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Abstract

Deregulation of c-Myc, a nuclear transcription and replication factor, leads to multiple changes
in three-dimensional (3D) nuclear telomere organization as well as selective chromosome
movement and overlap. c-Myc drives neoplastic transformation in various tumour types including
the mouse plasmacytoma (PCT), a B lineage tumour resulting from c-Myc—activating
chromosomal translocation. Human telomeres are found to attach to the nuclear matrix and the
telomeric shelterin protein telomere repeat-binding factor 2 (TRF2) interacts with the nuclear
matrix protein lamin A/C. Based on the above, the hypotheses of this thesis are that activation of c-
Myc results in re-positioning of chromosome 11 in mouse PreB v-abl/myc cells, immortalized pre-
B lymphocytes tranfected with c-Myc, and that the interaction between telomeres, TRF2, and
lamin A/C is a potential mechanism enabling the Myc-dependent relocation of chromosome 11.
Following c-Myc upregulation, the repositioning of chromosome 11 was demonstrated as early as
at the hour 1 timepoint. Concomitantly, c-Myc-activated PreB v-abl/myc cells exhibited a
significant decrease in TRF2 protein levels as measured by quantitative fluorescent
immunohistochemistry and a higher frequency of shorter telomeres. Significant decrease in
average fluorescent intensities of the nuclear matrix protein lamin A/C in concordance with TRF2
was observed as early as at the 20 minute timepoint post Myc-deregulation. Similar results were
observed in cells being processed either with or without nuclear matrix preparation. These results
indicate that interactions between telomeres, TRF2, and lamin A/C appear to be involved in the
repositioning of chromosome 11 in mouse PreB v-abl/myc cells after c-Myc upregulation. In v-
abl/myc-induced accelerated mouse PCT development, alterations of subcytoband 11E2 (syntenic
with human chromosome 17q25) always occur and frequent aberrations of cytoband 17925 in
humans are observed in multiple tumour types. Therefore further investigation of the human
chromosomal region 17925.3 was conducted and revealed a potential role of this region in non-

small cell lung cancer (NSCLC) tumorigenesis. 3D telomeric organization was also confirmed as a



potential tool to classify NSCLC patient subgroups. Overall, this study enhances our understanding
of the role of c-Myc activation in chromosome 11 repositioning in mouse PreB v-abl/myc cells and
a possible interaction between telomeres, TRF2, and lamin A/C underlying this phenomenon.
Additionally, the importance of human 17925.3 is confirmed as a potential region involved in
NSCLC tumorigenesis. A utilizationof the 3D telomeric organization profiles is demonstrated a
tendency to categorize NSCLC patients into different prognostic subgroups, underscoring a

potential future value of its clinical application.
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Chapter I : Introduction
Molecular characterization and functions of c-Myc

The c-myc oncogene, the cellular homologue of the avian myelocytomatosis virus transforming
sequence, is located on human chromosome 8924 and encodes a nuclear transcription and
replication factor (Kuzyk and Mai, 2014). Deregulated expression of the c-Myc protein is
sufficient to drive cell proliferation and apoptosis (Liang et al., 2009). c-Myc induces genomic
instability by altering the stability of multiple genes and genomic sites, while also affecting non-
coding RNAs (Huppi et al., 2008; Huppi et al., 2011). Myc can induce DNA damage at early
replication fragile and common fragile sites and such replication stress-induced damage can result
in chromosomal rearrangements (Barlow et al., 2013). Deregulation of c-Myc leads to multiple
changes in cellular nuclear organization. It was shown to remodel the nuclear architecture, to alter
the position of telomeres and chromosomes, and to promote neoplastic transformation (Mai, 2010;
Gadji et al., 2011).

The c-myc oncogene was discovered in Burkitt's lymphoma, a B-lymphocyte malignancy, in
which reciprocal chromosome translocation, t(14;8), involving the c-myc oncogene on
chromosome 8 and the immunoglobulin (Ig) heavy or light chain genes at chromosomes 2, 14, and
22 is characteristic. Cloning the break-point of the translocation chromosomes revealed c-myc, the
cellular homologue to v-gagmyc in avian myelocytomatosis retrovirus MC29 which causes
spontaneous myelocytomatosis, a type of leukemia occurring in chickens (Neel et al.,1982;
Vennstrom et al., 1982). The c-myc oncogene consists of 3 exons and 2 introns (Fig. 1 a) (Watt et

al., 1983; Chen BJ et al., 2014).
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Figure 1.

Controls 80—90% of c-Myc transcnptlonal actmty
- Forms transcriptionally active double helix structure.
- Can form intramolecular G-quadruplex structure of repeated 3-4 guanine
residues to suppress c-Myc transcription in a silenced form.

chromosome 8

5“TGGGGAGGGTGGGGAGGGTGGGGAAGG-3' -
L ' J parallel
NHE 111, | G-quadruplex

- I T

Intramolecular
i-motif

Transcriptionally active form Silenced form

unadruplei and i-motif structures.

Figure 1. Structure of the c-myc gene. (a) c-myc gene structure; (b) equilibrium between two forms

of NHE 111 1 in a c-Myc gene. CNBP: cellular nucleic acid binding protein; hnRNP: heterogeneous

nuclear ribonucleoprotein; NHE 1111: nuclease hypersensitivity element 1111; TBP: TATA-box-

binding protein; RNA pol II: RNA polymerase Il. (Adapted from Chen BJ et al., 2014).
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The nuclease hypersensitivity element 1111 (NHE 1111) is a major regulator of c-myc
transcription and controls 80-90% of the transcriptional activity of the c-myc gene (Islam et al.,
2014). NHE 1111 is located at -142~-115 bp upstream of the P1 promoter and forms a
transcriptionally active double helix structure. An intramolecular G-quadruplex structure,
consisting of repeated sequences with 3-4 guanine residues, can be formed by the guanine-rich
strand of NHE 1111, suppressing c-myc transcription in a silenced form (Fig. 1 b) (Cashman et al.,
2008; Chen BJ et al., 2014).

c-myc encodes the c-Myc protein, a nuclear transcription and replication factor. The c-Myc
protein harbours 2 sizes, 64 and 67 kDa phosphoproteins, both belonging to a basic helix-loop-
helix leucine zipper (b/HLH/LZ) protein family and composed of 439 amino acids (aa), consisting
of an N-terminal transactivation domain (NTD), a C-terminal domain (CTD), and a central region
(Fig. 2) (Cashman et al., 2008; Chen BJ et al., 2014). The NTD contains a transcription activation
domain (TAD) and 3 ~20 aa segments, which are Myc box-1 (located at aa 45-63), -1 (located at
aa 129-143), and -111 (located at aa 188-199). The Myc boxes are responsible for c-Myc regulation
of transcription and transformation (Sakamuro and Prendergast, 1999; Delmore et al., 2011). The
nuclear localization signal (NLS), an amino acid sequence of PAAKRVKLD responsible for
protein import into the cell nucleus by nuclear transport, is located at aa 320-328 (Dang and
Lee,1988). The CTD extends from aa 355-439 and is essential for the association with b/HLH/LZ-
interacting proteins, especially the Myc-associated factor X (Max), the other central player of the
network (Fig. 2). The c-Myc protein, mainly through its b/HLH domain and less importantly
through the Myc-binding domain (MBD), can bind to DNA, while the LZ domain allows
dimerization with Max. The Myc-Max heterodimerization plays a major role in transcription and is
considered as a master regulatory factor of cell proliferation, metabolism, differentiation, and

apoptosis (Pelengaris and Khan, 2003; Ponzielli et al., 2005; Cowling and Cole, 2006).
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Figure 2.
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Figure 2. Structure of the c-Myc protein. NTD: N- terminal domain; CTD: C- terminal domain;
MBI: Myc box-1; MBII: Myc box-11; MBIII: Myc box-I11; NLS: nuclear localization signal; HLH:

helix-loop-helix; L Zip: leucine zipper. (Chen BJ et al., 2014).

The c-Myc protein initiates its function by forming heterodimers with Max, which consequently
bind to DNA sequences with the consensus CA(NN)TG, especially the conserved sequence
element “CACGTG” termed enhancer boxes (E-boxes) at target promoters and regulates gene
expression (Eilers and Eisenman, 2008). c-Myc activates transcription by recruitment of co-factors
containing histone acetyltransferase (HATS) activity, which in turn mediates increased DNA
accessibility. Therefore, in addition to its role as a classical transcription factor, c-Myc also
functions to regulate the global chromatin structure by regulating histone acetylation both in gene-
rich regions and at sites far from any known gene (Cotterman et al., 2008). To promote
transcription elongation, Myc-Max, after binding to an E-box, recruits the elongation factor
complex positive transcription elongation factor b (P-TEFDb). The extreme amino-terminus of c-
Myc binds cyclin T1, a part of the P-TEFb (Eberhardy and Farnham, 2002), which phosphorylates
the CTD of RNA polymerase Il (RNA pol Il) at serine 2 and releases of RNA polymerase pausing,

thereby promoting the transition from promoter binding to productive elongation (Fig. 3) (Tu et al.,
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2015; Wolf et al., 2015). Therefore the release of RNA pol Il from a paused position is a key
mechanism of c-Myc’s transcriptional activation (Rahl et al., 2010). Moreover, in addition to
transcriptional activation of protein-encoding genes through RNA pol Il, c-Myc also stimulates

transcription by RNA polymerases | and 111 (for a review, see Campbell and White, 2014).

Figure 3.

T - Enhancer
PR @y E-Box
™ g ) [ Vi

Wy '/
- .

RNA Pol Il

Figure 3. Schematic of transcription elongation-promoting activity of c-Myc. P-TEFb:

positive transcription elongation factor b; RNA pol 1I: RNA polymerase Il. (Wolf et al., 2015).

To date, c-Myc has been shown to alter the stability of multiple genes and genomic sites (for a
review, see Conacci-Sorrell et al., 2014). c-Myc overexpression upregulates transcription of
various genes (Campaner and Amati, 2012), overrides cell cycle checkpoints (Felsher and Bishop,
1999; Li and Dang, 1999; Robinson et al., 2009), and disrupts the repair of double-strand breaks
(Karlsson et al., 2003; Li et al., 2012). More than 11% of all cellular loci are affected by c-Myc
deregulation (Fernandez et al., 2003; Orian et al., 2003; Hulf et al., 2005), especially the c-
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Myc/Max heterodimer complexes where the DNA binding of c-Myc together with its
heterodimeric partner, Max, are a known hallmark of Burkitt’s lymphoma (Li et al., 2003). It has
been shown that more than 45% of all replication origins in human cells carry Myc-binding E-box
motifs (Swarnalatha et al., 2012) and the c-Myc deregulation promotes the formation of telomeric
aggregates which is dependent on a functional myc box Il (Caporali et al., 2007). In addition,
deregulated c-Myc also causes nuclear remodeling, altering the position and function of telomeres,
as well as selective chromosome movement and overlap (Louis et al., 2005; Mai and Garini, 2005).
Moreover, the conditional expression of the deleted box Il mutant-Myc (D106-Myc) protein which
could induce a lower level of apoptosis but higher level of genomic instability than its wild-type
(wt) counterpart, was able to induce genomic instability within 48 hours, including structural and
numerical aberrations, gene amplification, the formation of extrachromosomal elements (EEs),
chromosomal breakage, increased aneuploidy, and polyploidization (Caporali et al., 2007).

Other transforming and more tissue-specific family members of c-Myc have been discovered in
neuroblastoma (N-Myc) and lung cancer (L-Myc) (Tu et al., 2015). The 3 Myc proteins are
encoded by 3 different Myc genes and are differentially expressed during development. However,
the 3 Myc proteins are functionally equivalent in most biological systems (KC et al., 2014).
Another additional form of c-Myc includes B-myc which is an endogenous, N-terminal homologue
that lacks the C-terminal DNA binding and protein dimerization domain of c-Myc (Burton et al.,
2006). Lastly, S-Myc, a Myc family protein which is closely related to N-Myc in its structure and
is similar to c-Myc in its ability to induce apoptosis, is also considered one of the Myc protein
members (Noguchi et al., 2000).

