCl,
1.5mM Sodium Citrate) at 37°C for 30min each, followed by one 30min wash in 0.1xSSC
with 0.1% SDS at 37°C. Gels were rinsed in ddH,O, exposed to Phosphorimager screens
and scanned with a Typhoon imager. Quantification was performed using ImageQuant
software. Volume reports were obtained for the bands representing C-circles, which were

normalized to the corresponding vector.
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2.8 Statistical Analysis

One-way ANOVA and Tukey HSD tests were performed using the statistical
software R (R Core Team, 2014). All graphs show mean + standard deviation. One-way
ANOVA and Tukey HSD test results are shown as letters above columns. Means not
sharing the same letter are significantly different (p<0.05). Refer to Appendix | for all P

values.
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CHAPTER 3 RESULTS

3.1 APB formation and C-circle formation are dependent upon TRF1

It is known that TRF1 is required for APB formation in ALT cells (Jiang et al,
2007), so this information was used to establish a suitable APB scoring technique. Three
main size categories of APBs were established: small punctate telomere-like foci,
medium, bright, round foci formed by the clustering of several telomere-like foci, and
large, bright, round foci that produced a greater fluorescence signal than either small or
medium foci. These categories are based on the size of the telomere or protein signal
being used, as the size of the PML ring tends to reflect these sizes. Only the nuclei of
interphase cells were scored. In addition, only APBs that showed a distinct PML ring
structure with a clear reduction in staining intensity in the middle of the ring and with the
co-localizing foci completely surrounded by this ring were counted. A cell that contained
at least one APB was considered positive. The co-localization of Rapl and PML was
scored using this method in GM847 cells depleted of TRF1 (pRS-shTRF1) and compared
to a vector control (pRS). A significant reduction in the percentage of cells with Rapl at
APBs was only observed for shTRF1 when both medium and large foci were counted
(Figure 3.1A). The number of APBs per cell was also recorded, and although a reduction
was observed in cells depleted of TRF1 compared to the control, this difference was not
significant (P = 0.091) (Figure 3.1B). Cells depleted of TRF1 will have a decreased TRF1
protein level within PML bodies. A reduced number of TRF1 molecules at APBs would

be evident by a reduction in the size of APBs, as large TRF1 foci could become small

56



M.Sc. Thesis — F. Wilson; McMaster University — Biology

foci, but the total number of APBs per cell may not be significantly changed. Based on
these results, all future APB scoring used the initial method outlined, counting cells with
at least one medium or large APB co-localization as positive. Although the chosen
method of APB scoring is partially subjective and it does not account for co-localizations
between small foci and PML, it seems to be the most accurate and reproducible method
using the technology available. This scoring method also produced a result consistent
with the previous report that the presence of TRF1 is required for APB formation (Jiang
et al,, 2007).

It is well known that TRF1 is important for APB formation (Jiang et al., 2007; Potts &
Yu, 2007; Yu etal., 2010), but its involvement in other aspects of the canonical ALT
pathway has not been reported. Since C-circles are a reliable indicator of ALT activity,
this ALT phenotype was assessed in cells depleted of endogenous TRF1. A C-circle assay
was performed using genomic DNA from GM847 cells stably expressing either a vector
(PRS) or shRNA against TRF1 (pRS-shTRF1) (Figure 3.2A). Cells depleted of TRF1
showed a significant reduction in C-circle formation compared to the vector, suggesting
that TRF1 is required for this ALT characteristic (Figure 3.2B and 3.2C). The ability of
TRF1 to induce C-circle formation was also investigated by overexpressing Myc-tagged
TRF1 in GM847 cells (Figure 3.2D). A significant increase in C-circle formation was
observed compared to the vector (Figure 3.2E and 3.2F). Altogether, these results support

the involvement of TRF1 in C-circle formation in ALT cells.
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Figure 3.1. Determination of APB scoring criteria. (A) Quantification of indirect
immunofluorescence on GM847 pRS and shTRF1 cells with anti-Rapl and anti-PML
antibodies. The percentage of cells with 1 or more Rap1/PML foci co-localizing for the
indicated foci sizes is shown. Cells were scored from pictures, with >100 cells in n=3. (B)
Quantification of the average number of Rapl and PML foci co-localizing per cell in
GM847 pRS and shTRF1 cells. Indirect immunofluorescence used anti-Rapl and anti-

PML antibodies. Cells were scored from pictures, with >100 cells in n=3.
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Figure 3.2. C-circle formation depends on TRF1. (A) Western analysis of GM847 cells
depleted of endogenous TRF1. Immunoblotting was performed with anti-TRF1 or anti-y-
tubulin antibody. The y-tubulin blot was used as a loading control in this experiment and
all subsequent westerns. (B) Quantification of the relative ratio of C-circles shown in the
gel in (C). C-circle volumes were calculated in ImageQuant5.2. C-circle volumes for ¢29
lanes were normalized to the vector, which was set to 1. Graph shows mean + SD for n=3.
(C) Native C-circle gel on GM847 cells depleted of TRF1. The C-circle areas used for
quantification in (B) are indicated. Reactions performed in the absence of ¢$29 enzyme
serve as negative controls. (D) Western analysis of GM847 cells overexpressing Myc-
tagged TRF1 or a vector. Immunoblotting was performed with anti-Myc or anti-y-tubulin
antibody. (E) Quantification of the relative ratio of C-circles shown in the gel in (F).
Volumes were calculated as previously described. Graph shows mean + SD for n=3. (F)
Native C-circle gel on GM847 cells overexpressing TRF1. The C-circle areas used for

quantification in (E) are indicated.
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3.2 Phosphorylated (pT371)TRF1 forms a distinct nuclear staining pattern in ALT
cells and localizes to APBs dependent upon TRF1

As discussed previously, TRF1 phosphorylated at T371 has been shown to
facilitate DNA end resection and the homologous recombination-directed repair of DSBs
in telomerase-positive cells (McKerlie etal., 2013). This work and previous work from
our lab used an antibody that specifically recognizes TRF1 phosphorylated at T371,
referred to as anti-pT371 antibody (McKerlie & Zhu, 2011; McKerlie et al., 2013). This
antibody has been previously characterized (McKerlie & Zhu, 2011). To investigate
whether phosphorylated (pT371)TRFL1 is involved in HR in ALT cells, anti-pT371
antibody was first visualized in these cells.

Analysis of indirect immunofluorescence on GM847 cells using an antibody
against endogenous TRF1 showed that 100% of cell nuclei contained bright, punctate
TRF1 telomere foci (Figure 3.3A and 3.3B). The anti-TRF1 antibody recognizes full-
length, unmodified TRF1, found atall telomeres, hereafter referred to as pan-TRFL1. In
comparison, analysis of indirect immunofluorescence on GM847 cells with anti-pT371
antibody showed punctate nuclear staining in about 50 to 60% of cells (Figure 3.3A and
3.3B). The anti-pT371 antibody staining included three main patterns in ALT cells
(Figure 3.3C). The first type was dim, diffuse, pan-nuclear staining devoid of telomere
foci, which represented about 40 to 50% of cells. Phosphorylated (pT371)TRF1 also
stained cells with numerous small, bright, punctate nuclear foci that co-localized with
telomeres (data not shown). Finally, some cells showed a staining pattern of round foci

that were larger and brighter than telomere foci and resembled APBs. These cells tended
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to contain about 1 to 6 of these larger APB-like foci and the same cells also contained the
small, punctate telomere foci. Cells were considered pT371-positive when they contained
five or more bright, telomere foci or had at least one APB-like foci. T371 phosphorylation
occurs predominantly in early mitosis, in prophase and metaphase, visualized by a
stronger anti-pT371 staining (McKerlie & Zhu, 2011). This more intense staining was
also observed in ALT cells, but mitotic cells were not included in scoring experiments,
since APBs are disassembled in mitosis.

A differential salt extraction of GM847 cells showed that phosphorylated
(pT371)TRF1 was found mainly in the chromatin-free (150mM KCI) fraction with some
also present in the chromatin-bound (420mM KCI) fraction (Figure 3.3D). In contrast,
total TRF1 and TRF2 were both predominantly chromatin-bound (Figure 3.3D). Histone
H2AX was tightly bound to chromatin and found in the pellet fraction (Figure 3.3D),
serving as a control for the fractionation protocol.

Taken together, the differences in staining patterns and chromatin-association
between TRF1 and phosphorylated (pT371)TRF1 in GM847 cells suggests that
phosphorylated (pT371)TRF1 could represent a pool of TRF1 that is distinct from pan-
TRF1.

To further investigate if the punctate nuclear staining of phosphorylated
(pT371)TRF1 was cell cycle regulated, GM847 cells were costained with anti-pT371 and
an antibody against cyclin A, a marker for S and G2 phase cells (Pagano et al., 1992).
There was a significant overlap of cells that were both cyclin A-positive and also pT371-

positive (Figure 3.4A). About 90% of cyclin A-positive cells were also positive for pT371
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foci, and about 80% of pT371-positive cells were also cyclin A-positive (Figure 3.4B).
These results suggest that the majority of phosphorylated (pT371)TRF1 is associated with
ALT cells in S and G2 phase of the cell cycle.

APBs are defined as the co-localization of telomeric DNA and associated shelterin
and repair proteins within a PML body ring (Grobelny et al., 2000; Pickett et al., 2009;
Yeager et al., 1999). To confirm that the larger pT371 foci observed were APBs, GM847
cells were co-stained with anti-pT371 and anti-PML antibody, and showed
phosphorylated (pT371)TRF1 within PML bodies (Figure 3.4C). Triple staining
immunofluorescence- fluorescence in situ hybridization (IF-FISH) was also performed on
GM847 cells using anti-pT371 antibody, anti-PML antibody and a telomeric DNA-
containing peptide nucleic acid (PNA) probe. Phosphorylated (pT371)TRF1 was seen to
clearly localize to APBs (Figure 3.4D). Although triple staining IF-FISH is the ideal
method to observe APBs, dual indirect immunofluorescence is a more widely used and
robust technique. Previous knowledge of the involvement of phosphorylated
(pT371)TRF1 in HR, combined with its ability to localize to APBs in ALT cells which
employ an HR-mediated telomere maintenance mechanism, suggests that this form of
TRF1 could play a role in the HR process in ALT cells.

Both endogenous pan-TRF1 and phosphorylated (pT371)TRF1 localize to APBs,
but (pT371)TRFL1 is largely localized to telomeres in S and G2 phase cells. To assess
whether the different staining patterns also influenced the localization of these proteins to
APBs, GM847 cells were co-stained with anti-PML antibody and either anti-TRF1 or

anti-pT371 antibodies. No significant difference in the percentage of cells with either

64



M.Sc. Thesis — F. Wilson; McMaster University — Biology

pan-TRF1 or phosphorylated (pT371)TRF1 at APBs was observed (Figure 3.5A),
suggesting that both forms of TRF1 show equal levels of APB localization despite their
differences in staining patterns.

To confirm that the phospho-specific anti-pT371 antibody is recognizing a form
of TRF1, GM847 cells were depleted of endogenous TRF1 and the co-localization of
anti-pT371 and anti-PML antibodies at APBs was scored. Cells expressing shTRF1
showed a significant reduction in the localization of (pT371)TRF1 at APBs compared to
pRS control cells (Figure 3.5B). The reintroduction of Myc-tagged shTRF1-resistant wild
type TRF1 into cells depleted of TRF1 was able to rescue the localization of
(pT371)TRF1 to APBs to a level similar to the vector control (Figure 3.5C and 3.5D).
These data therefore demonstrate that anti-pT371 antibody is recognizing a form of
endogenous TRF1 and is not a result of cross-reactivity, and also that the localization of

phosphorylated (pT371)TRF1 to APBs is dependent upon TRF1.
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Figure 3.3. Phosphorylated (pT371)TRF1 forms a distinct staining pattern in ALT
cells and a portion of (pT371)TRFL1 is free of chromatin. (A) Indirect
immunofluorescence on GM847 cells with anti-TRF1 or anti-pT371 antibodies. Cell
nuclei were stained with DAPI in blue. Original magnification x100. (B) Quantification
of the percentage of GM847 cells positive for the indicated foci. Indirect
immunofluorescence was performed with anti-TRF1 or anti-pT371 antibodies as shown
in (A). Cells with 5 or more foci were considered positive. Graph shows mean + SD for
>100 cells in n=3. (C) Indirect immunofluorescence on GM847 cells with anti-pT371
antibody. Cell nuclei were stained with DAPI in blue. (D) Differential salt extraction of
chromatin on GM847 cells. Immunoblotting was performed with anti-pT371, anti-TRF1,

anti-TRF2 or anti-H2AX antibodies.
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Figure 3.4. Phosphorylated (pT371)TRF1 localizes to S and G2 phase cells and is
found at APBs. (A) Indirect immunofluorescence on GM847 cells with anti-pT371 and
anti-cyclin A antibodies. Cell nuclei were stained with DAPI in blue. (B) Quantification
of the percentage of GM847 cells positive for both pT371 and cyclin A staining as shown
in (A). Graph shows mean + SD for >500 cells in n=3. (C) IF-FISH triple staining on
GM847 cells using anti-pT371 and anti-PML antibodies in conjunction with a telomeric
DNA-containing peptide nucleic acid (PNA) probe. White dashed lines outline the nuclei.
(D) Indirect immunofluorescence on GM847 cells with anti-pT371 and anti-PML
antibodies. Cell nuclei were stained with DAPI in blue. White arrows indicate co-

localizations of indicated foci at APBs.
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Figure 3.5. The localization of phosphorylated (pT371)TRF1 to APBs depends on
TRF1. (A) Quantification of indirect immunofluorescence on GM847 cells with anti-
PML antibody in conjunction with either anti-TRF1 or anti-pT371 antibody. The
percentage of cells with TRF1 or (pT371)TRF1 at APBs is indicated. Graph shows mean
+ SD for >100 cells in n=3. (B) Quantification of indirect immunofluorescence on
GM847 cells depleted of endogenous TRF1, stained with anti-pT371 and anti-PML
antibodies. The percentage of cells with (pT371)TRF1 at APBs is indicated. Cells were
scored from pictures, with >100 cells in n=3. (C) Dual indirect immunofluorescence with
anti-pT371 and anti-PML antibodies on GM847 cells depleted of endogenous TRF1 and
complemented with Myc-tagged shTRF1-resistant wild type TRF1. Cell nuclei were
stained with DAPI in blue. White arrows indicate co-localizations of indicated foci at
APBs. (D) Quantification of indirect immunofluorescence on GM847 cells expressing
various constructs as shown in (C). Cells were stained with anti-pT371 and anti-PML
antibodies. The percentage of cells with (pT371)TRF1 at APBs is indicated for >500 cells

in Nn=6.
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3.3 Phosphorylated (pT371)TRF1 is associatedwith the DNA damage marker
vYH2AX and HR repair proteins at APBs