Roles of c-Myc in initiating and maintaining tumorigenesis
In cancers, deregulation of c-Myc protein expression is frequently caused by c-myc gene
amplification and translocation. In addition, c-Myc activity deregulation can also occur from

alterations in mitogenic signaling pathways that affect c-Myc mRNA or protein levels through
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both transcriptional and post-transcription mechanisms (Kapeli and Hurlin, 2011; Chen Y et al.,
2014). c-myc is one of the most frequently deregulated oncogenes in human cancers (Sewastianik
et al., 2014). Alterations of c-Myc protein levels due to gene amplification, enhanced transcription,
increased RNA or protein stability, chromosomal translocation, or viral insertion have been
involved in the initiation and progression of more than 70% of all tumors studied to date (Ikegaki
et al., 1989; Mitani et al., 2001; Kuzyk and Mai, 2014).

In Burkitt’s lymphoma, the uncontrolled expression of c-Myc is caused by the juxtaposition from
the translocation of the myc proto-oncogene to the Ig heavy or light chain locus regulatory
elements. This particular t(14;8) translocation, though a defining hallmark of Burkitt’s lymphoma,
is not specific to only this hematologic malignancy. In addition, this translocation can be also
found in diffuse large B-cell lymphoma and other lymphoid malignancies including B-cell
lymphoma, unclassifiable plasma cell myeloma, mantle cell lymphoma, and plasmablastic
lymphoma (Aukema et al., 2014). In mouse models, the c-myc gene which is located on
chromosome 15 can induce leukemias, lymphomas, and plasmacytomas (PCTs). The typical
chromosome translocations t(12;15) in murine PCTs and analogous t(14;8) in Burkitt’s lymphomas
characterize certain B lymphoid tumors associated with the c-myc oncogene and the Ig heavy chain
loci (Adams et al., 1985). However, in other mouse models of lymphomagenesis or
leukemogenesis, cooperation of c-myc oncogene with other deregulated pathways, for example,
inactivation of the p53 pathway, structural alterations of Bcl-2 family members, or increased PI3K
activity, accelerates tumorigenesis (Adams and Cory, 1992; Yu and Thomas-Tikhonenko, 2002;
Park et al., 2005).

Studies have successfully demonstrated that c-Myc deregulation causes genomic instability by
using c-Myc-inducible cell lines and in vivo using the mouse model of PCT, a B-lineage tumour
resulting from c-Myc—activating chromosomal translocation. c-Myc target genes have also been

identified including dihydrofolate reductase (DHFR) (Mai, 1994; Mai et al., 1996b),
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ribonucleotide reductase R2 (Kuschak et al., 1999), and ornithine decarboxylase (ODC) (George
et al., 1996; Mai and Mushinski, 2003; Kuttler and Mai, 2006). In the v-abl/myc virus-induced
fast-growing mouse PCT model, accelerated tumor development was associated with duplication
of subcytoband 11E2 of mouse chromosome 11, supporting the importance of subregion 11E2 in
accelerated PCT development and the cooperation with c-Myc that apparently facilitates the fast-
onset PCT (Wiener et al., 2010).

Although c-myc is one of the most commonly activated oncogenes involved in tumorigenesis,
c-myc activation alone generally cannot induce cellular proliferation or neoplastic transformation
of most normal human cells (Felsher et al., 2000). In most normal cells, c-Myc protein activation
alone is restrained from causing tumorigenesis through several genetic and epigenetically
controlled checkpoint mechanisms which are proliferative arrest, apoptosis, and cellular
senescence. The genetic events known to frequently synergize with c-Myc to induce cellular
proliferation as well as malignant transformation mainly include the overexpression of Bcl-2, loss
of p53, or loss of p19ARF (Schmitt and Lowe, 2001; Gabay et al., 2014). Additionally, for c-Myc
to induce tumorigenesis, toxins or carcinogens associated with the activation of cellular
proliferation also facilitate the process (Beer et al., 2008).

In some experimental mouse models, c-Myc-induced tumorigenesis was found to be reversible
(Felsher and Bishop, 1999; Pelengaris et al., 2002; Marinkovic et al., 2004). The suppression of c-
Myc has been shown to reverse tumorigenesis in a wide variety of hematopoietic malignancies
including T- and B-cell lymphoma and leukemia, epithelial tumors (hepatocellular, breast,
squamous carcinoma), and mesenchymal tumors (osteogenic sarcoma) (Felsher and Bishop, 1999;
Pelengaris et al., 2002; Marinkovic et al., 2004). However, c-Myc-induced tumorigenesis is not
always reversible. In some genetic contexts, c-Myc suppression resulted in the initial regression of
a tumor that subsequently recurred. The introduction of additional genetic events, such as a mutant

Ras, can abrogate the reversibility of c-Myc-induced breast adenocarcinoma (D’Cruz et al., 2001).
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Similarly, in c-Myc-induced lymphoma model, loss of p53 expression also prevents the tumor
from being reversible (Giuriato et al., 2006).

Activation of c-Myc has also been found to be associated with global changes in cancer cells
metabolism, making tumors particularly susceptible to the inhibition of enzymes being essential
for metabolism (Dang et al., 2009; O’Shea and Ayer, 2013). c-Myc promotes cellular growth by
activating genes related to ribosomal and mitochondrial biogenesis, glucose and glutamine
metabolism as well as lipid synthesis, resulting in the metabolic reprogramming essential for
cancer cell adaptation to tumor microenvironment (Morrish et al., 2009; Wahlstrom and
Henriksson, 2015). The suppression of c-Myc may, therefore, induce tumor regression by acutely
disrupting the ability of tumor cells to maintain sufficient metabolism to sustain survival and/or by

directly regulating death signaling (Morrish and Hockenbery, 2014).

Role of c-Myc in chromosome organization

The term chromosome territory (CT) describes a specific order that chromosomes assume in the
3D space of the nucleus. It represents a non-random territorial organization of chromosomes in the
interphase of eukaryotic cells (Cremer and Cremer, 2010). Different models of nuclear
organization have been proposed to date. Two opposing chromosome architecture models are the
chromosome territory — interchromatin compartment (CT-IC) and interchromatin network (ICN)
models (Cremer and Cremer, 2010). The CT-IC model proposes that CTs are composed of “ ~ 1
Mbp chromatin domains”, made up by “ ~ 100 kbp chromatin loop domains” (Branco and Pombo,
2006) whereas the IC domain/compartment extends into the interior of CT and contacts the
surface of the 100 kbp domains where active genes are located (Branco and Pombo, 2006). The
ICN model proposes that chromatin fibers/loops from the same CT, as well as from the

neighboring, can intermingle and make contact in a rather uniform way (Cremer and Cremer,
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2010). This model assumes that there is no free inter-chromatin space and the chromatin loops may
expand from an individual CT to meet loops from another CT.

Recently, Cremer and colleagues publsihed new insights into the CT-1C model and
demonstrated the spatio-temporal relationships between chromatin and nuclear machineries
(Cremer et al., 2015). By using electron and super-resolved fluorescence microscopes, the authors
introduced 2 spatially co-aligned, active and inactive nuclear compartments (ANC and INC). The
ANC, which is the major site of RNA synthesis and is enriched in active RNA pol I, splicing
speckles, and histone signatures for transcriptionally competent chromatin, consists of the
transcriptionally active periphery of chromatin domain clusters (CDCs), called the perichromatin
region (PR) and the interchromatin compartment (IC). The I1C, which is connected to nuclear
pores, controls nuclear import and export functions. The inactive compartment, INC, is formed by
the compact, transcriptionally inactive core of CDCs and carries marks for repressed chromatin
(Hibner et al., 2015; Cremer et al., 2015). Furthermore, in a live cell experiment, the authors
examined the effects of chromatin decondensation triggered by hypotonic conditions on the
appearance of IC lacunae in granulocytes, a state which could be restored within 1 minute after
reincubation in a normotonic medium (Hubner et al., 2015).

Chromosome repositioning has been demonstrated during the differentiation of human T-cells
(Kim et al., 2004a), adipocytes (Kuroda et al., 2004), and keratinocytes (Marella et al., 2009).
Moreover, Mehta and colleagues have reported that, upon serum removal from the culture
medium, chromosomes of primary human fibroblasts altered their positions within 15 minutes
(Mehta et al., 2010). The authors proposed that the chromosome repositioning is probably
dependent on nuclear myosin 1 (Mehta et al., 2010). A large-scale spatial repositioning of CTs
can be induced by DNA damage and is a reversible process following a damage-repair response
(Mehta et al., 2013). Mehta and colleagues investigated the relation between CT organization and

DNA damage response by analyzing the positions of all human chromosomes by 2D-FISH
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following DNA damage induced by H,O, treatment. They found that although most chromosomes
did not alter their localization within interphase nuclei following damage, a few gene-dense
chromosomes including chromosomes 17, 19, and 20 repositioned from the nuclear interior to the
periphery, whereas vice versa, chromosomes 12 and 15 repositioned towards the interior of the
nucleus. They observed that the CT repositioning was a reversible process which was dependent
upon double-strand break recognition and damage sensing and concluded that the process might be
a fundamental aspect of cellular damage response (Mehta et al., 2013).

When v-abl and c-myc genes are overexpressed in precursor pre-B cells, instead of lymphoma
occurrence as when v-abl is overexpressed alone (Weissinger et al., 1993; Risser et al., 1978), this
combination induces PCTs. Mouse PCT, similar to rat immunocytoma and human Burkitt
lymphoma, is a B lineage tumour resulting from c-Myc—activating chromosomal translocation
(Adams et al., 1983; Klein, 1983; Cory, 1986; Pear et al., 1988). In more than 90% of tumors, c-
Myc translocates to the immunoglobulin heavy chain locus (IgH) and after their juxtaposition, the
IgH acts as an enhancer to promote c-myc gene expression in B cells resulting in tumour
development (Potter and Wiener, 1992). This pathway was confirmed in a transgenic mouse
model. In brief, the authors transfected pre-B cells derived from mice harboring Eu-myc, a
transgenic DNA sequence isolated from a mouse PCT in which a normal myc gene had been
translocated to the IgH enhancer (Corcoran et al., 1985), with v-abl and transferred the cells to
compatible mice, inducing them to develop PCTs (Sugiyama et al.,1989; Sugiyama et al., 1990).
Furthermore, the authors demonstrated the ability of the same pre-B cells to develop lymphomas in
the same hosts when v-abl is not coexpressed (Adams et al., 1985; Alexander et al., 1989).
Rosenbaum and his colleagues analyzed the cytogenetic and molecular profiles of spontaneous
PCTs in v-abl transgenic mice and found that c-myc gene was translocated to the IgH and

constitutively expressed (Rosenbaum et al., 1990).
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To date, 2 types of mouse PCTs, fast-onset and slow-onset, can be experimentally induced. In
fast-onset PCTs, the mice are initially induced by injection of pristane into the peritoneum,
followed by the transfection with Abelson murine leukemia virus (A-MuLV). Both c-myc and v-
abl genes are overexpressed in these mice with a mean latency of 36 days for tumour development
(Largaespada et al., 1992; Park et al., 2007). Sixty-one percent of these mice exhibit trisomy of
chromosome 11 which is a second event of chromosomal aberration in addition to Ig/myc
juxtaposition (Ohno et al., 1984). In BALB/c or BALB/c congenic mice induced by pristane
pretreatment, followed by a helperfree v-abl/myc retrovirus, up to 100% of chromosome 11
changes were demonstrated (Largaespada et al., 1992; Wiener et al., 1995; Wiener et al., 2010). In
contrast, in slow-onset PCTs in which only pristane is injected into the peritoneum, trisomy 11 is
found at a low frequency (7.1%). The inflammatory process is initiated and the mice slowly
develop PCTs in their peritoneum with a mean latency of 145 - 220 days (Ohno et al., 1979;
Wiener et al., 1980; Largaespada et al., 1992; Wiener et al., 1995; Park et al., 2007). In these mice,
mostly the translocation of chromosome T(12;15) occurs and generates c-Myc upregulation which
is an early initiating event in malignant transformation (Potter and Wiener, 1992).

In the v-abl/myc virus- induced fast-onset PCT model, Wiener and colleagues found that the
accelerated tumor development is usually associated with chromosome 11 trisomy (Wiener et al.,
1995) and a duplication of subcytoband 11E2 (Wiener et al., 2010). Contrastingly, in the slow-
growing pristane only—induced PCTs, both copies of chromosome 11 are normal based on
mBANDiIng (Wiener et al., 2010). Furthermore pristane only—induced tumors did not develop
duplications of chromosome 11 or of 11E2 bands, supporting the importance of subregion 11E2 in
accelerated PCT development and the cooperation with c-Myc that apparently triggers the fast-
onset PCT (Wiener et al., 2010).

Furthermore, Kuzyk and Mai reported an association of the v-abl/myc-induced accelerated

mouse PCT development with the selected telomere length changes and aberrant 3D nuclear
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telomere organization (Kuzyk and Mai, 2012). They found that fast-onset PCTs had a significantly
different 3D telomere profile and that the translocation chromosome carrying 11E2 is the only
chromosome with telomere lengthening, compared with primary B cells of wild-type littermates
with and without rcpT(X;11). The finding supports the concept of individual telomere lengthening
of chromosomes that are functionally important for the tumorigenic process, or reflecting that
tumor cells might utilize a chromosome-specific telomere lengthening mechanism to protect key
genes responsible for their tumorigenesis (Kuzyk and Mai, 2012).

c-Myc deregulation can alter the positions of chromosomes. In PreB v-abl/myc cells,
immortalized mouse B lymphocytes stably transfected with Myc-ER chimera, an expression vector
with which c-Myc protein can be activated by 4HT (Littlewood et al., 1995; Mai et al., 1999),
changes in chromosome positioning measured by chromosomal overlaps were observed in nuclei
of c-Myc deregulated cells for chromosomes 5 and 13, 7 and 10, and 7 and 17 over a 96-hour
period (Louis et al., 2005). The study emphasized the role of c-Myc in regulating chromosome

organization and nuclear remodeling.

Telomeres and telomeric shelterin proteins

Telomeres are the sequence of (TTAGGG), repeats which specify mammalian chromosome
ends and protect them from fusion, degradation, recombination, and DNA damage repair. Human
telomeres form a complex with 6 telomere-specific shelterin protein subunits including telomere
repeating factor 1 (TRF1), TRF2, TIN2, Rapl, TPP1, and POT1 (Fig. 4; from Moon and Jarstfer,

2007).
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Figure 4.

A.  POTI
TPPI
TIN2
TRF1 RAPI
B. TRF2

Figure 4. Structure of the telomeric shelterin protein complex. The telomere forms a t-loop, a
lasso-like structure under the direction of the shelterin protein subunits. (a) Six shelterin

subunits, TRF1, TRF2, TPP1, POT1, TIN2, and RAP1 form a telomere-protection shelterin
complex in mammalians. (b) Human telomeres configurate in a t-loop structure characterized by
insertion of the 3' overhang into a region of double-stranded telomeric DNA. (c) The shelterin
complex caps the telomeric DNA repeats (TTAGGG), in part by inducing t-loop formation (Moon

and Jarstfer, 2007).

TRF1 was the first mammalian telomeric protein identified and was isolated based on its in
vitro specificity for double-stranded (TTAGGG), repeats (Zhong et al., 1992; Chong et al., 1995).
TRF2 was later identified as a TRF1 paralog in the database (Bilaud et al., 1997; Broccoli et al.,

1997). After that TIN2 was revealed in two-hybrid screens, a technique utilized to reveal protein-
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protein interactions (Young, 1998), with TRF1, then Rapl with TRF2, (Kim et al., 1999; Li et al.,
2000). TPP1 (TINT1, PTOP, PIP1) was identified from searches for TIN2-interacting proteins
(Houghtaling et al., 2004; Liu et al., 2004b; Ye et al., 2004b), whereas POT1, the most conserved
component of shelterin, was revealed based on its homology sequence to telomere end-binding
factors in unicellular eukaryotes (Baumann and Cech, 2001). In mice, 2 POT1 paralogs, POT1a
and POT1b were identified (Hockemeyer et al., 2006).

In experiments examining fractionated nuclear extracts, all 6 shelterin proteins were identified
in a single complex, confirming their interaction as a telomeric shelterin complex (Liu et al.,
2004a; Ye et al., 2004a). TRF1, TRF2, and POT1 are major shelterin subunits that directly
recognize (TTAGGG), repeats and interconnect with the other 3 shelterin proteins, TIN2, TPP1,
and Rapl. The shelterin protein complex possesses multiple (TTAGGG), recognition folds making
it extremely specific to telomeric (TTAGGG), repeats. TRF1 and TRF2 have single Myb-type
helix-turn-helix (HTH) DNA-binding domains (DBDs), each of which binds to the sequence 5'-
YTAGGGTTR-3' in duplex DNA (Bianchi et al., 1999; Court et al., 2005; Hanaoka et al., 2005).
TRF2, similar to TRF1, forms homodimers and higher order oligomers, bringing multiple DBDs to
the complex. TRF2 is able to involve a large DNA sequence. POT1, the most conserved
component of shelterin with strong (TTAGGG), sequence specificity interacts with single-stranded
5'-(T)TAGGGT TAG-3', at a 3’ end and at internal positions (Lei et al., 2004; Loayza et al., 2004).
POT1 also influences the maintenance of telomeric DNA by telomerase and protecting the 5’ end
of the chromosome. TRF1, TRF2, and POT1 are interconnected through protein-protein
interactions, providing the shelterin complex the unique capacity to distinguish telomeric DNA
from other DNA ends, with at least five DNA-binding domains, with 2 each in TRF1 and TRF2
and 1in POT1.

Mouse telomeres contain POT1a and POT1b. Both distinct POT1 proteins are required in mice

to prevent a DNA damage signal at chromosome ends, endoreduplication, and senescence.
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Hockemeyer and colleagues demonstrated that both proteins had distinct functions. Only POT1a
was required to repress a DNA damage signal at telomeres whereas POT1b specifically regulated
the amount of single-stranded DNA at the telomere terminus (Hockemeyer et al., 2006). TIN2 acts
as the core element of shelterin complex and tethers TPP1/POT1 to TRF1 and TRF2. TINZ2 also
links TRF1 to TRF2 which promotes stabilization of TRF2 on telomeres (Liu et al., 2004a; Ye et
al., 2004a).

In mammalian cells, the telomeric DNA at the ends of chromosomes require telomere end
protection from 6 distinct double-strand break (DSB) processing pathways including classical
Ku70/80- and DNA-ligase-4- dependent nonhomologous end-joining (c-NHEJ), microhomology-
dependent alternative NHEJ (a-NHEJ) mediated by PARP1 and DNA ligase 3, homology-directed
repair (HDR), CtIP-dependent 5' end resection, ATM signaling, and ATR kinase. Among these 6
pathways, TRF2 protects telomeres from the DNA damage repair mechanism by c-NHEJ and
ATM kinase signaling (van Steensel et al., 1998; Karlseder et al., 1999; Smogorzewska and de
Lange, 2002a; Smogorzewska et al., 2002b; Celli and de Lange, 2005; Denchi and de Lange,
2007). Reduction in TRF2 leads to activation of an ATM kinase cascade and frequent c-NHEJ
which facilitates fusion of chromosome ends (Doksani et al., 2013).

Distinct effects of shelterin in telomere protection have been identified. The shelterin protein
subunits recognize telomeric DNA and remodel it into a t-loop formation, a tucked-in large duplex
lasso structure taking place at the end of telomeres, which presumably results in concealing the
chromosome end from the DNA damage repair machinery (Griffith et al., 1999; Stansel et al.,
2001). The 3’ end of telomeres harbours a long single-stranded sequence of (TTAGGG), repeats
and this 3’ overhang has been postulated to insert into the double-stranded telomeric DNA where
the C-strand is base-paired and the G-strand is displaced (Makarov et al., 1997). Various sizes of t-
loops, from 1-25 kb, have been observed in human cells. T-loops, at first, were demonstrated in

purified telomeric restriction fragments from human and mouse cells (Griffith et al., 1999).
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Griffith and colleagues, using electron microscopy (EM) to study isolated telomeric DNA,
demonstrated a t-loop configuration of telomeres as a lariat structure formed through the insertion
of the telomeric 3' overhang into the double-stranded telomeric repeat sequences. The t-loop
structure has been proposed to enable a blockage of DNA damage repair reactions since it can
sequester the end of a telomere making it inaccessible from the process activation (de Lange,
2009). The method of interstrand cross-links with psoralen and UV needs to be applied in order to
observe t-loops in protein-free DNA, otherwise the branch migration can dissociate these
formations. The lasso structures of t-loops were also identifiable in telomeric chromatin being
isolated without the use of psoralen, by which method the nucleosomes on the t-loop and the
adjacent tail DNA were also revealed (Nikitina and Woodcock, 2004).

In vitro experiments have suggested that TRF2 promotes t-loop formation by mediating DNA
strand invasion of the telomere end and stabilizing the t-loop configuration (Griffith et al., 1999;
Stansel et al., 2001; Fouche” et al., 2006; Amiard et al., 2007; Poulet et al., 2009; Nora et al.,
2010). To date, however, there is still only limited in vivo evidence to clearly reveal the existence
of t-loop formation or the role of TRF2 in this configuration or maintenance. T-loop configuration
of chromosome ends has been exhibited by using super-resolution imaging including the super-
resolution fluorescence imaging method (STORM) (Doksani et al., 2013). Doksani and colleagues,
to identify t-loop structures in fixed mouse splenocytes, used a peptide nucleic acid (PNA) FISH
probe complementary to the (TTAGGG), repeats and labeled with a photoswitchable dye, then
performed images with 3D STORM. STORM relies on stochastic switching and high-precision
localization of individual photoswitchable fluorescent probes to achieve imaging with
subdiffraction- limit resolution (Rust et al., 2006). With this technique, they could image the
telomeric DNA in situ and directly visualized the t-loop structure in chromatin. However, only
22.7% of the scored telomeres were found in the t-loop configuration (Doksani et al., 2013). The

question regarding the small number of t-loops structure reported from this study representing the
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real occurrence of t-loop formation in live cells, or possibly being underestimated due to the
stringent scoring criteria remains opened. The authors also revealed that, among the telomeric
shelterin protein subunits, TRF2 was the key component required for the configuration /
maintenance of t-loops (Doksani et al., 2013). When TRF2 is present, it facilitates a configuration
of chromosome ends into t-loop structures, hiding away telomeres from the activation of the free-
DNA repair machinery, c-NHEJ and ATM signaling. Conditional deletion of TRF2, not TRF1,
Rapl, or POT1 subunits, decreased the frequency of t-loop appearances (Doksani et al., 2013).

The mechanism underlying telomeric t-loop formation still remains to be determined.
Experiments performed in vitro have demonstrated that the DNA remodeling activities of shelterin
subunits, TRF2 in particular, contribute to t-loop formation (Griffith et al., 1999; Stansel et al.,
2001). For example, despite the lack of a recognizable helicase domain in TRF2 and although not
an efficient reaction, purified TRF2 is able to generate t-loop formation without ATP requirement.
In vivo, TRF2 is expected to require other cofactors to initiate t-loop formation. However,
unanswered questions regarding the uncertainty of t-loop formation remain. For example, the
definitive structure of t-loop has still not been revealed, neither has the role of shelterin proteins in
t-loop formation been tested in vivo. Moreover, whether the t-loop is the only or major structure of
protected chromosome ends is still not clearly established.