Previous findings have shown that IR-induced (pT371)TRF1 foci co-localize with
the DNA damage marker YH2AX in telomerase-positive cells as part of the process in
which phosphorylated (pT371)TRF1 facilitates the HR-mediated repair of DSBs
(McKerlie etal.,, 2013). Since YH2AX shows partial overlap with APBs (Nabetani et al.,
2004), the relationship between YH2AX and phosphorylated (pT371)TRF1 was
mvestigated. About 90% of GM847 cells were found to be yYH2AX-positive, containing
five or more foci, consistent with previous findings that untreated ALT cells show an
increased basal level of DNA damage with spontaneous telomere dysfunction (Cesare et
al., 2009). About 14% of cells showed YH2AX at APBs, about 17% of cells showed
(pT371)TRF1 at APBs, and about 11% of cells showed both YH2AX and (pT371)TRF1 at
APBs (Figure 3.6A). Almost 70% of cells with (pT371)TRF1 at APBs also contained
YH2AX at APBs, and conversely, almost 80% of cells with yYH2AX at APBs also
contained (pT371)TRF1 at APBs (Figure 3.6B). Therefore there is a substantial amount
of overlap between YH2AX and phosphorylated (pT371)TRF1 at APBs in interphase cells
(Figure 3.6C).

To further examine the involvement of phosphorylated (pT371)TRF1 at APBs in
ALT cells, its localization compared to the repair proteins BRCAL, RPA and 53BP1 was
investigated. Dual indirect immunofluorescence was performed on GM847 cells with
anti-pT371 antibody in conjunction with either anti-BRCAL, anti-RPA32 or anti-53BP1

antibodies (Figure 3.6C). Quantification of co-localizations showed an enhanced
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association of (pT371)TRF1 with BRCAL and RPA at APB-like foci compared to 53BP1
(Figure 3.6D). These results suggest that phosphorylated (pT371)TRF1 is associated with

HR repair proteins at APBSs.
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Figure 3.6. Phosphorylated (pT371)TRFL1 is associatedwith the DNA damage
marker YH2AX and HR repair proteins at APBs. (A) Quantification of indirect
immunofluorescence on GM847 cells with anti-pT371 and anti-PML antibodies (column
1), anti-yH2AX and anti-PML antibodies (column 2) or anti-pT371 and anti-yH2AX
antibodies (column 3). Graph shows the percentage of cells with the indicated foci co-
localizing at APBs for >500 cells in n=3. (B) Quantification of the percentage of GM847
cells with the indicated foci co-localizing at APBs. Dual indirect immunofluorescence
was performed with anti-pT371 and anti-yH2AX antibodies for >500 cells in n=3. (C)
Representative images of dual indirect immunofluorescence on GM847 cells stained with
the indicated antibodies. Cell nuclei were stained with DAPI in blue. White arrows
indicate co-localizations of the indicated proteins at APB-like foci. (D) Quantification of
the percentage of pT371-positive GM847 cells with the indicated foci co-localizing at
APBs. Anti-pT371 antibody was used in conjunction with either anti-RPA32, anti-

BRCAL or anti-53BP1 antibodies. Cells were scored from pictures for >100 cells in n=3.
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3.4 Phosphorylated (pT371)TRF1 is associatedwith the DNA damage marker

YH2AX at telomeres in metaphase cells

A previous report has shown that YH2AX forms a unique staining pattern on

metaphase chromosomes in ALT cells, with a signal at either one sister chromatid end
(chromatid-type) or both sister chromatid ends (chromosome-type), labeling these
telomeres as dysfunctional (meta-TIFs) (Cesare et al., 2009). The observation of co-
localization of phosphorylated (pT371)TRF1 with yH2AX at APBs in interphase cells
prompted an investigation of metaphase chromosomes. Metaphase spreads of GM847
cells were prepared by cytocentrifugation and stained for YH2AX in conjunction with
either TRF1, TRF2 or phosphorylated (pT371)TRF1. Both anti-TRF1 and anti-TRF2
antibodies showed clear telomere foci at chromatid ends (Figure 3.7A, 3.7C and 3.7D)
and YH2AX staining showed a similar pattern to that described previously, with only a
proportion of telomeres being labeled (Figure 3.7B, 3.7C and 3.7D). On some
chromosomes that showed a weak or absent telomere signal, a large YH2AX foci was
present at this location (Figure 3.7C and 3.7D). Metaphase spreads stained with anti-
pT371 antibody showed a remarkably similar pattern to YH2AX, with only a subset of
telomeres being labeled and either chromatid-type or chromosome-type staining (Figure
3.7E). Costaining for both (pT371)TRF1 and yYH2AX showed significant co-localization,
with almost every (pT371)TRF1 foci overlapping with YH2AX foci, even if these foci
occurred at interstitial regions (Figure 3.7F). Phosphorylated (pT371)TRF1 was therefore
predominantly associated with telomeres that were marked as damage by YH2AX in

metaphase.
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Figure 3.7. Phosphorylated (pT371)TRFL1 is associatedwith the DNA damage
marker YH2AX at telomeres in metaphase cells. (A) Representative metaphase spread
of GM847 cells stained with anti-TRF1 antibody. Chromosomes were stained with DAPI
in blue and white boxes indicate a magnified example for this experiment and all
subsequent metaphase spread images. (B) Representative metaphase spread of GM847
cells stained with anti-yH2AX antibody. (C) Representative metaphase spread of GM847
cells co-stained with anti-TRF1 and anti-yH2AX antibodies. White arrows indicate a
telomere lacking a TRF1 signal but containing a yYH2AX signal. (D) Representative
metaphase spread of GM847 cells co-stained with anti-TRF2 and anti-yH2AX antibodies.
White arrows indicate sister chromatids lacking TRF2 signals but containing YH2AX
signals. (E) Representative metaphase spread of GM847 cells stained with anti-pT371
antibody. (F) Representative metaphase spread of GM847 cells co-stained with anti-

pT371 and anti-yH2AX antibodies.
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Fig3.7

A DAPI anti-TRF1 Merge

B DAPI anti-yH2AX Merge

anti-TRF1 + DAPI anti-yH2AX + DAPI Merge
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D anti-TRF2 + DAPI anti-yH2AX + DAPI

E DAPI anti-pT371 Merge

anti-pT371 + DAPI anti-yH2AX + DAPI
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3.5 The localization of phosphorylated (pT371)TRF1 to APBs is mediated by DNA
damage response factors

To further elucidate the involvement of phosphorylated (pT371)TRF1 at APBs,
various components of DNA damage response and repair pathways were examined for
their role in recruiting (pT371)TRF1 to APBs. Phosphorylated (pT371)TRF1 was first
examined in GM847 cells depleted of ATM (Figure 3.8A), BRCAL (Figure 3.8B) and
53BP1 (Figure 3.8C). A significant reduction in the localization of (pT371)TRF1 to APBs
was observed for cells depleted of ATM and BRCAL, but no significant effect was
observed for cells depleted of 53BP1 (Figure 3.8D). The percentage of cells positive for
pT371 foci was reduced for the knockdown construct sh53BP1-A compared to the pRS
vector control, which may explain the slight reduction in the localization of (pT371)TRF1
to APBs for this cell line (Figure 3.8D and 3.8E). No other knockdowns had a significant
effect on the percentage of pT371-positive cells (Figure 3.8E). Knockdown of ATM,
BRCAL or 53BP1 did not have a significant effect on the localization of total TRF1
(Figure 3.8F) or TRF2 (Figure 3.8G) to APBs and the total protein levels of
(pT371)TRF1 and TRF2 were essentially unchanged (Figure 3.8A, 3.8B and 3.8C). There
were no significant changes in the percentage of cells in S and G2 phases as measured by
cyclin A staining (Figure 3.8H) or on the percentage of PML-positive cells (Figure 3.8l).

Similarly, U20S cells depleted of 53BP1 (Figure 3.9A) also showed no
significant change in the percentage of cells with (pT371)TRF1 at APBs (Figure 3.9B).
The percentage of pT371-positive cells (Figure 3.9C) and the percentage of cells with

Rapl at APBs (Figure 3.9D) were also not significantly affected.
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To complement the data obtained from cells depleted of ATM, GM847 cells were
treated with an inhibitor of ATM, as well as inhibitors against Mrell and DNA-PK.
KU55933 is a specific inhibitor of ATM kinase activity (Hickson et al., 2004) and
NU7026 is specific inhibitor of DNA-PK (Veuger et al., 2004). Mirin is a specific
inhibitor of the nuclease activity of Mrell and prevents the autophosphorylation of ATM
on S1981 but does not affect ATM kinase activity (Dupré et al., 2008). Inhibition of these
components had little effect on the level of (pT371)TRF1 or TRF2 (Figure 3.10A). There
was a significant reduction in the localization of (pT371)TRF1 to APBs for cells treated
with inhibitors of ATM and Mrell, but no significant effect was observed for cells
treated with the DNA-PK inhibitor compared to the control (Figure 3.10B). The
percentage of pT371-positive cells (Figure 3.10C) and the percentage of cells with TRF1
or TRF2 at APBs (Figure 3.10D and 3.10E) were not significantly altered by inhibitor
treatments. The percentage of cells in S and G2 phases as measured by cyclin A staining
(Figure 3.10F) and the percentage of PML-positive cells (Figure 3.10G) both showed
little change upon inhibitor treatments.

U20S cells were also treated with the inhibitors KU55933 and Mirin. No
significant change in the protein level of (pT371)TRF1 was observed after 1h, 2h or 4h
inhibitor treatments (Figure 3.11A). The percentage of U20S cells with (pT371)TRF1 at
APBs was significantly reduced upon treatment with either ATM or Mrell inhibitors
(Figure 3.11B). The percentage of pT371-positive cells was unchanged with ATM

inhibition, but a significant reduction was observed when Mrell was inhibited (Figure
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3.11C). There was little change in the percentage of cells with Rapl at APBs following
either treatment (Figure 3.11D).