In addition to TRF2, other telomeric shelterin protein subunits have been reported as potentially
involved in generating the telomere folding structures. TRF1 demonstrated its DNA remodeling
activity by looping, bending, and base-pairing the telomeric repeat sequences in vitro, therefore
TRF1 could also be in vivo folding the telomere and stimulating the formation of t-loops. (Bianchi
et al., 1997; Bianchi et al., 1999; Griffith et al., 1998). Kim and colleagues found that TIN2, the
analog of TRF1, enhanced TRF1's architectural effects on t-loop formation (Kim et al., 2003).

When telomeric dysfunction occurs, upon an inhibition of telomeric shelterin subunits or by

telomere attrition resulting in the loss of telomere protection, the DNA damage response pathways

32



are activated to repair the damage. Telomeres can lose their protection with or without the obvious
change in DNA structure. When telomeres become unprotected, the DNA sequences have access
to associate with DNA damage response factors (de Lange, 2004). Consequently, ATM kinase is
activated, leading to a p53-dependent cell cycle arrest in the G1/S phase, which results in apoptosis
or senescence. When ATM is not present, it has been proposed that the ATR kinase substitutely
induces cell cycle arrest. In p53-deficient human cells, p16 can also be induced upon telomere
dysfunction and result in proliferation inhibition (Jacobs and de Lange, 2004).

Shelterin proteins protect telomeres by preventing them from the pathway that alerts cells to
DNA damage and inhibition of shelterin activates the DNA damage response. Inhibition of TRF2
with TRF2ABAM, a dominant-negative allele which heterodimerizes with the TRF2, blocks its
binding activity to DNA and results in the activation of the ATM kinase pathway which leads to an
upregulation of p53 and a p21-mediated G1/S arrest (van Steensel et al., 1998; Karlseder et al.,
1999; de Lange, 2002). Experiments with a TRF2 knockout mouse model have also confirmed the

TRF2-depleted activation of ATM and p53-dependent cell cycle arrest (Celli and de Lange, 2005).

Rationale to study the 17925.3 region and 3D telomere organization in NSCLC patients
Non-small cell lung cancer (NSCLC) is the leading cause of cancer related death in Canada and
worldwide. In Canada, it was estimated that there were 49,225 new lung cancer cases in 2015 and
the 1-, 3-, 5-, and 10-year relative survival ratios for this cancer were only 40%, 22%, 17%, and
13%, respectively, from the years 2006-2008 (Canadian Cancer Statistics, 2015). Since the
survival of NSCLC patients remains unfavorable, a better understanding of its molecular biology
and causality, along with advances in diagnostic methods and multidisciplinary therapeutic
approaches, are needed to improve patient survival. Both endogenous and exogenous factors
contribute to NSCLC tumorigenesis. Cigarette smoking has been recognized as the exogenous

factor most related to NSCLC. However, smoking-naive NSCLC patients have also been
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diagnosed, which supports the significance of triggering differential endogenous molecular
mechanisms that can lead to cancer cell formation. Furthermore, racial differences of NSCLC
biology across human populations have been observed; however, data of the cytogenetic disparities
are needed to better understand the disease and ultimately lead to the development of more
effective therapeutic approaches.

c-myc is well established as an oncogene involved in the initiation and progression of NSCLC
(Chen et al., 2012). Gains in the copy numbers of myc were found to be associated with lung
adenocarcinoma in never smokers (El-Telbany and Ma, 2012). In a c-Raf-driven mouse model for
NSCLC, addition of c-Myc induced immediate acceleration of tumor growth and macrometastasis
in liver and lymph nodes (Rapp et al., 2009). Increased activation of Myc has been observed in
lung squamous cell carcinomas, compared to premalignant lesions within the same patients,
highlighting the significance of this molecule during stepwise lung carcinogenesis (Ooi et al.,
2014).

Advances in NSCLC biology research have revealed cellular pathways and molecules related to
cancer development and proliferation, making it possible to utilize targeted therapeutic strategies
for patients. The novel receptor tyrosine kinase inhibitors (TKIs) that have been approved to treat
NSCLC patients include erlotinib and gefitinib (which target the epidermal growth factor receptor
(EGFR)) and crizotinib (which targets rearranged anaplastic lymphoma kinase (ALK)).
Monoclonal antibodies such as cetuximab (targeting EGFR) and bevacizumab (targeting vascular
endothelial growth factor (VEGF)) (El-Telbany and Ma, 2012) are also used for NSCLC treatment.
To date, evidence from phase Il clinical trials have clearly demonstrated EGFR TKIs as the best
first-line therapy in EGFR-mutated patients. In ALK-translocated NSCLC, a phase 111 trial
established the superiority of a multi-target TKI, including ALK, crizotinib, when compared to
standard second-line chemotherapy (Minuti et al., 2014). In patients with acquired resistance to

EGFR TKIs or crizotinib, novel agents targeting EGFR or ALK are under investigation
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particularly to provide personalized therapy to NSCLC patients for achieving better outcomes
(Minuti et al., 2014).

Recently, a major improvement in NSCLC patient survival resulted from the implementation of
molecularly targeted therapy with anti-EGFR inhibitors. EGFR is a key transmembrane tyrosine
kinase receptor in signaling transduction pathways, upon which its activation can trigger anti-
apoptotic signaling, proliferation, angiogenesis, invasion, metastasis, and drug resistance, leading
to development and progression of human epithelial cancers, including NSCLC (Nurwidyan et al.,
2014). In western countries, approximately 15% of patients with lung adenocarcinoma harbour
activating EGFR mutations whereas 20-40% of East Asian populations with NSCLC have positive
EGFR mutations (El-Telbany and Ma, 2012; Liao et al., 2013). EGFR inhibitors have shown
benefits in treating NSCLC patients, especially those who have an EGFR mutation and/or
amplification (Mok et al., 2009; Fukuoka et al., 2011). EGFR mutational status has been well
established as a biological marker to predict response after anti-EGFR targeted therapy in
advanced NSCLC patients.

Gains of chromosome 17025 have been reported in several types of human cancers including
NSCLC (Choi et al., 2006; Bermudo et al., 2008; Zack et al., 2013). Kuzyk and colleagues studied
2 neuroblastoma cell lines and 16 primary neuroblastomas and found a frequent gain of 17g25.3 in
high MYCN protein expressing neuroblastoma cells with and without MYCN gene amplification.
They also found a strong correlation between 17g25.3 gains and MYCN protein levels in
neuroblastoma tissue, suggesting that 17925.3 and MYCN protein levels are strong correlative
biomarkers for aggressive neuroblastomas (Kuzyk et al., 2015). Cytoband 17g25.3 in humans is
syntenic to the 11E2 region in mice and the 10932 region in rats (Koelsch et al., 2005). Studies in
animal models have shown that these syntenic regions show gains associated with accelerated
tumor development. Therefore, a cross-species association between this oncogenic region and

tumour aggressiveness seems apparent.
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Recent advances in nuclear remodeling studies have been made possible with the development
of confocal microscopy and optical sectioning, providing higher resolution 3D images (Gadji et al.,
2011). 3D nuclear organization imaging technology enables a comprehensive and quantitative
analysis of nuclei and their morphology, including specific regions of interest including telomeres.
3D nuclear telomere architecture has been investigated in various cancers, revealing its potential as
a molecular biomarker to categorize patients based on various clinical features. For example,
promising results with 3D nuclear organization profiling as a novel molecular diagnostic target to
differentiate patient subgroups have been demonstrated in multiple cancer types including Hodgkin
lymphoma, multiple myeloma, acute myeloid leukemia, glioblastoma, and prostate cancer (Gadji

et al., 2010; Gadji et al., 2012; Knecht et al., 2012; Adebayo et al., 2013; Klewes et al., 2013).
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Chapter Il : Rationale, Hypothesis, and Objectives

Mouse chromosome 11 cytoband E2, syntenic with human chromosome 17925, harbours
commonly amplified genes in mouse PCT. In humans, allelic aberrations on chromosome region
17925 have been reported in various types of cancers, supporting the importance of this region in
tumorigenesis. Based on the synteny of mouse subcytoband 11E2 and human chromosome 17025,
frequent aberrations of cytoband 17925 in humans, and the alteration of subcytoband 11E2 in v-
abl/myc-induced accelerated mouse PCT development, the thesis was conceived to study this
region to better understand its roles in tumor development and progression.

Deregulation of c-Myc promotes the formation of telomeric aggregates and accelerated PCT
development is usually associated with duplication of cytoband 11E2, telomere length changes in
translocation chromosomes carrying 11E2, and aberrant 3D nuclear telomere organization.
Moreover, c-Myc deregulation can alter the positions of chromosomes in PreB v-abl/myc cells, and
this research therefore explored whether c-Myc-driven chromosome 11 nuclear repositioning
occurs in mouse PCT. If the alteration of nuclear positions/orientation of chromosome 11 and/or of
cytoband 11E2 was observed after c-Myc activation, this would confirm the significance of
chromosome 11 repositioning and/or of cytoband 11E2 orientation as a potentially causal
involvement for v-abl/myc-induced PCT development.

Telomere and telomeric proteins form a shelterin complex and their interactions are important
for telomere function in protecting chromosome ends from degradation, fusion, recombination, and
DNA damage repair (de Lange, 2005). Human telomeres are known to attach to the nuclear matrix
and the telomeric position of the (TTAGGG), repeats is required for their interaction with the
nuclear matrix (de Lange, 1992). Telomeric shelterin subunits, TRF2 in particular, contribute to t-
loop formation and telomere configuration (Doksani et al., 2013). Taken together, a study to
identify whether a detachment of telomeric shelterin proteins from the nuclear matrix occurs in

mouse PreB v-abl/myc cells after c-Myc activation would potentially reveal the cause and
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consequence-relationship between c-Myc driven chromosome 11 repositioning and fast-onset PCT
development.

NSCLC remains a devastating disease characterized by clinical and molecular heterogeneity,
therefore molecularly-personalized approaches to improve response and survival are needed.
Molecular therapy targeting EGFR has improved survival outcome in EGFR-mutated NSCLC
patients. Characterization of 3D nuclear organization enables a comprehensive analysis of nuclei
and their morphology and quantification of regions of interest including telomeres. 3D telomere
architecture has been investigated in numerous cancers which have confirmed its potential as a
molecular biomarker for distinguishing patients with various clinical features (Gadji et al., 2010;
Gadji et al., 2012). Gains of chromosome 1725 have been reported in several types of human
cancers, including NSCLC (Choi et al., 2006; Bermudo et al., 2008; Zack et al., 2013), but its
clinical significance in NSCLC remains unknown. Cytoband 17g25.3 in humans is syntenic to the
regions 11E2 in mice and 10932 in rats, and studies in animal models have revealed that these
regions are gained and associated with accelerated tumour development (Helou et al., 2001;
Wiener et al., 2010). Based on pre-clinical and clinical evidence of this region’s association with
tumorigenesis, a hypothesis that 17g25.3 copy gains may also be an indicator of tumor progession
and agressiveness in NSCLC patients was established to be further explored in this thesis. The
study compared disparities in 3D telomeric organization with different NSCLC patient
backgrounds, clinical parameters, cytoband 17¢25.3 aberration, and EGFR mutational status.

The hypotheses of this thesis were: (1) c-Myc deregulation induces chromosome 11 nuclear
repositioning in PreB v-abl/myc cells; (2) detachment of the telomeric shelterin protein TRF2 from
the nuclear matrix protein lamin A/C occurs after c-Myc activation in PreB v-abl/myc cells and is a
potential mechanism underlying chromosome 11 repositioning and fast-onset PCT development;

and (3) cytoband 17g25.3 (syntenic to mouse subcytoband 11E?2) aberrations and the 3D nuclear
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telomeric organization profile in NSCLC patients correlate with tumor aggressiveness and

prognoses.

The objectives of this thesis were to:

determine whether c-Myc deregulation drives chromosome 11 repositioning in PreB v-
abl/myc cells

determine the interactions between TRF2, telomeres, and nuclear matrix protein lamin A/C
after c-Myc activation, in order to reveal the cause and consequence-relationship between
chromosome 11 repositioning and fast-onset PCT development

explore the correlation and clinical application of human chromosomal cytoband 17925.3
aberration and the 3D nuclear telomeric organization in NSCLC patients. Taking these
parameters together with clinical data, categorization of NSCLC patients might be made
possible according to the aggressiveness of their tumours. The application of this molecular
evaluation basis to better determine their appropriate treatment modality and to estimate

their prognoses was warranted.
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Chapter 111 : Materials and Methods
Cell culture and conditional c-Myc activation

PreB v-abl/myc cells are precursor pre-B lymphocytes which are immortalized and stably
transfected with a highly plasmacytomagenic retroviral construct consisiting of v-abl retrovirus

and a conditional MycER™

vector (Largaespada et al., 1992). The PreB v-abl/myc cells
demonstrate changes in the E1/E2 bands of chromosome 11, similar to those reported in v-abl/myc-
induced PCT. Therefore they are appropriate cells to be used to study v-abl/myc-dependent
tumorigenesis in mouse B cells (Benedek et al., 2004). Optimal cell culture conditions for PreB v-
abl/myc cells have been described (Mai et al., 1999), with cell viability confirmed by
hemocytometer counts using trypan blue (Gibco, Palsley, Scotland, UK). Activation of c-Myc in

PreB v-abl/myc cells was done through MycER™

as described previously (Littlewood et al.,
1995). In brief, PreB v-abl/myc cells were split 24 hours before the MycER ™ activation, followed
by treatment with 100 nM 4-hydroxytamoxifen (4HT) (Sigma, St. Louis, MO) to 10° cells per ml.
Non-4HT treated PreB v-abl/myc cells served as negative controls and were cultivated in ethanol,
the solvent used to dissolve 4HT (Adams et al., 1985; Chiang et al., 2003; Littlewood et al., 1995).
Analyses of c-Myc-induced changes in chromosome positioning and 3D telomere organization
were carried out after a single addition of 4HT that was left in the culture medium until its
biological effects subsided (Vafa et al., 2002; Hironaka et al., 2003). Following the 4HT treatment,
the nuclei were analyzed over time periods that were expected to reveal chromosome 11
movements (0, 6, 12, 24, 48 and 72 hours). MycER ™ activation was determined by fluorescent
immunohistochemistry.

Three different PreB v-abl/myc cell harvesting schemes after MycER ™ activation were
performed. First, a determination of the earliest time point of c-Myc-induced changes in mouse

chromosome 11 positioning was carried out after a single addition of 4HT (Grenman et al., 1988a;

Grenman et al., 1988b; Mandlekar et al., 2000), then the chromosome positioning was localized by
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using chromosome paints (Applied Spectral Imaging (ASI; Vista, CA)) mouse chromosome 11-
Cy3 paint; chromosome 10 served as a negative control (mouse chromosome 10-FITC paint);
chromosomes 5 and 7 served as positive controls (mouse chromosome 5-Cy3 paint; mouse
chromosome 7-FITC paint). Pre B v-abl/myc nuclei were examined at 0, 6, 12, 24, 48, and 72
hours over a 3-day period. When the earliest time point revealing the repositioning of chromosome
11 was identified, a second time course was performed. At this second scheme of cell harvesting,
c-Myc in PreB v-abl/myc cells was activated by the addition of 4HT, then analyzed over the time
period that was expected to reveal the first observation of chromosome 11 repositioning (0, 1, 2, 3,
4,5, and 6 hours). Lastly, the third time course of cell harvesting was conducted. Cells were
harvested at 20, 40 and 60 minutes after a single addition of 4HT and processed in the experiments
to study the interactions between TRF2, telomeres, and nuclear matrix protein lamin A/C, with the
aim of attempting to examine the mechanism potentially responsible for c-Myc activated mouse
chromosome 11 repositioning in Pre B v-abl/myc cells. Positionings of all chromosomes were
analyzed using 3D measurements by a fully automated program described in the “chromosome

paints” and “3D image acquisition and analyses” sections.

Immunofluorescence

MycER™ activation was determined by fluorescent immunochemistry which was performed as
described in a previously estabilished protocol (Fukasawa et al., 1997). Immunofluorescence for c-
Myc was performed on cytocentrifuged cells. In brief, PreB v-abl/myc cells were fixed on slides
with 3.7% formaldehyde in phosphate-buffered saline (PBS) for 20 minutes. The fixed cells were
washed 3 times with 1x PBS at 5 minutes each time and then permeabilized with 0.2% Triton X-
100 in DDW, followed by 3 times of 1x PBS wash. The cells were then blocked with 3% bovine
serum albumin (BSA) in 4x SSC for 30 minutes. c-Myc activation was revealed by using a primary

rabbit polyclonal anti-c-Myc antibody (N262; Santa Cruz Biotechnology, Santa Cruz, CA) at a
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dilution of 1:200 for 30 minutes and with a secondary anti-rabbit IgG antibody coupled to Alexa
488 (Abcam, Toronto, ON, Canada) at a dilution of 1:10,000 for 30 minutes.

TRF2 was revealed by rabbit polyclonal antibodies against TRF2 (Novus, NB 110-57130;
Novus Biologicals, Littleton, CO) at a dilution of 1:500 for 1 hour. The secondary antibody was
chicken anti-rabbit 1gG antibody coupled to the Alexa 488 (Molecular Probes, Eugene, OR) at a
dilution of 1:1,000 for 45 minutes. The primary antibody for lamin A/C (N-18, sc-6215; Santa
Cruz Biotechnology, Santa Cruz, CA) was an affinity-purified goat polyclonal antibody at a
dilution of 1:500 for 1 hour. The secondary antibody was a donkey anti-goat 1gG antibody
(Abcam, Toronto, ON, Canada) coupled to Cy3 at a dilution of 1:1,000 for 45 minutes.
Coimmunofluorescence for TRF2 and lamin A/C was conducted to localize the distribution of
TRF2, in correlation with lamin A/C, following the above-mentioned protocol. Nuclei were
counterstained with 4',6-diamidino-2-phenylindole (DAPI). Analysis was performed through a
Zeiss Axiolmager Z1 microscope (Zeiss, Toronto, Canada). Images were acquired with a cooled

AxioCam HR B&W camera (Zeiss, Toronto, Canada).

Fluorescence in situ hybridization (FISH)
Chromosome paints

c-Myc in PreB v-abl/myc cells was activated by the addition of 4HT, then the interphase nuclei
were analyzed over a time period that was expected to reveal putative chromosome 11
repositioning, using chromosome painting. Chromosome 10 served as a negative control and
chromosomes 5 and 7 as positive controls, since their repositioning had been observed previously
(Louis et al., 2005). In brief, the slides were equilibrated in 2x SSC at RT for 10 minutes, followed
by treatment with RNAse A 100 pg/ml in 2x SSC at 37°C for 1 hour. The slides were washed 3
times, 5 minutes per time, with shaking in 2x SSC at RT. The slides were then incubated in freshly

prepared 0.01M HCI with 50 pug/ml pepsin for 10 minutes at 37°C. After washing the slides in 1x
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PBS twice at 5 minutes per time, they were rotatorily pretreated in 1xPBS/50mM MgCl, for 5
minutes at RT, followed by postfixation in 1% formaldehyde in 1xPBS/50mM MgCl, for 10
minutes at RT, then washed in 1XPBS. Next the slides were dehydrated in ethanol (3 times at 70%,
90%, and 100% for 3 minutes each at RT, then let air dry. The slides were then prewarmed at 70°C
for 5 minutes and immediately transferred to be incubated in 70% deionized formamide / 2x SSC
(pH 7.0), at 70°C for 2 minutes for denaturation, followed by dehydration in cold ethanol (70%,
90%, and 100%) for 3 minutes each at -20°C. Next, Q-FISH was performed using chromosome
paint probes (Applied Spectral Imaging (ASI; Vista, CA)) including mouse chromosomes 5
(labeled with Cy3), 7 (FITC), 10 (FITC), and 11 (Cy3). The chromosome paint probes were
pretreated by incubation at 85°C for 7 minutes for denaturation, then transferred to an incubator at
37°C for 30 minutes for annealing. The chromosome paint probes were then applied onto the
slides. The areas were then covered with cover slips and sealed with rubber cement and incubated
for 16 hours at 37°C. After hybridization, the slides were washed in the following sequence: 50%
formamide / 2x SSC at 45°C 3 times, 5 minutes per time, 4xSSC / 0.1% Tween 20 at 45°C 2 times
at 5 minutes per time, and finally 1x SSC at 45°C for 2 minutes. The cells were then
counterstained with DAPI and mounted with VectaShield® (Vector Laboratories, Burlington,
Ontario, Canada). Three independent experiments were conducted. 3D image acquisition of
painted interphase nuclei was then performed in at least 30 nuclei per each 3 independent
experiments. Automated measurements of relative radial distribution (RRD) representing the
positions of each chromosome were performed after 3D image acquisition and constrained
iterative deconvolution. The positioning of all chromosomes was analyzed using 3D measurements
by a fully automated program developed by Dr. Christiaan Righolt in Dr. Sabine Mai’s lab as
follows.

The 3D measurements were fully automated in a three-step procedure. First, the nucleus and

chromosomes were automatically detected. Second, the relative radial position of each
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chromosome copy was determined. And third, these measurements were all collected for each
group, plotted as a cumulative distribution and statistically tested with the two-sample, two-sided
Kolmogorov-Smirnov test. All image processing for these 3D measurements was done with the
DIPimage program (Hendriks et al., 1999), a toolbox for Matlab. The regions of interest were
automatically detected from the deconvolved images. This segmentation of the image process
consists of two parts: the segmentation of the nucleus and the segmentation of four chromosome
copies, two each for both chromosome 10 and 11. The image of the nucleus is non-linearly
processed in several steps to reduce background intensity and clip extreme values. The resulting
image is thresholded with the isodata algorithm (Ridler and Calvard, 1978) to yield an initial
binary representation of the nucleus. The filled convex hull of this initial result is taken as the
region of interest (mask) representing the nucleus. Both chromosome channels are segmented in
the same way from their respective images. The image is first band-filtered with a difference of
Gaussians filter, the negative values arising from this filter are clipped to 0. The product of the
original image and the clipped band-pass filtered image is subsequently thresholded over the
nuclear mask with the isodata algorithm. Potential holes within connected regions are filled and the
two largest connected, detected regions are determined to be the chromosomal masks for each
chromosome channel.

The relative radial position is measured for each chromosome copy. The eigenvalues of the
moment of inertia tensor of the nuclear mask are determined first, the shape of the nucleus is now
approximated by an ellipsoid. The eigenvalues of the moment of inertia tensor are known
algebraically for an ellipsoid as a function of the length of the semi-axes — the off-diagonal
elements are 0 for an ellipsoid when the semi-axes coincide with the cardinal directions of the
coordinate system. These equations are then solved to yield the semi-axes in the rotated coordinate
system of the nucleus around the center of mass of the nuclear mask. The relative radial position of

each chromosome copy is now given by calculating the center of mass of each chromosomal mask
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in the rotated coordinate system of the nuclear mask after the ellipsoid is normalized to the unit
sphere.

The different orientations of chromosomes were compared to each other using all of the
following tests: Chi-Square, Likelihood Ratio Chi-Square, Continuity Adj Chi-Square and Mantel
Haenszel Chi-Square analyses (Schmalter et al., 2014). RRD observed for control and c-Myc-
activated Pre B v-abl/myc cells were compared over time by two-way analysis of variance
(ANOVA). In addition, statistical analyses were performed for the difference of RRD of each pair
of chromosomes, which were chromosomes 5 vs. 7 (served as positive controls), and chromosomes
10 (served as negative control) vs. 11, over the experimental period. P values of < 0.05 were

considered significant.