Collectively, these results suggest that the localization of phosphorylated
(pT371)TRF1 to APBs is mediated by DNA damage response factors. Localization
appears to depend on the presence of functional ATM, Mrell and BRCAL, but is

independent of DNA-PK and 53BP1.
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Figure 3.8. The localization of phosphorylated (pT371)TRF1 to APBs in GM847
cells is dependent upon ATM and BRCAL. (A) Western analysis of GM847 cells
depleted for ATM. Immunoblotting was performed with anti-ATM, anti-pT371, anti-
TRF2 and anti-y-tubulin antibodies. (B) Western analysis of GM847 cells depleted for
BRCAL. Immunoblotting was performed with anti-BRCA1, anti-pT371, anti-TRF2 and
anti-y-tubulin antibodies. (C) Western analysis of GM847 cells depleted for 53BP1.
Immunoblotting was performed with anti-53BP1, anti-pT371, anti-TRF2 and anti-y-
tubulin antibodies. (D) Quantification of dual indirect immunofluorescence on GM847
cells depleted for ATM, BRCAL or 53BP1, using anti-pT371 and anti-PML antibodies.
The percentage of cells with (pT371)TRF1 at APBs is shown for >1000 cells in n=3. (E)
Quantification of indirect immunofluorescence on GM847 cells depleted for ATM,
BRCAL or 53BP1, using anti-pT371 antibody. The percentage of pT371-positive cells is
shown for >1000 cells in n=3. (F) Quantification of dual indirect immunofluorescence on
GM847 cells depleted for ATM, BRCAL or 53BP1, using anti-TRF1 and anti-PML
antibodies. The percentage of cells with TRF1 at APBs is shown for >1000 cells in n=3.
(G) Quantification of dual indirect immunofluorescence on GM847 cells depleted for
ATM, BRCAL or 53BP1, using anti-TRF2 and anti-PML antibodies. The percentage of
cells with TRF2 at APBs is shown for >1000 cells in n=3. (H) Quantification of the
percentage of cyclin A-positive GM847 cells depleted for ATM, BRCAL or 53BP1.
Graph shows results for >1000 cells in n=3. (1) Quantification of the percentage of PML-

positive GM847 cells depleted for ATM, BRCAL or 53BP1 for >1000 cells in n=3.
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Figure 3.9. The localization of phosphorylated (pT371)TRF1 to APBs in U20S cells
is independent of 53BP1. (A) Western analysis of U20S cells depleted for 53BP1.
Immunoblotting was performed with anti-53BP1 and anti-y-tubulin antibodies. (B)
Quantification of the percentage of U20S cells depleted for 53BP1 with (pT371)TRF1 at
APBs. Dual indirect immunofluorescence was performed with anti-pT371 and anti-PML
antibodies for >500 cells in n=3. (C) Quantification of the percentage of pT371-positive
U20S cells depleted for 53BP1. Indirect immunofluorescence was performed with anti-
pT371 antibody for >500 cells in n=3. (D) Quantification of the percentage of U20S cells
depleted for 53BP1 with Rapl at APBs. Dual indirect immunofluorescence was
performed with anti-Rapl and anti-PML antibodies. Graph shows means for >500 cells in

n=3.
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Figure 3.10. The localization of phosphorylated (pT371)TRF1 to APBs in GM847
cells is dependent upon ATM and Mrell. (A) Western analysis of GM847 cells treated
with various inhibitors for 1h. Immunoblotting was performed with anti-pT371, anti-
TRF2 and anti-y-tubulin antibodies. Samples were run on one gel. (B) Quantification of
dual indirect immunofluorescence on inhibitor treated GM847 cells from (A), using anti-
pT371 and anti-PML antibodies. The percentage of cells with (pT371)TRF1 at APBs is
shown for >1000 cells in n=3. (C) Quantification of indirect immunofluorescence on
inhibitor treated GM847 cells from (A) using anti-pT371 antibody. The percentage of
pT371-positive cells is shown for >1000 cells in n=3. (D) Quantification of dual indirect
immunofluorescence on inhibitor treated GM847 cells from (A), using anti-TRF1 and
anti-PML antibodies. The percentage of cells with TRF1 at APBs is shown for >1000
cells in n=3. (E) Quantification of dual indirect immunofluorescence on inhibitor treated
GM847 cells from (A), using anti-TRF2 and anti-PML antibodies. The percentage of cells
with TRF2 at APBs is shown for >1000 cells in n=3. (F) Quantification of the percentage
of cyclin A-positive GM847 cells from (A). Graph shows means for >1000 cells in n=3.
(G) Quantification of the percentage of PML-positive GM847 cells from (A) for >1000

cells in n=3.
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Figure 3.11. The localization of phosphorylated (pT371)TRF1 to APBs in U20S cells
is dependent upon ATM and Mrell. (A) Western analysis of U20S cells treated with
various inhibitors for 1h, 2h or 4h. Immunoblotting was performed with anti-pT371 and
anti-y-tubulin antibodies. (B) Quantification of the percentage of U20S cells with
(pT371)TRF1 at APBs following a 1h treatment with KU55933 or a 4h treatment with
Mirin. Cells we co-stained with anti-pT371 and anti-PML antibodies. Graph shows means
for >500 cells in n=3. (C) Quantification of the percentage of pT371-positive U20S cells
following a 1h treatment with KU55933 or a 4h treatment with Mirin. Indirect
immunofluorescence was performed with anti-pT371 antibody for >500 cells in n=3. (D)
Quantification of the percentage of U20S cells with Rapl at APBs following a 1h
treatment with KU55933 or a 4h treatment with Mirin. Dual indirect immunofluorescence

was performed with anti-Rapl and anti-PML antibodies for >500 cells in n=3.
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3.6 Phosphorylation at T371 of TRF1 is required for APB formation and C-circle
production

To further investigate the association of phosphorylated (pT371)TRF1 with APBs,
GM847 cells were depleted of endogenous TRF1 (Figure 3.12A and 3.12B) and
complemented with Myc-tagged wild type TRF1, TRF1 with a nonphosphorylatable
T371A (alanine) mutation or TRF1 with a phosphomimic T371D (aspartic acid) mutation
(Figure 3.12C). A differential salt extraction of these cell lines showed that both wild type
TRF1 and TRF1-T371A were found predominantly in the chromatin-bound fraction,
whereas TRF1-T371D was distributed roughly equally between both the chromatin- free
and chromatin-bound fractions (Figure 3.12D). This chromatin distribution of the TRF1-
T371D mutant is similar to the distribution observed in GM847 parental cells with anti-
pT371 antibody (Figure 3.3D). Both T371 mutants were able to form punctate pan-
nuclear Myc foci (Figure 3.12E). Dual indirect immunofluorescence was performed on
these cell lines using anti-Myc and anti-PML antibodies (Figure 3.12E). Quantification
showed about a two-fold reduction in the localization of both T371A and T371D mutants
to APBs compared to wild type TRF1 (Figure 3.12F), despite the percentage of Myc-
positive cells being equal to or greater than wild type TRF1 (Figure 3.12G). Anti-pT371
antibody was unable to recognize TRF1 which had been mutated at T371 (Figure 3.13A),
in line with the previous report (McKerlie & Zhu, 2011). Therefore, as expected the
percentage of cells with phosphorylated (pT371)TRF1 at APBs was reduced for both cell
lines expressing T371A and T371D mutants compared to wild type TRF1 (Figure 3.13B),

although the percentage of pT371-positive cells was not significantly affected (Figure
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3.13C). The localization of the shelterin proteins Rapl (Figure 3.13D), TRF2 (Figure
3.13E) and TIN2 (Figure 3.13F) as well as the DNA repair factors Nbsl (Figure 3.13G)
and RPA (Figure 3.13H) at APBs was also significantly reduced in cells expressing
T371A or T371D mutants, compared to wild type TRF1. The levels of these proteins
were essentially unchanged across the different cell lines (Figure 3.13A). Taken together,
these results suggest that the lack of phosphorylation at T371 of TRF1 impairs the
localization of various shelterin proteins and DNA damage response factors to APBs.
C-circle formation was investigated in an attempt to understand the biological
function of phosphorylated (pT371)TRF1 and to observe the effect that the T371 mutants
might cause due to incomplete APB assembly. C-circle assays were performed using
genomic DNA from the same GM847 cell lines as previously described (Figure 3.12C).
Based on comparisons between the relative ratios of C-circles on the native gel (Figure
3.14A), a significant reduction in C-circle formation was observed in cells expressing the
non-phosphorylatable T371A mutant compared to wild type TRF1 or the phosphomimic
T371D mutant (Figure 3.14B). These results suggest that phosphorylation at T371 of

TRF1 is important for the formation of C-circles.
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Figure 3.12. The lack of phosphorylation at T371 impairs the ability of TRF1 to
localize to APBs. (A) Western analysis of GM847 cells depleted for endogenous TRF1.
Immunoblotting was performed with anti-TRF1 and anti-y-tubulin antibodies. (B)
Western analysis of GM847 cells depleted for endogenous TRF1. Immunoblotting was
performed with anti-pT371 and anti-y-tubulin antibodies. (C) Western analysis of GM847
cells depleted for endogenous TRF1 and complemented with Myc-tagged shTRF1-
resistant wild type or mutant TRF1 proteins. Immunoblotting was performed with anti-
Myc and anti-y-tubulin antibodies. (D) Differential salt extraction of chromatin on
GM847 cells from (C). Immunoblotting was performed with anti-Myc, anti-H2AX and
anti-TRF2 antibodies. (E) Indirect immunofluorescence with anti-PML and anti-Myc
antibodies on GM847 cells depleted of endogenous TRF1 and stably expressing Myc-
tagged shTRF1-resistant TRF1 alleles as indicated. Cell nuclei were stained with DAPI in
blue. (F) Quantification of the percentage of cells with Myc at APBs from (E). Graph
shows results for >500 cells in n=6. (G) Quantification of the percentage of Myc-positive

cells from (E). Graph shows means for >500 cells in n=6.
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Figure 3.13. The lack of phosphorylation at T371 of TRF1 impairs APB formation.
(A) Western analysis of GM847 cells depleted of endogenous TRF1 and complemented
with Myc-tagged shTRF1-resistant wild type or mutant TRF1 proteins. Immunoblotting
was performed with the indicated antibodies. Asterisk indicates a non-specific band. (B)
Quantification of the percentage of GM847 cells with (pT371)TRF1 at APBs for the
various cell lines. Indirect immunofluorescence was performed with anti-pT371 and anti-
PML antibodies for >500 cells in n=6. (C) Quantification of the percentage of pT371-
positive GM847 cells for the various cell lines. Indirect immunofluorescence was
performed with anti-pT371 antibody for >500 cells in n=6. (D) Quantification of the
percentage of GM847 cells with Rapl at APBs for the indicated cell lines. Indirect
immunofluorescence was performed with anti-Rapl and anti-PML antibodies for >500
cells in n=9. (E) Quantification of the percentage of GM847 cells with TRF2 at APBs for
the indicated cell lines. Indirect immunofluorescence was performed with anti-TRF2 and
anti-PML antibodies for >500 cells in n=6. (F) Quantification of the percentage of
GMB847 cells with TIN2 at APBs for the indicated cell lines. Indirect immunofluorescence
was performed with anti-TIN2 and anti-PML antibodies for >500 cells in n=3. (G)
Quantification of the percentage of GM847 cells with Nbsl at APBs for the indicated cell
lines. Indirect immunofluorescence was performed with anti-Nbsl and anti-PML
antibodies for >500 cells in n=6. (H) Quantification of the percentage of GM847 cells
with RPA at APBs for the indicated cell lines. Indirect immunofluorescence was

performed with anti-RPA32 and anti-PML antibodies for >500 cells in n=3.
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Figure 3.14. Phosphorylation at T371 of TRF1 is important for C-circle formation.
(A) Native C-circle gel on GM847 cells stably depleted of endogenous TRF1 and
complemented with Myc-tagged shTRF1-resistant wild type and mutant TRF1 proteins.
The C-circle areas used for quantification in (B) are indicated. (B) Quantification of the
relative ratio of C-circle volumes for ¢$29 lanes shown in the native gel in (A). The vector

was set to 1. Graph shows mean + SD for n=3.
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3.7 The dimerization domain of TRF1 is required for its localization to APBs

To further assess the function of phosphorylated (pT371)TRF1 in ALT cells, a
series of TRF1 truncation mutants were generated to see if phosphorylation was still
required when different domains of TRF1 were removed and also to investigate whether
different domains have separate functions in APB formation. The truncation mutants
include TRF1 with a deletion of the N-terminal acidic domain (AA), TRF1 with a deletion
of the C-terminal Myb-like DNA binding domain (AM), TRF1 lacking both the acidic
and Myb-like domains (AAAM), TRF1 with only the linker and Myb-like domains (L-M)
and TRF1 with only the linker domain (L) (Figure 3.15A). GM847 cells depleted of
endogenous TRF1 were completed with Myc-tagged shTRF1-resistant wild type TRF1
and the various TRF1 truncation alleles described above, as well as TRF1 truncation
alleles carrying either T371A or T371D mutations (Figure 3.15B). Unfortunately, lack of
expression of the AA allele prevented it from being used in most experiments (Figure
3.15B). Despite many efforts, TRF1-AA could not be stably expressed in shTRF1
knockdown cells or through overexpression. Both Myc- and Flag-tagged AA constructs
from different clones were tried to no avail (data not shown). A differential salt extraction
of chromatin revealed that the truncation mutants AM, AAAM, L-M and L were found
predominantly in the chromatin-free fraction, compared to wild type TRF1 which was
predominantly in the chromatin-bound fraction (Figure 3.15C). Consistent with this,
indirect immunofluorescence using anti-Myc antibody revealed that none of the Myc-
tagged truncation mutants were able to form telomere-like foci, whereas wild type TRF1

showed about 40% of cells with punctate Myc telomere-like foci (Figure 3.15D and
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3.15E). Dual indirect immunofluorescence with anti-Myc and anti-PML antibodies
showed that the truncation mutants AM, AAAM and their corresponding T371 alleles
were able to localize to APBs ata comparable level to wild type TRF1 (Figure 3.15F). On
the other hand, all of the L-M alleles were significantly defective in their localization and
none of the L alleles showed any detectable localization to APBs (Figure 3.15F). These
differences were not due to a lack of Myc-positive cells (Figure 3.15G) or to a lack of
protein expression (Figure 3.15H).