ImmunoFISH

The cells were seeded on slides and fixed in 3.7% formaldehyde / 1x PBS for 20 minutes at RT,
followed by a rotatory wash with 1x PBS twice, for 5 minutes each time, at RT. The cells were
then permeabilized with 0.1% Triton X-100 in DDW at RT for 12 minutes without shaking,
followed by 3 rotatory five-minute washes with 1x PBS. Blocking with 4% BSA / 4x SSC for 30
minutes at RT was applied, followed by an incubation with a primary antibody (Rabbit polyclonal
TRF2; Novus (NB 110-57130)) (Novus Biologicals, Littleton, CO) in 4% BSA / 4x SSC with
1:500 dilution for 1 hour at 37°C in a humidified atmosphere. Then another round of 3 washes
with 1x PBS was performed, followed by an application of a secondary antibody (goat anti-rabbit;
Alexa 488, Abcam, Toronto, ON, Canada) in 4% BSA / 4x SSC with 1:1000 dilution for 45
minutes at 37°C in a humidified atmosphere. Three five-minute washes with shaking in 1x PBS at
RT were performed. Next, Q-FISH was performed by applying a Cy3-labeled PNA telomere probe
(Dako, Glostrup, Denmark) onto the slides. The areas were then covered with 25x25 mm cover

slips and sealed with rubber cement. The slides were further processed by using Hybrite® (Vysis;
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Abbott Diagnostics, Des Plains, IL) for denaturation at 80°C for 3 minutes, then hybridized for 2
hours at 30°C. After hybridization, the slides were rotatorily washed in a sequence of 70%
deionized formamide / 10 mM Tris (pH 7.4) at RT 2 times, 15 minutes each, 1xPBS at RT for 1
minute, 0.1x SSC at 55°C for 5 minutes, and 2x SSC / 0.05% Tween 20 at RT 2 times, 5 minutes
each. The primary and secondary antibodies from the immunofluorescence steps were then
reapplied as described above, to improve the quality of the signals. The slides were then washed 3
times with 1x PBS and counterstained with DAPI and mounted with Vectashield®. Three

independent experiments were performed.

3D image acquisition and analyses

Imaging of interphase nuclei was performed with a Zeiss DECON-1 microscope (Zeiss,
Toronto, ON, Canada). Images were acquired by using AXIOVISION 4.8 (Zeiss, Toronto, ON,
Canada) with a deconvolution module in multichannel mode. For every fluorochrome, the 3D
image consists of a stack of 60 images with a sampling distance of 200 nm along the z and 106 nm
in the X, y directions. The constrained iterative algorithm option was used (Schaefer et al., 2001).
At least 30 nuclei were analyzed for each time point.

Quantifications of telomeres and TRF2 were performed using the program Teloview ™
(Chuang et al., 2004; Vermolen et al., 2005). The program is designed by choosing a simple
threshold for the signals (telomeres or TRF2) so that a binary image is found. Based on a detection
of the corresponding image, the centre of gravity of intensities is calculated for every object which
results in a set of coordinates (X, y, z) denoted by crosses on the screen. Calculation of the
integrated intensity of each telomere is made and is proportionated to the telomere length (Poon et
al., 1999). Determination of the integration region is conducted by growing a sphere on top of the
found coordinate. After every growth step (iteration), the sum under this volume (the telomere or

TRF2) is subtracted by the sum just surrounding it (background level). In cases when the growth of
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the sphere does not result in an integrated intensity increase, the algorithm stops and the integrated
intensity of the telomere with an automatic background correction is obtained (Louis et al., 2005).
Telomeric profiles consist of:

Telomere aggregates: Defined as clusters of telomeres that are found in close association and
cannot be further resolved as separate entities at an optical resolution limit of 200 nm (Vermolen et
al., 2005).

Telomere length: The following criteria was applied to determine telomere length. Telomeres
with a relative fluorescent intensity (x-axis) ranging from 0 to 4,000 units were classified as very
short, intensity from 4,000 to 7,000 units defined as short, intensity from 7,000 to 12,000 units as
mid-sized, and intensity more than 12,000 units as large.

Telomere volume: Total telomere volume is the sum of all very short, short, mid-sized, and large
telomeres and aggregates within one cell.

Nuclear volume: The nuclear volume was calculated according to the 3D nuclear DAPI staining
as previously described (Sarkar et al., 2007).

a/c ratio: a/c ratio is a mean of defining progression through cell cycle in interphase cells (Gadji et

al., 2010).

Nuclear matrix preparation

To investigate the detachment mechanism of the telomeric shelterin complex from the nuclear
matrix, a nuclear matrix preparation procedure (He et al., 1990; Nickerson et al., 1997) was applied
to the PreB v-abl/myc cells with and without c-Myc activation. To visualize the nuclear matrix
component and its interactive structure, the nuclear matrix preparation protocol was applied,
following the previously established protocol. The nuclear matrix preparation for mouse PreB v-
abl/myc cells was adapted from He and colleagues. (He et al., 1990). Pre B v-abl-myc cells were

seeded onto slides and fixed with 3.7% formaldehyde in 1x PBS for 30 minutes at RT. The slides
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were washed twice, 2 minutes each time, in 1x PBS at 4°C, and then incubated on ice for 5
minutes with cytoskeleton (CSK) buffer containing 10 mM Pipes (Piperazine-N, N-bis (2- ethane-
sulfonic acid) (pH 6.8), 300 mM sucrose, 100 mM NaCl, 3 mM MgCl,, 1 mM EGTA
(Ethylenebis- (oxyethylenenitrilo)) tetraacetic acid, 0.5% (v/v) thiodiglycol, 1 mM
phenylmethylsulfonyl fluoride (PMSF), in 0.25% Triton X-100. They were then given a 5 minute-
wash with shaking in 1x PBS at 4°C, followed by incubation on ice for 30 minutes with 3.7%
formaldehyde in CSK buffer. After that, the slides were washed 4 times, 5 minutes each at 4°C,
with digestion buffer containing 10 mM Pipes (pH 6.8), 300 mM sucrose, 50 mM NaCl, 3 mM
MgCl,, 1 mM EGTA, in 0.5% Triton X-100, followed by a 5-minute wash, with shaking, in 1x
PBS at 4°C. Then the slides were rotatorily treated at 37°C for 1 hour, with DNAase | (D 5025;
Sigma Aldrich, St. Louis, MO) in 1x reaction buffer containing 20 mM Tris — HCI (pH 8.3) and 2
mM MgCL,. The final concentration of DNase | was 0.5mg/ml and the optimum concentration and
time of DNAse | digestioin were confirmed by a quantification of DAPI intensity. The slides were
then washed for 5 minutes at RT, gently shaking, with 0.25 M ammonium sulfate in digestion
buffer, followed by 2 M NaCl in digestion buffer, and 2 additional washes with digestion buffer.
Then a 5 minute-wash with shaking in 1x PBS at 4°C was done, followed by incubation on ice for
30 minutes with 3.7% formaldehyde in CSK buffer. After that the slides were washed 3 times, 5
minutes each with a rotator, in 1x PBS at 4°C and further processed with immunoFISH or co-
immunofluorescence protocols. Coimmunofluorescence staining of TRF2 and lamin A/C and
immunoFISH of TRF2 and telomere were conducted in parallel in c-Myc-activated and —
inactivated PreB v-abl/myc cells undergoing nuclear matrix preparation. Image capture and
analyses of the immuno-FISH in c-Myc-activated PreB v-abl/myc cells were conducted during that

time period of chromosome repositioning.
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Patient samples

Tissue sections, 5 pum in thickness, of archival formalin-fixed paraffin-embedded tissue from 18
primary human NSCLC patients were obtained from the BC Cancer Research Centre (Vancouver,
British Columbia, Canada). Tumor areas were specified using haematoxylin and eosin (H&E)
stained sections. Quantitative fluorescence in situ hybridization (Q-FISH) telomere experiments
were performed without knowledge of the clinical characteristics of the patients in a blinded
manner.

3D nuclear telomere experiments

Tissue specimens underwent 3D fixation to prepare interphase nuclei for Q-FISH experiments.
In summary, paraffin embedded tissue specimens were deparaffinized by xylene 2 times for 15
minutes each and rehydrated in an ethanol series (100%, 70%, 50%, and 30%) for 5 minutes at
each strength. Then the slides were incubated in 1M NaSCN at 80°C for 20 minutes and washed in
1x PBS twice for 5 minutes each at RT. Then the slides were incubated in 3.7%
formaldehyde/1xPBS for 30 minutes and washed while shaking in 1xPBS 3 times for 5 minutes
each, followed by 10 minutes of pepsin (50 pg/ml) /0.01 M HCI treatment at 37°C. The slides
were then washed once while shaking in 1xPBS for 5 minutes before being incubated in 3.7%
formaldehyde/1xPBS for 10 minutes. 8 pl of PNA telomeric probe (Dako, Glostrup, Denmark)
was applied onto each slide. To denature nuclear DNA and the probe, the slides were incubated at
80°C for 3 minutes followed by hybridization at 30°C for 2 hours using a Hybrite (Vysis; Abbott
Diagnostics, Des Plains, IL). The slides were then washed while shaking twice for 15 minutes in
70% formamide/10mM Tris (pH-7.4), followed by in 1xPBS at RT for 1 minute, and in 0.1xSSC
at 55°C for 5 minutes. The slides were washed while shaking in 2xSSC/0.05% Tween-20 twice for
5 minutes each at RT. After that the slides were counterstained with DAPI (1 ug/ml) and incubated
in the dark for 3 minutes. The slides were finally air-dried and mounted with Vestashield® for

analyses.
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Image acquisition
The slides were imaged using an Axiolmager Z2 microscope (Zeiss, Toronto, ON, Canada) and
an AxioCam HR charge-coupled device (Zeiss, Toronto, ON, Canada). The DAPI filter was used
to detect nuclear DNA staining and the Cy3 filter to detect telomeric probe signals. Eighty Z-
stacks were acquired at a sampling distance of X, y: 102 nm and z: 200 nm for each slice of the
stack. The acquired images were deconvolved using AxioVision 4.8 software (Zeiss, Toronto, ON,
Canada) and a constrained iterative algorithm. Deconvolved images were converted into TIFF files

and exported into TeloView™ software for the analyses of telomeres, as previously described.

3D FISH of cytoband 17925.3

Tissue specimens from the primary NSCLC patients underwent FISH with a 17925.3 cytoband
probe (G101024R-8, Agilent Technologies Inc., Santa Clara, CA) according to the manufacturer’s
instructions. A 17p11.2 cytoband probe (G100020G-8, Agilent Technologies Inc., Santa Clara,
CA) was used as a control region for chromosome 17. After de-paraffinization with xylene and
dehydration with ethanol, the slides were fixed in formaldehyde/magnesium chloride for 10
minutes, then washed 3 times in 2x SSC. The slides were then incubated in 1% RNAase/2xSSC at
37°C for 1 hour. After 3 rinses with 2x SSC, they underwent a protease pre-treatment in
pepsin/0.01 M HCI at 37°C for 10 minutes and subsequent 2x SSC washes. The probes were
mixed with FISH hybridization buffer and DDW, then denatured for 5 minutes at 80°C before
being applied to the slide’s area of interest, covered and sealed with rubber cement. The slide with
probe was then denatured at 78°C for 3 minutes and incubated overnight at 37°C. The slides were
washed in 2x SSC/0.05% Tween 20 and 4x SSC at 55°C, counterstained with DAPI and mounted
in Vectashield®. Image acquisition was performed using a DAPI filter for nuclear staining, a Cy3
filter for detection of 17g25.3, and a FITC filter for 17p11.2 signals. For 3D images, 40 z-stacks at

a sampling distance of x, y: 106 nm and z: 200 nm for each slice of the stack, were acquired. The

50



acquired 3D images were deconvolved then the copy numbers of 17g25.3 and 17p11.2 in at least
100 non-overlapping intact interphase nuclei from each tissue sample were analyzed visually, to
determine the average copy numbers and average ratios of cytoband 17g25.3 to cytoband 17p11.2.
The following criteria to classify a gain of cytoband 17925.3 or chromosome 17 were
implemented.