To summarize, only the TRF1 truncation mutants containing the TRFH
homodimerization domain were able to fully localize to APBs, compared to full length
wild type TRF1. These data therefore suggest that the dimerization domain of TRF1 is

required for TRF1 to localize to APBs.
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Figure 3.15. The dimerization domain of TRF1 is required for its localization to
APBs. (A) A representative image of the domain structure of TRF1 and various TRF1
truncation mutants. The first and last amino acids (a.a.) of each protein are indicated.
Diagram is not to scale. (B) Western analysis of GM847 cells depleted of endogenous
TRF1 and complemented with Myc-tagged shTRF1-resistant wild type TRF1 and various
TRF1 truncation alleles. Immunoblotting was performed with anti-Myc and anti-y-tubulin
antibodies. Samples were run on two separate 10% SDS-PAGE gels. Protein molecular
weight markers (kDa) are labeled to the right of each blot. Arrows indicate approximate
locations of each protein. Refer to main text for an explanation of protein abbreviations.
(C) Differential salt extraction of TRF1-depleted GM847 cells expressing the indicated
Myc-tagged shTRF1-resistant proteins. Immunoblotting was performed with anti-Myc
and anti-TRF2 antibodies for samples run on a 10% SDS-PAGE gel, and anti-H2AX
antibody was used for samples run on a 15% SDS-PAGE gel. (D) Indirect
immunofluorescence analysis using anti-Myc and anti-PML antibodies on GM847 cells
from (B). (E) Quantification of the percentage of cells with Myc telomere-like foci in
GM847 cells from (B) as labeled. Immunofluorescence was performed with anti-Myc
antibody for >500 cells in n=3. “V” represents the pRS/vector, “KD” represents the
shTRF1/vector and “WT” represents shTRF1/TRF1sm. (F) Quantification of the
percentage of cells with Myc at APBs for the indicated GM847 cell lines. Indirect
immunofluorescence was performed with anti-Myc and anti-PML antibodies. Graph
shows means for >500 cells in n=3. (G) Quantification of the percentage of Myc-positive

cells for the indicated GM847 cell lines. Indirect immunofluorescence was performed
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with anti-Myc antibody for >500 cells in n=3. (H) Western analysis of TRF1-depleted
GM847 cells expressing various Myc-tagged TRF1 truncation mutant alleles.
Immunoblotting was performed with anti-Myc and anti-y-tubulin antibodies. Samples
were run on a 10% SDS-PAGE gel. Protein molecular weight markers (kDa) are labeled

to the right of each blot. Arrows indicate approximate locations of each protein.
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3.8 Full-length TRF1 and the DNA binding activity of TRF1 are required for the
functional assembly of APBs

Based on the above results that some of the TRF1 truncation mutants were
defective in their localization to APBs, the recruitment of other proteins to APBs was
investigated in these cell lines. Dual indirect immunofluorescence using anti-PML
antibody in conjunction with either anti-TRF2 or anti-TIN2 antibodies showed that only
cells expressing the L-M truncation mutants were able to fully rescue the localization of
these shelterin proteins to APBs compared to wild type TRF1 (Figure 3.16A and 3.16B).
No significant differences were observed between the other truncation mutants and the
shTRF1 vector control (Figure 3.16A and 3.16B). Analysis of the co-localization of Nbsl
and PML by indirect immunofluorescence revealed that none of the truncation mutant cell
lines could fully recruit Nbsl to APBs compared to wild type TRF1 (Figure 3.16C). An
examination of the localization of RPA to APBs provided less clear-cut data, although the
L-M and L-M-A mutants showed a higher level of co-localization compared to the other
truncation mutants, which showed a similar level to the shTRF1 vector (Figure 3.16D).
The percentage of pT371-positive cells was not significantly affected by expression of the
various TRF1 truncation alleles compared to wild type TRF1 (Figure 3.16E). The
percentage of cells in S and G2 phases as measured by cyclin A staining (Figure 3.16F)
and the percentage of PML-positive cells (Figure 3.16G) were essentially unchanged for
the cell lines investigated. The total protein levels of TRF2, TIN2 and RPA also showed

little change (Figure 3.16H).
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In summary, cells expressing the AM, AAAM and L truncation mutant alleles
were defective in their ability to recruit TRF2, TIN2, Nbsl and RPA to APBs. However,
cells expressing the L-M truncation mutant alleles showed similar levels of TRF2, TIN2
and RPA localization to APBs as full length TRF1, but these cells were also defective in
recruiting Nbsl to APBs. Collectively, these results suggest that only cells expressing
full-length TRF1 are able to assemble complete APBs, as none of the truncation mutants
were able to fully recruit all shelterin or DNA repair proteins that were investigated to
APB:s.

The differential salt extraction data discussed previously showed that the
phosphomimic T371D mutant in full length TRF1 as well as all TRF1 truncation mutants
were found predominantly in the chromatin-free fraction, compared to wild type TRF1
and the nonphosphorylatable T371A mutant which were mostly chromain-bound (Figure
3.12D and 3.15C). Neither cells expressing the T371 mutants nor the TRF1 truncation
mutants were able to fully recruit all examined proteins to APBs. To further investigate
whether the DNA-binding activity of TRF1 was required for the localization of TRF1 or
other proteins to APBs, APBs were analysed in GM847 cells that were depleted of
endogenous TRF1 and complemented with a series of TRF1 mutants unable to bind
telomeric DNA. TRF1 carrying asingle amino acid substitution of R425V in the Myb-
like DNA binding domain is known to be defective in its ability to bind telomeric DNA
(Fairall et al., 2001; McKerlie & Zhu, 2011; McKerlie et al., 2013). Therefore, Myc-
tagged TRF1-R425V, as well as Myc-TRF1-R425V-T371A and Myc-TRF1-R425V-

T371D were examined (Figure 3.17A). Differential salt extraction analysis showed that
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TRF1-R425V, TRF1-R425V-T371A and TRF1-R425V-T371D were all found
predominantly in the chromatin-free fraction, compared to chromatin-bound wild type
TRF1 (Figure 3.17B). In line with this, the R425V mutants showed no punctate pan-
nuclear Myc foci by indirect immunofluorescence (Figure 3.17C), consistent with
previous reports that they are defective in forming telomere foci and in binding to
telomeric DNA. Expression of the R425V mutants showed no significant effect on the co-
localization of anti-Myc and anti-PML antibodies at APBs compared to wild type TRF1
(Figure 3.17D). The percentage of Myc-positive cells did not change significantly across
cell lines (Figure 3.17E). However, the recruitment of TRF2, TIN2 and Nbsl to APBs
was observed to be defective for all three cell lines expressing R425V mutants, compared
to wild type TRF1 (Figure 3.17F —3.17H). These results suggest that the DNA binding
ability of TRF1 is dispensable for its own localization to APBs, but that it is required for

the recruitment of TRF2, TIN2 and Nbsl to APBs.
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Figure 3.16. Full-length TRF1 is required for complete APB assembly. (A)
Quantification of the percentage of cells with TRF2 at APBs for the indicated GM847 cell
lines. Indirect immunofluorescence was performed with anti-TRF2 and anti-PML
antibodies for >500 cells in at least 6 trials. (B) Quantification of the percentage of cells
with TIN2 at APBs for the indicated GM847 cell lines. Indirect immunofluorescence was
performed with anti-TIN2 and anti-PML antibodies for >500 cells in at least 6 trials. (C)
Quantification of the percentage of cells with Nbsl at APBs for the indicated GM847 cell
lines. Indirect immunofluorescence was performed with anti-Nbsl and anti-PML
antibodies. Graph shows mean + SD for >500 cells in at least 6 trials. (D) Quantification
of the percentage of cells with RPA at APBs for the indicated GM847 cell lines. Indirect
immunofluorescence was performed with anti-RPA32 and anti-PML antibodies for >1000
cells in n=3. (E) Quantification of the percentage of pT371-positive GM847 cells for the
indicated cell lines. Indirect immunofluorescence was performed with anti-pT371
antibody. Graph shows mean = SD for >500 cells in n=3. (F) Quantification of the
percentage of cyclin A-positive GM847 cells for the indicated cell lines. Indirect
immunofluorescence was performed with anti-cyclin A antibody for >500 cells in n=3.
(G) Quantification of the percentage of PML-positive GM847 cells for the indicated cell
lines. Indirect immunofluorescence was performed with anti-PML antibody for >500 cells
in n=3. (H) Western analysis of TRF1-depleted GM847 cells stably expressing the
indicated cell lines. Immunoblotting was performed with anti-TRF2, anti-TIN2 and anti-

RPA32 antibodies.
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Figure 3.17. The DNA binding activity of TRF1 is important for APB formation. (A)
Western analysis of GM847 cells stably depleted for endogenous TRF1 and
complemented with Myc-tagged shTRF1-resistant wild type or mutant TRF1 proteins.
Immunoblotting was performed with anti-Myc, anti-y-tubulin, anti-TIN2, anti-TRF2, anti-
Nbsl and anti-PML antibodies. (B) Differential salt extraction of GM847 cells from (A)
as labeled. Immunoblotting was performed with anti-Myc and anti-TRF2 antibodies. (C)
Indirect immunofluorescence with anti-Myc and anti-PML antibodies on GM847 cells
from (A) as labeled. (D) Quantification of the percentage of GM847 cells with Myc at
APBs for the indicated cell lines as in (C). Graph shows mean = SD for >1000 cells in
n=3. (E) Quantification of the percentage of Myc-positive GM847 cells for the indicated
cell lines as in (C). Graph shows mean £ SD for >1000 cells in n=3. (F) Quantification of
the percentage of GM847 cells with TRF2 at APBs for the indicated cell lines. Indirect
immunofluorescence was performed with anti-TRF2 and anti-PML antibodies for >1000
cells in n=3. (G) Quantification of the percentage of GM847 cells with TIN2 at APBs for
the indicated cell lines. Indirect immunofluorescence was performed with anti-TIN2 and
anti-PML antibodies. Graph shows mean + SD for >1000 cells in n=3. (H) Quantification
of the percentage of GM847 cells with Nbsl at APBs for the indicated cell lines. Indirect
immunofluorescence was performed with anti-Nbsl and anti-PML antibodies for >1000

cells in n=3.
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3.9 TRF1 truncation mutants do not have a significant effect on cell proliferation

To assess whether expression of the TRF1 truncation mutants and their inability to
fully recruit proteins to APBs had an effect on cell proliferation, cells were cultured for
over 50 days and population doublings (PDs) were recorded. No growth defects were
observed, asthe growth rates of all of the truncation mutant cell lines were essentially
indistinguishable from cells expressing wild type TRF1 (Figure 3.18A and 3.18B).
However, protein expression was slightly reduced for most cell lines by PD 30 to 40

(Figure 3.18C and 3.18D).
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Figure 3.18. TRF1 truncation mutants do not have a significant effecton cell
proliferation. (A) Growth curve of TRF1-depleted GM847 cells stably expressing
various Myc-tagged TRF1 truncation constructs as indicated. The number of PDs was
plotted against days in culture. (B) Growth curve of TRF1-depleted GM847 cells stably
expressing various Myc-tagged TRF1 truncation constructs as indicated. The number of
PDs was plotted against days in culture. (C) Western analysis of expression of various
Myc-tagged TRF1 truncation mutants in early and late PDs, corresponding to the growth
curve in (A). Samples were run on 2 separate 10% SDS-PAGE gels and immunoblotting
was performed with anti-Myc and anti-y-tubulin antibodies. (D) Western analysis of
expression of various Myc-tagged TRF1 truncation mutants in early and late PDs,
corresponding to the growth curve in (B). Samples were run on 2 separate 10% SDS-
PAGE gels and immunoblotting was performed with anti-Myc and anti-y-tubulin

antibodies.
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CHAPTER 4 DISCUSSION

4.1 Preliminary analysis of phosphorylated (pT371)TRF1 in ALT cells

TRF1 is known to be involved in APB formation, including through its
sumoylation by MMS21, its interaction with PML3 and its interaction with Nbsl (Jiang et
al., 2007; Potts & Yu, 2007; Yu et al., 2010). There are no reports that TRF1 is involved
in other aspects of the canonical ALT pathway, such as in ECTR production, but the
correlation between APBs and ECTRs suggests that TRF1 is likely important for other
ALT roles. Consistent with this, the results presented here identify a role for TRF1 in C-
circle production. There appears to be a direct relationship between the level of
endogenous TRF1 and the relative amount of C-circles produced, as ALT cells depleted
of TRF1 showed a significant decrease in C-circle production, whereas ALT cells
overexpressing TRF1 showed a significant increase in C-circle production. The
requirement for TRF1 in APB formation combined with this role in C-circle production
raises the possibility that TRF1 is also involved in other ALT phenotypes, such as T-SCE
and telomere length heterogeneity, which have yet to be investigated.

When TRF1 is not bound to telomeres it is typically degraded through the
proteasome pathway (Chang et al., 2003; Lee et al., 2006). However, a fraction of
endogenous pan-TRF1 can exist as a soluble pool that is not bound to telomeres. This
portion is phosphorylated by Cdk1 at T371 and protects unbound TRF1 from degradation
in telomerase-positive cells (McKerlie & Zhu, 2011). This telomere-free pool of TRF1

has been shown to faciliate HR-mediated DSB repair (McKerlie etal., 2013).
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Phosphorylated (pT371)TRF1 was also found predominantly in the chromatin-free
fraction in ALT cells, so it is likely that unbound (pT371)TRF1 is stabilized in ALT cells,
allowing it to engage in other functions away from the telomere. The immunofluorescent
staining pattern of (pT371)TRF1 differed from that of pan-TRF1, only staining telomeres
in a subset of cells that were primarily in S and G2 phase of the cell cycle. The HR
process is limited to S and G2 phases, whereas NHEJ is active throughout the cell cycle,
favoured especially in G1 cells (Burma et al., 2006; Liang et al., 1998; Mao et al., 2008).
In ALT cells, HR-mediated telomere regulation is thought to occur at APBs, which is also
where phosphorylated (pT371)TRF1 is found. These preliminary findings prompted
further investigations of the relationship between phosphorylated (pT371)TRF1 and the
HR process in ALT cells.