Copy gains of cytoband 17g25.3 :Gains were deemed in tissue specimens when the analysed
nuclei presented an average ratio between the cytoband 17¢g25.3 and the reference 17p11.2 probe
(i.e. 17925.3/17p11.2) >1.5. Clonal gains were defined when the criteria were unmet, but >10 % of
the analysed nuclei demonstrated a 17925.3/17p11.2 probe ratio >1.5 (adapted from Bermudo et
al., 2008).

Chromosome 17 copy gains :Gains of chromosome 17 were deemed when the analysed
nuclei presented an average copy number >3 for both 17925.3 and 17p11.2 cytobands, and the

17925.3/17p11.2 ratio was <1.5.

Comparative genomic hybridization (CGH) and single nucleotide polymorphism (SNP)
arrays data
CGH and SNP array data were obtained from the BC Cancer Research Centre (Vancouver,

British Columbia, Canada). Sixteen CGH and 11 SNP array data sets were available for the 18
NSCLC tumours. CGH and SNP arrays were conducted and processed as previously described
(Lockwood et al., 2012; Thu et al., 2012). CGH arrays were processed to generate segmentation
files representing copy number gains and losses for each tumour assayed (Lockwood et al., 2012).
SNP arrays were conducted according to the manufacturer’s instructions, and processed using
Partek Genomics Suite Software as previously described (Thu et al., 2012). The copy number
status of genes encompassed by the FISH probes interrogating 17p11.2 (RAI1 and SREBF1) and

17925.3 (ANAPC11, ARHGDIA, ASPSCR1, CCDC57, DCXR, DUSLL, FASN, GPS1, LRRC45,
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MAFG, NOTUM, NPB, P4HB, PCYT2, PYCRL1, RAC3, RFNG, SIRT7, STRA13) were assessed
in the segmented copy number profiles generated. For CGH data, genes with log, ratios > 0.1 or <
-0.1 were considered gained or lost, respectively, while genes with log, ratios between -0.1 and 0.1
were considered copy neutral. For SNP data, genes with calculated copy numbers > 2.3 were
considered gained, < 1.7 were considered lost, and between 1.7 and 2.3 were considered copy
neutral. Tumour copy number statuses for the 17925.3 and 17p11.2 cytobands as a whole were
determined based on the copy numbers of genes comprising the region for each tumour; the copy
numbers were found the same for all genes in each region within individual tumours. Q-FISH of
the cytoband 17q25.3 region of interest using cytoband 17p11.2 as the control region was

conducted for all 18 tumours without knowledge of the CGH and/or SNP array copy number calls.

Statistical analysis

As previously described, the different orientations of chromosomes were compared to each
other using Chi-Square, Likelihood Ratio Chi-Square, Continuity Adj Chi-Square and Mantel
Haenszel Chi-Square analyses (Schmalter et al., 2014). RRDs of Pre B v-abl/myc cells were
compared over time by two-way ANOVA. TeloView™ software was used to quantify nuclear
telomeric organization profiles and to compare parameters including the number of telomeres,
signal intensity (the telomere length), number of telomere aggregates, a/c ratios (indicating the
phase of the cell cycle), and nuclear volume. Differences in telomeric parameters between
subgroups were compared using the Chi-squared test. Telomeric and fluorescence parameters
between subgroups were compared over time by two-way ANOVA. Multiple comparisons using
the least-square means test were performed in which interaction effects between two factors were
found to be significant. P-values of <0.05 were considered statistically significant. Kaplan-Meier
survival analyses were computed using SPSS for Windows (version 16.0; SPSS Inc., Chicago, IL)

to obtain mean survival times of NSCLC patients in each subgroup.
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Chapter 1V : Results
Activation of c-Myc results in chromosome 11 repositioning in mouse PreB v-abl/myc cells

To investigate whether c-Myc upregulation affected the 3D positioning of mouse chromosome
11 in the interphase nuclei of Pre B v-abl/myc cells, the effect of conditional c-Myc expression in
the immortalized mouse Pre B v-abl/myc cells, stably transfected with MycER™, was examined.
After MycER™ activation with 4HT, nuclear c-Myc signals were observed in Pre B v-abl/myc
cells more predominantly, compared to the non-4HT treated control cells (hour 0) (Fig. 5). Pre B v-
abl/myc cells with MycER™ activation revealed more Myc immunofluorescence staining (green

colour: FITC) at hours 2, 4, and 6 than the control (hour 0).

Figure 5.

DAPI Myc DAPI + Myc DAPI Myc

Figure 5. Immunofluorescence staining of c-Myc in PreB v-abl/myc cells after c-Myc activation

hour 0

hour 2

hour 4

hour 6

demonstrated with high objective (63%), at hours 0 to 6. The last 2 columns depict cells in gray
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scale to better reveal the localization and intensity of c-Myc proteins. Pre B v-abl/myc cells with
MycER™ activation (at hours 2, 4, and 6) reveal higher levels of Myc immunofluorescence

staining (green colour: FITC) than the control (hour 0).

The relative radial distribution (RRD) of each chromosome copy was automatedly determined
using the 3D measurements from the nuclear segmentation program. Fig. 6 illustrates a
computerized image from the nuclear segmentation automated program of mouse chromosomes 10

and 11 in interphase Pre B v-abl/myc nucleus.

Figure 6.

Figure 6. Chromosome paints in PreB v-abl/myc cells. (a) and (b) Representative images of PreB
v-abl/myc cells underwent FISH analysis displayed in different dimensions with high objective
(63x). Chromosomes (blue) were hybridized with chromosome paint probes for mouse
chromosomes 11 (red) or 10 (green, the negative control). At least 90 interphase nuclei each of
Myc- or non-Myc-activated cells from 3 independent experiments were examined for each time
point for positioning of chromosomes 11 and 10. (c) Positioning analyses of chromosomes 11 and

10 using a RRD were carried out through a specifically-developed computerized program.



Three different time courses of Pre B v-abl/myc cell harvesting schemes after MycE

RTM

activation were performed. First, a determination of the earliest time point of c-Myc-induced

change of position in mouse chromosome 11 was carried out at 0, 6, 12, 24, 48, and 72 hours; i.e.

over a 3-day period. The earliest time point revealing the repositioning of chromosome 11 was

identified at hour 6. Nuclear repositioning of chromosome 11 was demonstrated more frequently

and in a higher degree of statistical significance in c-Myc- driven mouse PreB v-abl/myc cells

compared to the cells without c-Myc activation (Table 1) and to chromosome 10 of c-Myc-induced

PreB v-abl/myc cells (Tables 1, 2, and 3, and Fig. 7).

Table 1. RRD of mouse chromosomes 11 and 10 in PreB v-abl/myc cells in the first scheme of

cell harvesting

Time c-Myc-activated | c-Myc-inactivated c-Myc-activated c-Myc-inactivated
points Chr11 Chr 11 Chr 10 Chr 10
compared (p-value) (p-value) (p-value) (p-value)
Ovs.6 hr 0.41vs. 0.55 0.41vs.0.44 0.46 vs. 0.62 0.62 vs. 0.51
(0.02) (0.24) (0.0008) (0.02)
Ovs.12 hr 0.41vs. 041 0.41vs. 0.54 0.46 vs. 0.55 0.62 vs. 0.55
(0.92) (0.04) (0.04) (0.10)
0vs. 24 hr 0.41vs. 0.50 0.41vs.0.51 0.46 vs. 0.55 0.62 vs. 0.57
(0.09) (0.11) (0.04) (0.16)
Ovs.48 hr 0.41vs.0.32 0.41vs.0.48 0.46 vs. 0.49 0.62 vs. 0.54
(0.009) (0.17) (0.59) (0.05)
Ovs. 72 hr 0.41vs. 0.39 0.41vs.0.46 0.46 vs. 0.48 0.62 vs. 0.47
(0.45) (0.83) (0.62) (0.001)
6vs. 12 hr 0.55vs. 0.41 0.44 vs. 0.54 0.62 vs. 0.55 0.51 vs. 0.55
(7.52e-005) (0.001) (0.06) (0.37)
6 vs. 24 hr 0.55 vs. 0.50 0.44 vs. 0.51 0.62 vs. 0.55 0.51 vs. 0.57
(0.70) (0.01) (0.14) (0.13)
6 vs. 48 hr 0.55 vs. 0.32 0.44 vs. 0.48 0.62 vs. 0.49 0.51 vs. 0.54
(1.00e-006) (0.27) (0.0004) (0.05)
6vs. 72 hr 0.55 vs. 0.39 0.44 vs. 0.46 0.62 vs. 0.48 0.51 vs. 0.47
(0.0001) (0.39) (5.85e-007) (0.36)
12 vs. 24 0.41vs. 0.50 0.54 vs. 0.51 0.55 vs. 0.55 0.55vs. 0.57
hr (0.005) (0.16) (0.90) (0.89)
12 vs. 48 0.41 vs. 0.32 0.54 vs. 0.48 0.55 vs. 0.49 0.55 vs. 0.54
hr (0.0006) (0.03) (0.22) (0.27)
12 vs. 72 0.41vs. 0.39 0.54 vs. 0.46 0.55vs. 0.48 0.55 vs. 0.47
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hr (0.60) (0.03) (0.003) (0.009)
24 vs. 48 0.50 vs. 0.32 0.51vs. 0.48 0.55vs. 0.49 0.57 vs. 0.54
hr (5.64e-005) (0.17) (0.11) (0.24)
24 vs. 72 0.50 vs. 0.39 0.51vs. 0.46 0.55vs. 0.48 0.57 vs. 0.47
hr (0.005) (0.21) (0.003) (0.004)
48 vs. 72 0.32 vs. 0.39 0.48 vs. 0.46 0.49 vs. 0.48 0.54 vs. 0.47
hr (0.009) (0.37) (0.14) (0.007)

Table 1. The median values of mean RRD of chromosomes 11 and 10 in PreB v-abl/myc cells with
and without c-Myc activation at different time points. The red numbers indicate where a

statistically significant difference (P < 0.05) was observed.

Table 2. RRD of mouse chromosome 11 in c-Myc-activated PreB v-abl/myc cells

Time point Median values of P -value
mean RRD
hO vs. h6 0.41 vs.0.55 0.02
h6 vs. h12 0.55vs.0.41 7.52e-005
h12 vs. h24 0.41 vs. 0.50 0.005
h24 vs. h48 0.50 vs.0.32 5.64e-005
h48 vs. h72 0.32vs.0.39 0.009

Table 2. Median values of mean RRD of mouse chromosome 11 in c-Myc activated PreB v-

abl/myc cells at each time point. The red numbers indicate where a statistically significant

difference (P < 0.05) was observed.
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Table 3. RRD of mouse chromosome 10 in c-Myc-activated PreB v-abl/myc cells

Time point Median values of P -value
mean RRD
hO vs. h6 0.46 vs. 0.62 0.0008
h6 vs. h12 0.62 vs. 0.55 0.06
h12 vs. h24 0.55 vs. 0.55 0.90
h24 vs. h48 0.55vs. 0.49 0.11
h48 vs. h72 0.49 vs. 0.48 0.14

Table 3. Median values of mean RRD of mouse chromosome 10 in c-Myc activated PreB v-
abl/myc cells at each time point. The red numbers indicate where a statistically significant

difference (P < 0.05) was observed.
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Figure 7. Quantification of average RRD of mouse chromosome 11 (a) in PreB v-abl/myc cells
that underwent Myc activation at different time points. The mouse chromosome 10 (b) serves as a
negative control. The repositioning of chromosome 11 was observed as early as at hour 6 after
Myc activation (marked with black arrows in (a)) with a statistically significant difference (P <

0.05), by two-way ANOVA.
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Chromosomes 5 and 7 served as positive controls and the repositioning of the respective

chromosomes were observed in a distinct manifestation (Tables 4 and 5). The repositioning of

chromosome 5 was observed as early as at hour 6 after Myc activation whereas the repositioning

of chromosome 7 was observed only at hour 12 after Myc activation.