Only 5% of endogenous TRF1 is phosphorylated at T371 (McKerlie & Zhu,
2011), so one might expect to see a reduction in the localization of phosphorylated
(pT371)TRF1 to APBs compared to TRF1, but no significant difference was found.
However, phosphorylated (pT371)TRF1 is unequally distributed in a cell population and
is predominantly found in S and G2 phase cells, which is when cells are enriched with
APBs (Wu et al., 2000a). If both phosphorylated (pT371)TRF1 and total TRF1 are able to
localize to all of these APBs, then no difference would be observed when only looking at
cells that contain APBs. Perhaps there is also an unequal distribution of phosphorylated
(pT371)TRF1 within a cell, with an enrichment of soluble (pT371)TRF1 at APBs
compared to at telomere foci. A possible explanation for this could be that phosphorylated

(pT371)TRF1 is actively recruited to APBs to perform a specific function there.
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4.2 Analysis of the relationship between phosphorylated (pT371)TRF1 and DNA
damage response factors in ALT cells

As mentioned previously, YH2AX rapidly recognizes damaged DNA and
facilitates the recruitment of appropriate repair factors. Based on the observation of co-
localization between phosphorylated (pT371)TRF1 and YH2AX at APBs in interphase
cells and, more importantly, at telomeres in metaphase cells could suggest that
(pT371)TRF1 is also involved in this process, but further studies are needed to fully
understand this mechanism. The presence of chromosome ends with weak or absent
telomere signals and the enrichment of YH2AX signals at these locations supports
previous evidence that ALT cells contain telomeres of heterogeneous length and that
deprotected telomeres activate DNA damage response pathways (Bryan et al., 1995; Celli
& de Lange, 2005; Kim et al., 2004; Rogan et al., 1995; Takai et al., 2003). Taken
together, the results suggest that (pT371)TRF1 localizes to APBs with the HR repair
proteins BRCAL and RPA, which are proteins already known to be at APBs (Wu et al.,
2003; Yeager etal., 1999). Whether (pT371)TRF1 plays a role in recruiting HR proteins
to APBs is unknown.

Phosphorylated (pT371)TRF1 represents a subset of total TRF1 and has a
different cellular distribution, different biochemical properties and a different function.
Although the localization of (pT371)TRF1 to APBs was reduced by depletion or
inhibition of ATM, Mrell or BRCAL, the localization of total pan-TRF1 was not
significantly affected. This suggests that the localization of (pT371)TRF1 to APBs is

dependent on ATM, Mrell and BRCAL, whereas pan-TRF1 appears to localize to APBs
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independently of these factors. Only a small proportion of endogenous TRF1 is
phosphorylated at T371, so while a significant reduction was observed with the anti-
pT371 antibody at APBs, this difference may be masked when looking at pan-TRF1 with
the anti-TRF1 antibody.

No significant change was observed in the percentage of cells with TRF1, TRF2
or Rapl at APBs in cells depleted or inhibited for ATM, supporting previous reports that
ATM does not play a direct role in APB formation (Nabetani et al., 2004; Osterwald et
al., 2012). However, the localization of phosphorylated (pT371)TRF1 was significantly
reduced following both ATM depletion and inhibition, suggesting that the presence and
activity of ATM is required for this form of TRF1 to go to APBs.

A previous report has suggested that Mrell is required for APB formation. This
study used methionine restricted cells depleted for Mrell and measured APBs by the co-
localization of TRF2 and PML (Jiang etal., 2007). In the current experiments presented,
Mirin was used to inhibit the nuclease activity of Mrell, simultaneously preventing the
autophosphorylation of ATM on S1981. Mrell nuclease activity is required for the
processing of DNA ends during HR (Buis et al., 2008). Cells treated with Mirin did not
show any significant change in the localization of TRF1, TRF2 or Rapl to APBEs,
suggesting that the nuclease activity of Mrell may not be required for APB formation.
Depleting cells of Mrell is ultimately different from inhibiting the nuclease activity of
Mrell, since depletion uses siRNA to inhibit the formation of Mrell protein, thus
preventing Mrell from engaging in any other functions or interactions. Mrell nuclease

activity was required for the localization of phosphorylated (pT371)TRF1 to APBs, which
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suggests that this form of TRF1 requires the DNA processing activity of Mrell to go to
APBs. Unexpectedly, the percentage of pT371-positive U20S cells was significantly
reduced following a 4h Mirin treatment, but this difference was not observed in GM847
cells that were treated for 1h. The exact cause of this discrepancy is unknown, but the
differences in treatment time may contribute to these results. Perhaps inhibiting Mrell
nuclease activity for a longer period of time interfered with the ability of TRF1 to be
phosphorylated at T371, whereas a short term inhibition only affected its localization to
APB:s.

Although BRCAL localizes to APBs and may be required for DNA synthesis at
APBs (Wu et al., 2003), the clustering of telomeres in ALT cells appears to occur
independently of BRCA1 (Cho et al., 2014). Cells depleted for BRCA1 showed no
significant change in the localization of TRF1 or TRF2 to APBs, but were defective in
localizing phosphorylated (pT371)TRF1 to APBs. These results suggest that APBs can
form independently of BRCAL, but that the presence or activity of BRCAL is necessary
for (pT371)TRF1 to go to APBs.

Phosphorylated (pT371)TRF1 was also assessed in cells depleted for 53BP1 and
in cells treated with a DNA-PK inhibitor to determine whether its localization was
affected by NHEJ components. No significant differences were observed in these cells,
suggesting that the localization of (pT371)TRF1 to APBs occurs independently of these
factors.

Overall, it appears that the localization of phosphorylated (pT371)TRF1 to APBs

depends on ATM, Mrell and BRCAL, suggesting that regulation occurs through the HR
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pathway. A similar dependence was previously established for the role of (pT371)TRF1
in HR-mediated DNA damage repair (McKerlie et al., 2013). The exact mechanism
through which (pT371)TRF1 requires ATM, Mrell and BRCAL to localize to APBs is
unknown. Various connections between TRF1, ATM, Mrell and BRCAL have been
previously identified. It has been demonstrated that TRF1 and ATM interact both in vivo
and in vitro, and that ATM can phosphorylate TRF1 in cells exposed to ionizing radiation
and in undamaged cells (Kishi etal., 2001; Wu et al., 2007). TRF1 can interact with
BRCAL, dependent upon DNA and the MRN complex (Ballal etal., 2009) and TRF1 has
also been shown to interact with Nbsl in a yeast two-hybrid assay (Wu et al., 2000a).
Nbsl plays an important role in APB formation and is required for the subsequent
recruitment of Mrell, Rad50 and BRCA1 to APBs (Wu et al., 2003). In addition, ATM
and MRN interact directly (Falck et al., 2005; You et al., 2005) and they are both found at
telomeres in S and G2 phase cells (Verdun et al., 2005; Zhu et al., 2000). Therefore, there
are numerous possibilities through which ATM, Mrell and BRCAL could regulate the
localization of (pT371)TRF1 in ALT cells. It is possible that phosphorylated
(pT371)TRF1 could rely on an interaction with ATM, the MRN complex or BRCAL to

localize to APBs, but further studies are needed to test this idea.

4.3 Investigation of the roles of the TRF1 phosphorylation site T371 in ALT cell
functionality
TRF1 phosphorylation at T371 has previously been shown to be important for

sister telomere resolution (McKerlie & Zhu, 2011) and HR-mediated DSB repair
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(McKerlie etal., 2013). The findings presented here identify a novel role for
phosphorylated (pT371)TRF1 in APB formation, which further demonstrates how a
single phosphorylation site can have multiple functions.

Similarly to endogenous phosphorylated (pT371)TRF1, a portion of the Myc-
tagged phosphomimic TRF1-T371D mutant was found in the soluble chromatin-free
fraction of protein, whereas the nonphosphorylatable TRF1-T371A mutant was
predominantly chromatin-bound. Despite these binding differences, both mutant proteins
formed punctate pan-nuclear foci and APB foci, but they were both defective in their
localization to APBs compared to wild type TRF1. These results suggest that the DNA
binding differences between these mutants does not affect their localization to APBs.
Although the lack of phosphorylation at T371 impairs the ability of Myc-tagged TRF1 to
go to APBs, as shown by the T371A mutant, the phosphomimic mutant was unable to
rescue this defect. Likewise, both the T371A and T371D mutants were defective in
localization of Rapl, TRF2, TIN2, Nbsl and RPA32 to APBs. Conversely, expression of
the phosphomimic TRF1-T371D mutant in telomerase-positive cells produced results
comparable to endogenous (pT371)TRF1 and was able to rescue the HR defects observed
with the T371A mutant following DNA damage (McKerlie et al., 2013). There are several
possible explanations for this discrepancy.

Unlike endogenously phosphorylated (pT371)TRF1, the aspartic acid substitution
in the T371D mutant acts as a permanent phosphorylation. Based on the dynamic nature
of phosphorylation events and the importance of dephosphorylation in biological

functions, it is possible that only a temporary phosphorylation at T371 is important for
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APB formation. Therefore, the inability of T371 to be dephosphorylated may interfere
with its function. While aspartic acid may be chemically similar to phosphorylated
threonine, it is possible that the protein conformation of TRF1 is altered in the
constitutively phosphorylated T371D mutant, which may interfere with its activity, its
ability to fold or its ability to interact with DNA and other proteins. If, for example, T371
phosphorylation or dephosphorylation is important for regulating TRF1 sumoylation, then
APB formation will also be affected, since TRF1 sumoylation is required for APB
formation (Potts & Yu, 2007). If the DNA binding activity and phosphorylation of TRF1
are both important for APB formation, the differences in chromatin-association between
the T371A and T371D mutants may contribute to the results.

Collectively, these results suggest that the lack of phosphorylation at T371 of
TRF1 impairs the ability of Myc-tagged TRF1, the shelterin proteins Rapl, TRF2 and
TIN2, as well as the repair factors Nbsl and RPA to localize to APBs.

It has been reproducibly shown that C-circle formation in ALT cells is dependent
on TRF1 phosphorylation at T371, as cells expressing the nonphosphorylatable T371A
mutant showed a significant reduction in C-circle formation compared to both wild type
TRF1 and the T371D phosphomimic mutant. These results from the T371A mutant are
consistent with the data obtained from APB studies, which further suggests that the
inability of cells expressing the T371A mutant to form APBs may contribute to their
inability to produce C-circles. However, the T371D mutant appears to be able to rescue
the formation of C-circles even though it was unable to rescue APB formation. This

suggests that the mechanism through which the T371D mutant operates may be different
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for APB and C-circle formation. Since the T371D mutant mimics a constitutive
phosphorylation, perhaps the removal of this phosphorylation is not important for C-circle
formation, whereas it is important for APB formation. Further studies are needed to
investigate if the function of phosphorylated (pT371)TRF1 differs for APB and C-circle

formation.

4.4 Analysis of TRF1 domain structure and TRF1 DNAbinding ability in APB
formation

The phosphorylation site T371 is located within the linker region of TRF1, but
other domains of TRF1 also appear crucial for APB formation. Only TRF1 truncation
mutants containing the TRFH homodimerization domain were able to fully localize to
APBs, suggesting that this domain is required for TRF1 to localize to APBs. However,
both the dimerization and Myb-like domains are required for TRF1 to localize to
telomeres and bind chromatin. This supports previous data that TRF1 binds DNA as a
dimer, which requires both the dimerization and Myb domains (Bianchi etal., 1997). It
therefore appears that the localization of TRF1 to APBs can occur independently of DNA.

The presence of Myc-tagged truncated TRF1 at APBs does not guarantee the
recruttment of all proteins to APBs; for example, the AM truncation mutants showed a
comparable level of Myc at APBs compared to wild type TRF1, but they were defective
in localizing TRF2, TIN2, Nbsl and RPA32 to APBs. Although the L-M truncation
mutants were defective in their own localization to APBs and in Nbs1 localization, they

were the only mutants able to rescue the localization of TRF2, TIN2 and RPA32 to APBs.
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These results suggest that full-length TRF1 is required for the functional assembly of
APBs, but that the Myb domain of TRF1 may be required to recruit TRF2, TIN2 and
RPA32 to APBs. Therefore, the localization of other shelterin proteins to APBs does not
seem to depend on TRF1 being at APBs, raising the possibility that shelterin proteins are
recruited independently.

There are several explanations as to why cells expressing L-M truncation mutants
could recruit TRF2, TIN2 and RPA32 to APBs, but were defective in the recruitment of
Myc-tagged L-M. Itis possible that the L-M mutants have some intrinsic DNA binding
activity or may be loosely associated with chromatin at APBs, since the Myb domain is
present. If the Myb domain or DNA binding activity of TRF1 is important for APB
formation, this could explain the results observed. Previous work has suggested that
TRF1 dimerization is a prerequisite for DNA binding, which requires two Myb motifs
(Bianchi et al., 1997), but also that isolated Myb motifs of TRF1 can bind telomeric
repeats in a South Western assay (Bilaud et al., 1996), so this model is not unrealistic.
TRF1 is able to dimerize when it is not bound to telomeric DNA and these dimers are
relatively stable (Bianchi etal., 1997). Since the L-M mutants lack the dimerization
domain and are therefore unable to dimerize, unbound L-M monomers may somehow
facilitate the localization of TRF2, TIN2 and RPA32 to APBs, perhaps through a
signaling role. Since the TRFH domain of TRF1 is required to interact with TIN2 (Kim et
al., 1999a), it is unlikely that the L-M mutants facilitate TIN2 recruitment to APBs
through a direct interaction. Likewise, TRF1 and TRF2 cannot form heterodimers

(Broccoli et al., 1997c; Fairall etal., 2001), so a direct interaction here is also improbable.
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The recruitment of RPA32 to APBs may correlate with the presence of TRF2, which has
been shown to physically associate with and stimulate the helicase activities of WRN and
BLM, facilitating RPA coating of single stranded DNA (Opresko et al., 2002). 1t would
be interesting to test this by investigating whether the L-M mutants are also able to recruit
WRN and BLM proteins to APBs compared to the other truncation mutants.
Hypothetically, if the Myb domain of TRF1 is required for T371 phosphorylation
to occur and this is required for APB formation as previously proposed, then L-M is the
only truncation mutant able to fulfill this role. This may occur, for example, through an
interaction between the Myb domain and Cdk1 or perhaps the Myb domain is required to
relieve steric hindrance and allow Cdk1 to access and phosphorylate T371. However, the
L-M-A truncation mutant is nonphosphorylatable at T371 and yet it produced similar
APB results to the L-M mutant. Perhaps the presence of the Myb domain is sufficient to
signal the recruitment of other proteins to APBs. It appears that phosphorylation at T371
becomes unimportant once TRF1 is truncated and is unable to bind telomeric DNA, as no
significant differences were found between the truncation mutants alone compared to the
truncation mutants with T371 mutations. Although the exact mechanism responsible for
this is unknown, the chromatin-association of TRF1 may be a contributing factor. A
portion of phosphorylated (pT371)TRF1 and a substantial amount of all of the truncation
mutants are chromatin-free. If the chromatin binding properties of phosphorylated
(pT371)TRF1 are important for its role at APBs, the constitutive inability of the

truncation mutants to bind DNA may interfere with this function.

125



M.Sc. Thesis — F. Wilson; McMaster University — Biology

A previous report using GM847 cells expressing GFP-TRF1AMyb showed a
slight increase in the percentage of cells with Nbsl APB-like foci, suggesting that the
recruitment of Nbsl to APBs occurs independently of TRF1 (Wu et al., 2003). This
experiment used immunofluorescence single staining of Nbs1 as an indicator of APB
localization, rather than the ideal co-staining of Nbsland PML (Wu et al., 2003).
However, the current data presented showed a significant reduction in Nbsl at APBs in
cells depleted for TRF1 and in cells expressing TRF1 truncation mutants, including
TRF1-AM. It is known that the interaction between TRF1 and Nbs1 requires full length
TRF1 and the C-terminus of Nbsl (Wu et al., 2000a). The results presented here support a
model in which full length TRF1 is required for Nbsl localization to APBs, but whether
this occurs through a direct interaction requires investigation. Since only full length TRF1
is chromatin-bound, it is possible that TRF1 must bind directly to telomeric DNA in order
for Nbsl to localize to APBs.

In support of the data obtained from the chromatin-free TRF1 truncation mutants,
chromatin-free TRF1-R425V mutants were also unable to form complete APB structures,
despite their own ability to localize to APBs. This further suggests that the telomeric
DNA binding activity of TRF1 is dispensable for its localization to APBs, but that the
localization of TRF2, TIN2 and Nbsl to APBs requires TRF1 to be chromatin-bound.
Therefore it appears that an intact and functional Myb domain of TRF1 is required for the
functional assembly of APBs.

Also in line with the TRF1 truncation mutant results, it appears that

phosphorylation at T371 becomes unimportant once TRF1 is unable to bind DNA, as the
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R425V-T371A and R425V-T371D mutants produced similar results to the R425V mutant
alone. This is in contrast to previous work in telomerase-positive cells where IR-induced
DNA damage foci were unable to form in cells expressing the R425V-T371A mutant,
compared to R425V and R425V-T371D mutants, suggesting that telomere-free TRF1 is
still controlled by phosphorylation at T371 (McKerlie et al., 2013). It is likely that
phosphorylated (pT371)TRF1 is regulated through a different mechanism in ALT cells
compared to telomerase-positive cells. If TRF1 requires temporal changes in chromatin
association for its role at APBs, the constitutive inability of the R425V mutants to bind
DNA may interfere with this function.

The disruption of APB assembly in cells expressing TRF1 truncation mutants did
not seem to influence their proliferation, so the biological significance of these
truncations requires additional research. The impact of the truncation mutants on

telomeric circle formation or overall telomere length has yet to be investigated.
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CHAPTER 5 CONCLUSION

5.1 Overview of Findings and Future Directions

The work presented in this thesis has investigated functional and regulatory
mechanisms of TRF1 in ALT cells using a variety of techniques, such as mutational
analysis, the use of a phospho-specific antibody, immunofluorescence and C-circle
amplification assays. The results have identified novel roles for TRF1 in ALT activity,
including APB formation and C-circle production. The findings presented here suggest
that the lack of phosphorylation at T371 of TRF1 impairs the functional assembly of
APBs and impairs C-circle formation. Phosphorylated (pT371)TRF1 appears to be
regulated in a cell cycle dependent manner in ALT cells, localizing predominantly to S
and G2 phase cells. Phosphorylated (pT371)TRF1 is associated with YH2AX and HR
proteins at APBs in interphase cells, and this localization is dependent on ATM, MRN
and BRCAL activity. Phosphorylated (pT371)TRF1 also co-localized with yYH2AX at
telomeres in metaphase cells, suggesting that this form of TRF1 may be involved in DNA
damage signaling. While phosphorylation at T371 of TRF1 may be necessary for the
assembly of APBs, only full length TRF1 is able to localize itself to APBs in addition to
the recruitment of other proteins to these nuclear bodies.

Although there may be similarities between the role of phosphorylated
(pT371)TRF1 in facilitating the HR-mediated repair of DSBs in telomerase-positive cells
and in mediating APB formation in ALT cells, these mechanisms contain distinct
features. Prior research has suggested that repair proteins, such as the MRN complex and

Rad51, have separate associations with APBs compared to ionizing radiation-induced
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foci, based on discrepancies in their localization at these structures (Wu et al., 2003). The
phosphorylation site S343 of Nbsl is important for DNA damage repair following
ionizing radiation, but modifications at this site did not affect Nbsl localization to APBs
(Gatei et al., 2000; Lim et al., 2000; Wu et al., 2003, 2000b; Zhao et al., 2000). These
results suggest that although HR-mediated telomere lengthening at APBs and HR-
mediated repair of DSBs share similar features, these mechanisms operate independently
and are not identical.

TRF1 is dynamically regulated at telomeres, moving between telomere-bound and
unbound states (Mattern et al., 2004). It appears that both of these chromatin-bound and
unbound pools of TRF1 are important for ALT activity. Phosphorylation at T371 of TRF1
creates a soluble fraction of TRF1 that localizes to APBs with HR factors and labels
dysfunctional telomeres in metaphase. However, TRF1 must be able to dimerize to
localize itself to APBs as well as associate with telomeric DNA through its Myb domain
to form fully functional APBs. The use of TRF1 truncation mutants has allowed the
different domains of TRF1 to be separated functionally. The homodimerization domain of
TRF1 is required for complete localization of TRF1 to APBs, and an intact and functional
Myb domain is required for TRF1 to bind DNA, which is necessary for the recruitment of
TRF2, TIN2 and RPA32 to APBs. These two functions are independent, but both are
essential for APB formation. As an example, the nonphosphorylatable T371A mutant in
full length TRF1 was predominantly chromatin-bound but was defective in its own
localization to APBs. On the other hand, the R425V mutant was unable to bind DNA but

fully localized itself to APBs. However, neither T371A nor R425V were able to fully
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recruit other proteins to APBs, demonstrating the importance of these individual
functions.

Additionally, it appears that there may be two distinct roles for the Myb domain of
TRF1. The first is DNA binding activity and the second is the ability to signal or interact
with other proteins. When the DNA binding activity of the Myb domain was abrogated
through an R425V point mutation, neither TRF2 nor TIN2 could localize to APBs, even
though full length TRF1 was present. The removal of the Myb domain through truncation
mutants also produced these results, despite the ability of TRF1 to localize itself to APBs.
Even though the L-M truncation mutants appeared to be chromatin-free and were
defective in localizing themselves to APBs, the Myb domain in this setting was able to
facilitate the recruitment of TRF2, TIN2 and RPA32 to APBs. It is therefore likely that
this occurs through an indirect signaling event or perhaps through direct protein-protein
interactions. However, further investigations are required to test this model.

It is possible that there is an interaction between phosphorylated (pT371)TRF1
and the Myb domain of TRF1. Since a portion of (pT371)TRF1 is chromatin-free, one
potential model is that the reduced affinity between (pT371)TRF1 and DNA may allow
TRF1 to engage in other interactions, perhaps via its Myb domain. Phosphorylation at
T371 may induce a conformational change in TRF1 allowing the Myb domain to access
other substrates, which may help facilitate the recruitment of HR proteins to APBs.

TRF1 interacts with the proteins nucleostemin and guanine nucleotide-binding
protein-like 3 at telomeres, and the interplay between these proteins regulates TRF1

function. When TRF1 is unbound from telomeres, it is generally ubiquitinated and
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degraded by the proteasome-mediated pathway (Chang et al., 2003). The nucleolar GTP-
binding protein nucleostemin (NS) interacts directly with TRF1 in the linker region and
upregulates the degradation of TRF1 without affecting its ubiquitination (Meng et al.,
2011; Tsai & Meng, 2009; Zhu et al., 2006). The exact amino acid position of the
interaction between NS and the linker region of TRF1 is currently unknown. NS inhibits
TRF1 homodimerization and consequently decreases the telomeric retention time of
TRF1, but NS does not affect the overall amount of TRF1 bound to telomeres (Meng et
al., 2011). In addition, NS overexpression can also reduce the level of TIF formation in
U20S cells expressing TRF22B*M which contain an elevated level of dysfunctional
telomeres, but the details of this mechanism are unknown (Meng et al., 2011; van
Steensel et al., 1998). NS appears to be important for APB formation, perhaps by
promoting the recruitment of telomeres to PML bodies from outside the nucleolus (Hsu et
al., 2012). NS has also been shown to increase the sumoylation of TRF1 and promote its
association with PML-1V (Hsu et al., 2012), which is required for APB formation (Potts
& Yu, 2007). Therefore, it is possible that NS influences TRF1 function at APBs,
regulating its ability to recruit HR proteins and facilitate the repair of dysfunctional
telomeres (Meng etal., 2011). It would be interesting to investigate the relationship
between phosphorylated (pT371)TRF1 and NS to determine whether phosphorylation at
T371 could facilitate NS-TRF1 interactions, thereby promoting APB formation and HR-
mediated telomere regulation in ALT cells. Co-immunoprecipitation analysis of TRF1-
T371A, TRF1-T371D and NSwould demonstrate whether phosphorylation at this site is

important for TRF1-NS interaction.
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A competitor of NS, guanine nucleotide-binding protein-like 3 (GNL3L), interacts
with the TRFH domain of TRF1, promotes the dimerization and telomere binding of
TRF1 (Zhu et al., 2009) and inhibits APB formation (Hsu et al., 2012). This regulation is
therefore disrupted in the L-M truncation mutants since they are missing the TRFH
domain, so presumably there will be less competition between NS and GNL3L on TRF1.
It is possible that the L-M mutants exist as unbound monomers that are able to stimulate
the repair of dysfunctional telomeres in ALT cells by promoting the localization of
certain proteins to APBs, thus reducing DNA damage signaling. Similarly,
phosphorylated (pT371)TRF1 also contributes to the unbound pool of TRF1 and may act
in the same pathway by signaling or promoting the HR-mediated repair of dysfunctional
telomeres and reducing DNA damage signaling.

To advance our understanding of the role of phosphorylated (pT371)TRF1 in ALT
activity, research efforts should aim to establish the functional significance of this form of
TRF1 in ALT cells. Although T371 phosphorylation may be important for APB and C-
circle formation, whether the lack of phosphorylation at this site has any impact on cell
proliferation, mean telomere length or cell survival following DNA damage requires
investigation. A long term growth experiment using ALT cells depleted for endogenous
TRF1 complemented with T371A and T371D mutants followed by pulsed-field gel
electrophoresis could be used to assess cell proliferation and changes in telomere length
over time. A colony survival assay on the same cells following exposure to ionizing
radiation would determine whether the lack of phosphorylation at T371 compromises cell

survival after DNA damage. Also, although the localization of (pT371)TRF1 to APBs
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appears to depend on certain components of DNA repair pathways, the exact function of
(pT371)TRF1 at APBs in unknown. Whether DNA synthesis at APBs is reduced in cells
expressing the T371A mutant could be investigated by visualizing ssSDNA at APBs by
BrdU incorporation. A metaphase spread analysis of ALT cells expressing Myc-tagged
T371A could be used to assess whether the lack of phosphorylation at this site affects the
localization of TRF1 to telomeres, which may shed light on the mechanism through
which phosphorylated (pT371)TRF1 may facilitate the functional assembly of APBs. To
assess how phosphorylated (pT371)TRF1 is recruited to APBs, co-immunoprecipitations
could be performed to examine interactions between (pT371)TRF1 and candidate proteins
such as ATM, Mrell and BRCAL, since these factors appear to be important for the
localization of (pT371)TRF1 to APBs.

An assessment of the impact of TRF1 truncation mutants on ALT activity and cell
survival following DNA damage should also be investigated. It would be interesting to
test whether C-circle levels are affected in the truncation mutants, as well as DNA
synthesis at APBs. Although the truncation mutants did not affect cell proliferation, an
assessment of mean telomere length could be used as a functional readout for the impact
of these mutations.

5.2 Implications and Significance

TRF1 is known to have a variety of important cellular roles which are required for
genomic stability. These roles include, but are not limited to, telomere protection,
telomerase-dependent telomere length regulation, sister telomere resolution in mitosis and

facilitation of HR-mediated DSB repair of non-telomeric DNA. Although the role of
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TRF1 in telomerase-positive cells has been studied extensively, how TRF1 functions in
ALT cells is still not well understood. ALT tumours typically have poor prognosis due to
a lack of treatment options, since our understanding of ALT mechanisms is limited.
Therefore, any additional information that could further our knowledge of ALT cell
regulation will be valuable in developing therapeutic strategies. The work presented here
has identified novel roles for TRF1 in regulating APB formation and C-circle production
in ALT cells. This information regarding TRF1 phosphorylation, TRF1 domain structure
and HR signaling events in ALT cell functionality could potentially be exploited for the

development of anti-cancer therapies.
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APPENDIX |

STATISTICAL RESULTS

One-way ANOVA and Tukey HSD (multiple comparisons of means, 95% family-wise
confidence level) tests were performed using the statistical software R (R Core Team,
2014). Presented below are the results from these tests for the indicated figures.

Significant differences (p<0.05) are displayed on the graphs as different letters above
columns. The significance codes (Sig) are: 0 “**** 0.001 “***0.01 “** 0.05 . 0.1 1.

ANOVA

Fig3.1 Df (groups, residuals) F value p Sig

3.1A pRS,shTRF1

Small, medium & large 14 1.401 0.302

Medium & large 1,4 15.84 0.0164 *

Large 1,4 0.25 0.643

3.1B Vector, sShTRF1 1,4 4.907 0.0911

ANOVA

Fig3.2 Df (groups, residuals) F value p Sig

3.2B Vector, shTRF1 1,8 39.27 0.000241 [ ***

3.2E Vector, TRF1 1,6 13.77 0.00996 o

Fig3.3 Df (groups, residuals) F value p Sig

3.3B TRF1,pT371 14 1170 4.36x107° [ **=*

ANOVA Tukey HSD

Fig3.5 Df (groups, residuals) | F value p Sig

3.5A TRF1,pT371 1,4 0.695 0.451

3.5B pRS, shTRF1 1,4 8.653 0.0423 *

3.5D pRSivector (V), 2,15 19.55 6.63x10™ | *** KD-V 0.0002024

shTRF1/vector (KD), WT-V 0.9998479

shTRF1L/TRF1 (WT) WT-KD 0.0001962

ANOVA Tukey HSD

Fig3.8 Df (groups, residuals) | Fvalue | p Sig

3.8D 4,10 18.97 0.000116 | *** SshATM-pRS 0.0011584
shBRCA1-pRS 0.0016886
sh53BP1.A-pRS 0.4356198
sh53BP1.B-pRS 0.9472110
shBRCA1-shATM 0.9983837
sh53BP1.A-shATM  0.0146486
sh53BP1.B-shATM  0.0004616
sh53BP1.A-shBRCA1 0.0225419
sh53BP1.B-shBRCA1 0.0006566
sh53BP1.B-sh53BP1.A 0.1674682

3.8E 4,10 6.585 0.00729 *x ShATM-pRS 0.9855893
shBRCA1-pRS 0.0781081
sh53BP1.A-pRS 0.0370576
sh53BP1.B-pRS 0.9874765
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shBRCA1-shATM 0.1656002
sh53BP1.A-shATM  0.0802900
sh53BP1.B-shATM  0.8583555
sh53BP1.A-shBRCA1 0.9874132
sh53BP1.B-shBRCA1 0.0370952
sh53BP1.B-sh53BP1.A 0.0176397

3.8F 4,10 2.166 0.147
3.8G 4,10 0.54 0.71
ANOVA
Fig3.9 pRS,sh53BP1-B Df (groups, residuals) F value p Sig
3.9B 1,4 3.689 0.127
3.9C 1,4 6.222 0.0672
ANOVA Tukey HSD
Fig10 Df (groups, residuals) | Fvalue | p Sig DMSO, KU55933 (KU), Mirin, NU7026
3.10B 3,8 14.02 0.0015 *x KU-DMSO 0.0022132
Mirin-DMSO  0.0063800
NU7026-DM SO 0.4580858
Mirin-KU 0.8127623
NU7026-KU 0.0149352
NU7026-Mirin  0.0504170
3.10C 3,8 1.867 0.213
3.10D 3.8 5.708 0.0218 * KU-DM SO 0.1023994
Mirin-DMSO  0.7463265
NU7026-DM SO 0.5827446
Mirin-KU 0.3920333
NU7026-KU 0.0165800
NU7026-Mirin  0.1716062
3.10E 3,8 6.43 0.0159 * KU-DMSO 0.0708504
Mirin-DMSO  0.9832384
NU7026-DM SO 0.6743473
Mirin-KU 0.0428200
NU7026-KU 0.0145634
NU7026-Mirin  0.8580916
ANOVA
Fig3.11 Df (groups, residuals) F value p Sig
3.11B
DM SO, KU55933 14 23.81 0.00817 *x
DMSO, Mirin 1,4 57.78 0.00161 *x
3.11C
DM SO, KU55933 1,4 1.4 0.302
DM SO, Mirin 1,4 12.91 0.0229 *
ANOVA Tukey HSD
Fig3.12 Df (groups, residuals) | Fvalue | p Sig | shTRFL/TRF1 (WT), shTRF1/T371A (A),
shTRF1/T371D (D)
3.12F 2,15 38.6 1.22x10° | *** A-WT 0.0000017
D-WT 0.0000181
D-A 0.3285973
3.12G 2,15 6.861 0.00766 wx

A-WT 0.9228424
D-WT 0.0107735
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D-A 0.0230120

ANOVA

Tukey HSD

Fig3.13

Df (groups, residuals)

F value

Sig

pRSAector (V), shTRF1Aector (KD),
ShTRF1/TRF1 (WT), shTRF1/T371A (A),
shTRF1/T371D (D)

3.13B

4,25

70.65

2.96x10™

*k*k

KD-V 0.0000162
WT-V 1.0000000
A-V 0.0000000
D-V 0.0000000
WT-KD 0.0000155
A-KD 0.0000155
D-KD 0.0002711
A-WT 0.0000000
D-WT 0.0000000
D-A  0.7856349

3.13D

4,40

21.76

1.35x10°°

*k*k

KD-V 0.0000842
WT-V 0.9992524
A-V 0.0000007
D-V 0.0000010
WT-KD 0.0001781
A-KD 0.5697049
D-KD 0.6509529
A-WT 0.0000015
D-WT 0.0000023
D-A 0.9999330

3.13E

4,25

71.92

2.41x10°

*k*k

KD-V 0.0000000
WT-V 0.0004185
A-V 0.0000000
D-V 0.0000000
WT-KD 0.0022524
A-KD 0.0001640
D-KD 0.0027398
A-WT 0.0000000
D-WT 0.0000001
D-A 0.7981311

3.13F

4,10

158.1

5.42x10”

**k*k

KD-V 0.0000212
WT-V 0.9680324
A-V 0.0000001
D-V 0.0000000
WT-KD 0.0000391
A-KD 0.0002979
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D-KD 0.0000111
A-WT 0.0000002
D-WT 0.0000000
D-A 0.0600046

3.13G

4,25

60.06

1.86x10™"

*kxk

KD-V 0.0000000
WT-V 0.7391048
A-V 0.0000000
D-V  0.0000000
WT-KD 0.0000000
A-KD 0.9955741
D-KD 0.9805472
A-WT 0.0000000
D-WT 0.0000000
D-A 0.8838568

3.13H

4,10

60.07

5.9x10

*kk

KD-V 0.0193902
WT-V 0.2639492
A-V 0.0000208
D-V 0.0000116
WT-KD 0.0008761
A-KD 0.0018008
D-KD 0.0007852
A-WT 0.0000031
D-WT 0.0000019
D-A 0.9672442

ANOVA

Tukey HSD

Fig3.14

Df (groups, residuals)

F value

Sig

3.14B

3,8

31.28

p
9.07x107

*k*

TRF1-vector 0.0003508
T371A-vector 0.0435961
T371D-vector 0.0001137
T371A-TRF1 0.0146622
T371D-TRF1 0.6071839
T371D-T371A 0.0030046

ANOVA

Tukey HSD

Fig3.15

Df (groups, residuals)

F value

Sig

WT (TRF1), AM (M), AM-A (MA), AM-D (MD),
AAAM (AM), AAAM-A (AMA), AAAM-D
(AMD), L-M (LM), L-M-A (LMA), L-M-D
(LMD)

3.15F

9,20

22.86

1.22x10°°

*kk

AM-TRF1 0.9559551
AMA-TRF1 0.9999993
AMD-TRF1 0.9999985
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M-TRF1 0.9999563
MA-TRF1 0.9249933
MD-TRF1 0.7631554
LM-TRF1 0.0000080
LMA-TRF1 0.0000247
LMD-TRF1 0.0000029
AMA-AM 0.9928927
AMD-AM 0.9941890
M-AM  0.9986057
MA-AM 1.0000000
MD-AM  0.9999503
LM-AM 0.0000980
LMA-AM 0.0003279
LMD-AM 0.0000328
AMD-AMA 1.0000000
M-AMA 1.0000000
MA-AMA 0.9835887
MD-AMA 0.9019423
LM-AMA 0.0000145
LMA-AMA 0.0000458
LMD-AMA 0.0000052
M-AMD 1.0000000
MA-AMD 0.9861065
MD-AMD 0.9109212
LM-AMD 0.0000153
LMA-AMD 0.0000484
LMD-AMD 0.0000054
MA-M  0.9956929
MD-M  0.9543586
LM-M  0.0000210
LMA-M 0.0000672
LMD-M 0.0000074
MD-MA 0.9999955
LM-MA 0.0001267
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LMA-MA 0.0004266
LMD-MA 0.0000421
LM-MD 0.0002804
LMA-MD 0.0009609
LMD-MD 0.0000913
LMA-LM 0.9998447
LMD-LM 0.9999138
LMD-LMA 0.9789153

ANOVA Tukey HSD

Fig3.16 | Df (groups, residuals) | Fvalue | p Sig | V(pWZL), KD (shTRF1), WT (TRF1), AM (M),
AM-A (MA), AM-D (MD), AAAM (AM), AAAM-
A (AMA), AAAM-D (AMD), L-M (LM), L-M-A
(LMA), L-M-D (LMD)

3.16A 14,66 22.35 <2x107° | R ShTRF1-pWZL 0.0000000

TRF1-pWZL 0.9036742
L-pWZL  0.0000000
LA-pWZL 0.0000000
LD-pWZL 0.0000006
AM-pWZL 0.0000000
AMA-pWZL 0.0000000
AMD-pWZL 0.0000000
M-pWZL  0.0000041
MA-pWZL 0.0000000
MD-pWZL 0.0000001
LM-pWZL 0.9581714
LMA-pWZL 0.9999999
LMD-pWZL 0.5198961
TRF1-shTRF10.0000002
L-shTRF1 0.9882156
LA-shTRF1 0.4473201
LD-shTRF1 0.9986668
AM-shTRF1 0.9998815
AMA-shTRF1 0.9976644
AMD-shTRF1 0.8156343
M-shTRF1 1.0000000
MA-shTRF1 0.7180176
MD-shTRF1 0.9995436
LM-shTRF1 0.0019918
LMA-shTRF1 0.0000382
LMD-shTRF1 0.0282624
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L-TRF1  0.0000000
LA-TRF1 0.0000000
LD-TRF1 0.0003004
AM-TRF1 0.0000001
AMA-TRF1 0.0000000
AMD-TRF1 0.0000000
M-TRF1 0.0004872
MA-TRF1 0.0000002
MD-TRF1 0.0000151
LM-TRF1 1.0000000
LMA-TRF1 0.9999827
LMD-TRF1 0.9975144
LA-L 0.9991030
LD-L 0.6385144
AM-L 1.0000000
AMA-L  1.0000000
AMD-L  0.9999997
M-L 0.9997233
MA-L 0.9995673
MD-L 1.0000000
LM-L 0.0001318
LMA-L  0.0000025
LMD-L  0.0022138
LD-LA  0.0922839
AM-LA  0.9735782
AMA-LA 0.9950100
AMD-LA  0.9999999
M-LA 0.8873265
MA-LA  1.0000000
MD-LA  0.9997490
LM-LA  0.0000047
LMA-LA  0.0000001
LMD-LA  0.0000989
AM-LD  0.8898469
AMA-LD 0.7628864
AMD-LD 0.2822760
M-LD 0.9998820
MA-LD  0.2669507
MD-LD  0.9100303
LM-LD  0.0558996
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LMA-LD 0.0024304
LMD-LD  0.3284674
AMA-AM  1.0000000
AMD-AM  0.9995799
M-AM 0.9999992
MA-AM  0.9894980
MD-AM  1.0000000
LM-AM  0.0004920
LMA-AM  0.0000104
LMD-AM  0.0072635
AMD-AMA 0.9999866
M-AMA  0.9999661
MA-AMA 0.9979049
MD-AMA  1.0000000
LM-AMA 0.0002344
LMA-AMA 0.0000047
LMD-AMA 0.0037359
M-AMD  0.9853226
MA-AMD 0.9999997
MD-AMD  0.9999998
LM-AMD  0.0000241
LMA-AMD 0.0000004
LMD-AMD 0.0004589
MA-M 0.9338611
MD-M 0.9999824
LM-M 0.0243242
LMA-M  0.0014030
LMD-M  0.1452424
MD-MA  0.9997959
LM-MA  0.0000771
LMA-MA 0.0000025
LMD-MA 0.0009361
LM-MD  0.0021937
LMA-MD 0.0000904
LMD-MD  0.0195833
LMA-LM  0.9998813
LMD-LM  0.9999951
LMD-LMA 0.9617145

3.16B

14,66

20.48

<2x107*°

*k*k

shTRF1-pWZL 0.0000001
TRF1-pWZL 0.9996286
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L-pWZL  0.0000000
LA-pWZL 0.0000001
LD-pWZL 0.0017378
AM-pWZL 0.0000194
AMA-pWZL 0.0000000
AMD-pWZL 0.0000004
M-pWZL 0.0011514
MA-pWZL 0.0000200
MD-pWZL 0.0587146
LM-pWZL  0.9968326
LMA-pWZL 0.9317522
LMD-pWZL 0.2147689
TRF1-shTRF1 0.0000070
L-shrTRF1 0.9615937
LA-shTRF1 0.9998459
LD-shTRF1 0.9249208
AM-shTRF1 0.9999999
AMA-shTRF1 0.7895300
AMD-shTRF1 1.0000000
M-shTRF1 1.0000000
MA-shTRF1 0.9999467
MD-shTRF1 0.9694573
LM-shTRF1 0.0000048
LMA-shTRF1 0.0000007
LMD-shTRF1 0.0000000
L-TRF1  0.0000002
LA-TRF1 0.0000025
LD-TRF1  0.0281985
AM-TRF1 0.0005135
AMA-TRF1 0.0000000
AMD-TRF1 0.0000138
M-TRF1  0.0114055
MA-TRF1 0.0002710
MD-TRF1 0.2850611
LM-TRF1 0.8575858
LMA-TRF1 0.5470123
LMD-TRF1 0.0396802
LA-L 0.9999989
LD-L 0.1905285
AM-L 0.8593271
AMA-L  1.0000000

170




M.Sc. Thesis — F. Wilson; McMaster University — Biology

AMD-L  0.9995038
M-L 0.9833243
MA-L 1.0000000
MD-L 0.3952504
LM-L 0.0000002
LMA-L 0.0000000
LMD-L 0.0000000
LD-LA 0.5411430
AM-LA  0.9938521
AMA-LA  0.9994478
AMD-LA  1.0000000
M-LA 0.9997984
MA-LA 1.0000000
MD-LA  0.7305288
LM-LA 0.0000013
LMA-LA  0.0000002
LMD-LA  0.0000000
AM-LD 0.9984474
AMA-LD  0.0727910
AMD-LD  0.8025050
M-LD 0.9993710
MA-LD 0.7647701
MD-LD 1.0000000
LM-LD 0.0020793
LMA-LD  0.0003986
LMD-LD  0.0000045
AMA-AM  0.6119755
AMD-AM  0.9998927
M-AM 1.0000000
MA-AM 0.9978877
MD-AM 0.9989874
LM-AM 0.0000778
LMA-AM  0.0000129
LMD-AM  0.0000001
AMD-AMA  0.9843095
M-AMA  0.9113400
MA-AMA  0.9999901
MD-AMA  0.2141639
LM-AMA  0.0000000

LMA-AMA  0.0000000
LMD-AMA 0.0000000
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M-AMD  0.9999990
MA-AMD  1.0000000
MD-AMD  0.8990496
LM-AMD  0.0000049
LMA-AMD  0.0000008
LMD-AMD  0.0000000
MA-M 0.9998673
MD-M 0.9993577
LM-M 0.0007977
LMA-M 0.0001831
LMD-M 0.0000037
MD-MA  0.8401882
LM-MA  0.0000290
LMA-MA  0.0000060
LMD-MA  0.0000001
LM-MD  0.0229738
LMA-MD  0.0065652
LMD-MD  0.0001887
LMA-LM  1.0000000
LMD-LM  0.9829391
LMD-LMA  0.9994122

3.16C

14,93

20.63

<X |

shTRF1-pWZL 0.0000000
TRF1-pWZL 0.7471509
L-pWZL  0.0000000
LA-pWZL 0.0000000
LD-pWZL 0.0000000
AM-pWZL 0.0000000
AMA-pWZL 0.0000000
AMD-pWZL 0.0000000
M-pWZL  0.0000000
MA-pWZL 0.0000000
MD-pWZL 0.0000000
LM-pWZL 0.0000000
LMA-pWZL 0.0000000
LMD-pWZL 0.0000000
TRF1-shTRF10.0000001
L-shTRF1 1.0000000
LA-shTRF1 1.0000000
LD-shTRF1 1.0000000
AM-shTRF1 0.4540793
AMA-shTRF1 0.6519023
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AMD-shTRF1 0.4668487
M-shTRF1 0.9806942
MA-shTRF1 1.0000000
MD-shTRF1 0.9031666
LM-shTRF1 1.0000000
LMA-shTRF1 0.9207692
LMD-shTRF1 0.6069179
L-TRF1  0.0000102
LA-TRF1 0.0000358
LD-TRF1 0.0000072
AM-TRF1 0.0000000
AMA-TRF1 0.0000000
AMD-TRF1 0.0000000
M-TRF1  0.0000000
MA-TRF1 0.0000329
MD-TRF1 0.0000000
LM-TRF1 0.0000061
LMA-TRF1 0.0000000
LMD-TRF1 0.0000000
LA-L 1.0000000
LD-L 1.0000000
AM-L 0.7990974
AMA-L  0.9115817
AMD-L  0.8081028
M-L 0.9989189
MA-L 1.0000000
MD-L 0.9885828
LM-L 1.0000000
LMA-L  0.9915584
LMD-L  0.8906062
LD-LA  1.0000000
AM-LA  0.6323011
AMA-LA 0.7904843
AMD-LA  0.6435340
M-LA 0.9905955
MA-LA  1.0000000
MD-LA  0.9502269
LM-LA  1.0000000
LMA-LA  0.9598011
LMD-LA  0.7572715
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AM-LD  0.8371665
AMA-LD 0.9342238
AMD-LD 0.8452302
M-LD 0.9994837
MA-LD  1.0000000
MD-LD  0.9930751
LM-LD  1.0000000
LMA-LD  0.9950313
LMD-LD  0.9168245
AMA-AM  1.0000000
AMD-AM  1.0000000
M-AM 0.9998423
MA-AM  0.6447480
MD-AM  0.9999984
LM-AM  0.8532318
LMA-AM  0.9999963
LMD-AM  1.0000000
AMD-AMA 1.0000000
M-AMA  0.9999963
MA-AMA 0.8006613
MD-AMA  1.0000000
LM-AMA 0.9431440
LMA-AMA 1.0000000
LMD-AMA 1.0000000
M-AMD  0.9998717
MA-AMD 0.6559036
MD-AMD  0.9999989
LM-AMD 0.8608352
LMA-AMD 0.9999973
LMD-AMD 1.0000000
MA-M 0.9917102
MD-M 1.0000000
LM-M 0.9996415
LMA-M  1.0000000
LMD-M  0.9999901
MD-MA  0.9543261
LM-MA  1.0000000
LMA-MA 0.9633029
LMD-MA 0.7681564
LM-MD  0.9945852
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LMA-MD  1.0000000
LMD-MD  1.0000000
LMA-LM  0.9961719
LMD-LM  0.9273338
LMD-LMA 0.9999999

3.16D

10,22

14.29

1.93x10°"

*k*k

shTRF1-pWZL 0.0005021
TRF1-pWZL 0.9956192
L-pWZL 0.0089814
LA-pWZL 0.0000620
AM-pWZL 0.0000487
AMA-pWZL 0.0000030
M-pWZL 0.0089453
MA-pWZL 0.0014801
LM-pWZL 0.8102213
LMA-pWZL 0.9739467
TRF1-shTRF10.0044629
L-shTRF1 0.9672293
LA-shTRF1 0.9963927
AM-shTRF1 0.9915612
AMA-shTRF1 0.4457366
M-shTRF1 0.9675310
MA-shTRF1 0.9999906
LM-shTRF1 0.0252948
LMA-shTRF1 0.0081493
L-TRF1  0.0705649
LA-TRF1 0.0005296
AM-TRF1 0.0004130
AMA-TRF1 0.0000226
M-TRF1 0.0703101
MA-TRF1 0.0129821
LM-TRF1 0.9991970
LMA-TRF1 1.0000000
LA-L 0.5378499
AM-L 0.4720567
AMA-L  0.0482494
M-L 1.0000000
MA-L 0.9990540
LM-L 0.2887181
LMA-L  0.1187131
AM-LA  1.0000000
AMA-LA 0.9331221
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M-LA 0.5389475
MA-LA  0.9367276
LM-LA  0.0031242
LMA-LA  0.0009709
AMA-AM  0.9589608
M-AM 0.4731150
MA-AM  0.9031378
LM-AM  0.0024335
LMA-AM  0.0007563
M-AMA  0.0484302
MA-AMA  0.2189597
LM-AMA 0.0001241
LMA-AMA 0.0000402
MA-M 0.9990719
LM-M 0.2879102
LMA-M  0.1183102
LM-MA  0.0684278
LMA-MA 0.0233150
LMA-LM  0.9999809

3.16E

6,14

3.734

0.0198

KD-V 0.0149491
WT-V 0.9468357
M-V 0.2146005
AM-V 0.0690056
LM-V 0.2664583
L-V 0.1925778
WT-KD 0.0888478
M-KD 0.7215044
AM-KD 0.9745923
LM-KD 0.6385822
L-KD 0.7596990
M-WT 0.7122119
AM-WT 0.3364918
LM-WT 0.7899951
L-WT 0.6723366
AM-M 0.9914153
LM-M 0.9999989
L-M 1.0000000
LM-AM 0.9773598
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L-AM 0.9951434
L-LM 0.9999882
3.16F 8,18 1.164 0.372
ANOVA Tukey HSD
Fig3.17 | Df (groups, F p Sig | pRS/pWZL (V), shTRF1/pWZL (KD),
residuals) value ShTRF1/TRF1sm (WT), shTRF1/R425V (RV),
shTRF1/R425V-T371A (RVA), shTRF1/R425V-
T371D (RVD)

3.17D 3.8 1.04 0.426

3.17E 3,8 2312 | 0.153

3.17F 512 18.86 | 2.6x10™ kk KD-V 0.0053265
WT-V 0.8267039
RV-V 0.0075187
RVA-V 0.0000889
RVD-V 0.0001054
WT-KD 0.0401710
RV-KD 0.9999291
RVA-KD 0.1353455
RVD-KD 0.1650561
RV-WT 0.0569886
RVA-WT 0.0004784
RVD-WT 0.0005776
RVA-RV 0.0969642
RVD-RV 0.1190484
RVD-RVA  0.9999938

3.17G 5,12 175 3.83x10° [ *** KD-V 0.0039434
WT-V 0.9391393
RV-V 0.0006697
RVA-V 0.0013612
RVD-V 0.0202175
WT-KD 0.0009532
RV-KD 0.8582608
RVA-KD 0.9822586
RVD-KD 0.9151931
RV-WT 0.0001828
RVA-WT 0.0003532
RVD-WT 0.0045050
RVA-RV 0.9965795
RVD-RV 0.3410757
RVD-RVA  0.5842676

3.17H 5,12 22.76 | 9.73x10™° | *** KD-V 0.0084141
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WT-V 0.7346887
RV-V 0.0003515
RVA-V 0.0001043
RVD-V 0.0000258
WT-KD 0.0859213
RV-KD 0.3796775

RVA-KD 0.1054880
RVD-KD 0.0170434
RV-WT 0.0029147
RVA-WT 0.0007481
RVD-WT 0.0001555
RVA-RV 0.9460368
RVD-RV 0.4132151
RVD-RVA 0.8758271

178