Table 4. RRD of mouse chromosome 5 in c-Myc-activated PreB v-abl/myc cells

Time point Median values of P -value
mean RRD
hO vs. h6 0.49vs.0.42 0.01
hO vs. h12 0.49 vs. 0.36 9.45e-005
hO vs. h24 0.49 vs. 0.32 5.19e-005
hO vs. h48 0.49 vs. 0.53 0.67
hO vs. h72 0.49 vs. 0.33 1.31e-005

Table 4. Median values of mean RRD of mouse chromosome 5 in c-Myc activated PreB v-abl/myc

cells at each time point. The red numbers indicate where a statistically significant difference (P <

0.05) was observed.
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Table 5. RRD of mouse chromosome 7 in c-Myc-activated PreB v-abl/myc cells

Time point Median values of P -value
mean RRD
hO vs. hé 0.36 vs. 0.46 0.07
hO vs. h12 0.36 vs. 0.48 0.02
hO vs. h24 0.36 vs. 0.32 0.26
hO vs. h48 0.36vs. 0.44 0.19
hO vs. h72 0.36 vs. 0.31 0.31

Table 5. Median values of mean RRD of mouse chromosome 7 in c-Myc activated PreB v-abl/myc
cells at each time point. The red numbers indicate where a statistically significant difference (P <

0.05) was observed.

At the second scheme of cell harvesting, c-Myc in PreB v-abl/myc cells was activated then
analyzed over the time period that was expected to reveal the first observation of chromosome 11
repositioning. Following the second time course for cell harvesting every 1 hour for 6 hours, the
repositioning of chromosome 11 in PreB v-abl/myc cells was observed as early as hour 1 after Myc
activation. Nuclear repositioning of chromosome 11 was demonstrated more frequently in c-Myc-
driven mouse PreB v-abl/myc cells, compared to the cells without c-Myc activation (Table 6 and
Fig. 8) and to the chromosome 10 of c-Myc-induced PreB v-abl/myc cells (Table 6). Evaluation of
the 3D positioning of mouse chromosome 11, in nuclei of non-MycER™-activated cells was
conducted as a control and revealed a less significant pattern of chromosome repositioning (Table

6 and Fig. 8).
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Table 6. RRD of mouse chromosomes 11 and 10 in PreB v-abl/myc cells in the second scheme

of cell harvesting

Time c-Myc-activated | c-Myc inactivated | c-Myc-activated c-Myc-intivated
points Chr 11 Chr 11 Chr 10 Chr 10
compared (p-value) (p-value) (p-value) (p-value)
Ovs.1hr 0.46 vs. 0.47 0.42 vs. 0.48 0.40 vs. 0.47 0.45vs. 0.47
(0.03) (0.35) (0.34) (0.48)
Ovs.2hr 0.46 vs. 0.54 0.42 vs. 0.48 0.40 vs. 0.51 0.45vs. 0.45
(0.02) (0.08) (0.02) (0.96)
Ovs.3hr 0.46 vs. 0.51 0.42 vs. 0.44 0.40 vs. 0.38 0.45 vs. 0.46
(0.07) (0.06) (0.60) (0.26)
Ovs. 4 hr 0.46 vs. 0.57 0.42 vs. 0.51 0.40vs. 0.48 0.45vs. 0.62
(0.03) (0.04) (0.16) (0.0002)
Ovs.5hr 0.46 vs. 0.39 0.42 vs. 0.42 0.40vs. 0.41 0.45vs. 0.44
(0.04) (1.00) (0.56) (0.15)
0vs.6hr 0.46 vs. 0.48 0.42 vs. 0.51 0.40 vs. 0.51 0.45vs. 0.47
(0.53) (0.04) (0.008) (0.87)
1vs.2hr 0.47 vs.0.54 0.48 vs. 0.48 0.47 vs.0.51 0.47 vs. 0.45
(0.02) (0.73) (0.28) (0.38)
1vs.3hr 0.47 vs. 0.51 0.48 vs. 0.44 0.47 vs. 0.38 0.47 vs. 0.46
(0.003) (0.65) (0.14) (0.64)
1vs. 4 hr 0.47 vs. 0.57 0.48 vs. 0.51 0.47 vs. 0.48 0.47 vs. 0.62
(0.01) (0.48) (0.96) (0.0001)
1vs.5hr 0.47 vs. 0.39 0.48 vs. 0.42 0.47 vs. 0.41 0.47 vs. 0.44
(0.02) (0.48) (0.09) (0.39)
1vs.6hr 0.47 vs. 0.48 0.48 vs. 0.51 0.47 vs. 0.51 0.47 vs. 0.47
(0.02) (0.61) (0.22) (0.60)
2vs.3hr 0.54 vs. 0.51 0.48 vs. 0.44 0.51 vs. 0.38 0.45vs. 0.46
(0.56) (0.73) (0.002) (0.59)
2vs. 4 hr 0.54 vs. 0.57 0.48 vs. 0.51 0.51 vs. 0.48 0.45 vs. 0.62
(0.65) (0.49) (0.21) (0.0005)
2vs.5hr 0.54 vs. 0.39 0.48 vs. 0.42 0.51vs. 0.41 0.45vs. 0.44
(3.57e-006) (0.13) (0.003) (0.82)
2Vs. 6 hr 0.54 vs. 0.48 0.48 vs. 0.51 0.51vs. 0.51 0.45vs. 0.47
(0.16) (0.52) (0.32) (0.97)
3vs.4hr 0.51 vs. 0.57 0.44 vs. 0.51 0.38 vs.0.48 0.46 vs. 0.62
(0.33) (0.16) (0.17) (0.001)
3vs.5hr 0.51 vs. 0.39 0.44 vs. 0.42 0.38vs. 0.41 0.46 vs. 0.44
(0.0001) (0.12) (0.58) (0.68)
3vs.6hr 0.51vs.0.48 0.44 vs. 0.51 0.38 vs. 0.51 0.46 vs. 0.47
(0.20) (0.15) (0.002) (0.76)
4vs.5hr 0.57 vs. 0.39 0.51vs. 0.42 0.48 vs.0.41 0.62 vs. 0.44
(0.0001) (0.05) (0.06) (0.0003)
4vs.6hr 0.57 vs. 0.48 0.51vs.0.51 0.48 vs. 0.51 0.62 vs. 0.47
(0.10) (0.70) (0.45) (0.0007)
5vs. 6 hr 0.39vs.0.48 0.42 vs. 0.51 0.41vs.0.51 0.44 vs. 0.47
(0.003) (0.12) (0.0006) (0.65)
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Table 6. The median values of mean RRD of chromosomes 11 and 10 in PreB v-abl/myc cells with
and without c-Myc activation at time points 0 to 6 hr. The repositioning of chromosome 11 was
observed as early as hour 1 after Myc activation (highlighted in yellow). The red numbers indicate
where a statistically significant difference (P < 0.05) was observed. Nuclear repositioning of
chromosome 11 was demonstrated more frequently in c-Myc- driven mouse PreB v-abl/myc cells,
compared to the cells without c-Myc activation and to the chromosome 10 of c-Myc-induced PreB

v-abl/myc cells.
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Figure 8.
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Figure 8. Comparisons between PreB v-abl/myc cells with and without Myc activation
demonstrate the median values of average RRD of mouse chromosome 11 at the time points hours
0-6. The repositioning of chromosome 11 was observed as early as at hour 1 after Myc activation.
The symbol * indicates where a statistically significant difference (P < 0.05) was observed.
Evaluation of the 3D positioning of mouse chromosome 11 in nuclei of non-MycER™-activated
cells was conducted as a control and revealed a less frequent significant pattern of chromosome

repositioning.

63



Lastly, cells were harvested every 20 minutes for 60 minutes after MycER™ activation and the
interactions between TRF2, telomeres, and nuclear matrix protein lamin A/C examined. This was
to identify the mechanism potentially responsible for c-Myc activated mouse chromosome 11
repositioning in Pre B v-abl/myc cells and the nuclear matrix preparation protocol was

implemented into this part of the study.

Nuclear matrix preparation in PreB v-abl/myc cells

Processing of PreB v-abl/myc cells through a nuclear matrix preparation protocol was applied to
better visualize the nuclear matrix component and its interactive structure. This procedure was
implemented into the experiments mainly to investigate the detachment mechanism of telomeric
shelterin complex from the nuclear matrix. PreB v-abl/myc cells were processed for nuclear matrix
preparation by high-salt extraction and DNasel treatment. Digestion of DNA material by DNAsel

was confirmed by quantification of DAPI intensity (Table 7).

Table 7. Quantification of DAPI in PreB v-abl-myc cells in nuclear matrix preparation

Timepoint Mean DAPI intensity | Level of decreased
(RFU £S.D.) DAPI from hO
0 min (h0) 8787.01 £ 2126.33 0%
30 min 7139.39 =+ 2529.44 18.75%
45 min 5975.40 = 2011.97 32.0%
1h 905.96 =+ 304.76 89.69%
1 h 15 min 685.10 = 198.84 92.20%
1 h 30 min 1031.37 = 388.61 88.26%
1 h 45 min 829.45 =+ 203.38 90.56%
2h 829.51 =+ 231.20 90.56%

Table 7. Quantification of mean DAPI intensity per cell in PreB v-abl-myc cells undergoing
nuclear matrix preparation, through relative fluorescence units (RFU). At least 30 PreB v-abl-myc

cells from each timepoint of DNasel treatment were examined to determine the appropriate
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duration for DNasel digestion. Markedly decreased and sustainable DAPI intensity, representing
the optimum time of DNasel treatment, was identified at 1 hour of incubation. The final

concentration of DNasel was 0.5 mg/ml at the temperature of 37°C.

Table 7 exhibits DAPI intensities quantified by average fluorescence intensity before and after
the digestion at different timepoint with DNAsel. The final concentration of 0.5 mg/ml for DNasel
at 37°C was determined to be an appropriate condition to use for the experiments of nuclear matrix
preparation for PreB v-abl/myc cells. By using differential interference contrast (DIC), an imaging
technique enabling better detection of non-stained cells, PreB v-abl/myc cells processed through

the nuclear matrix preparation could be demonstrated more clearly as shown in Fig. 9.
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Figure 9.

Nuclear matrix preparation

Control

Figure 9. Nuclear matrix preparation in PreB v-abl/myc cells demonstrated with low objective
(20x) in (a) and high objective (63x) in (b) and (c). DAPI images with no DNasel digestion were
shown in (a) and (b). Differential interference contrast (DIC) was applied in (c) to better identify
cells that underwent nuclear matrix preparation. The DNasel final concentration was 0.5 mg/ml for

a digestion time of 1 hour at the temperature of 37°C.
Alterations of TRF2, telomeres, and lamin A/C upon c-Myc induction
To investigate the potential mechanism underlying the phenomenon of chromosome 11

repositioning in Pre B v-abl/myc cells after c-Myc upregulation, immunofluorescence revealing
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TRF2 and lamin A/C, and immunoFISH investigating TRF2 and telomeres were conducted (Figs.

10-13).
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Figure 10. Assessing TRF2 expression in PreB v-abl/myc cells (63x, objective). PreB v-abl/myc
cells underwent immunofluorescence for TRF2 antibody depiction: a, b negative controls
(secondary antibody only). ¢, d TRF2 (green signals). The chromosomes were stained with DAPI
(blue). Representative nuclei are outlined in white and enlarged in b, d. Note that the image

represents a single section on the z axis.

67



Figure 11.

Figure 11. Assessing lamin A/C expression in PreB v-abl/myc cells (63x%, objective). PreB v-

Lamin + DAPI
Negative Control (2° Ab only)

Lamin A/C

abl/myc cells underwent immunofluorescence for lamin A/C antibody depiction: a, b negative
controls (secondary antibody only). c, d lamin A/C (red signals). The chromosomes were stained
with DAPI (blue). Representative nuclei are outlined in white and enlarged in b, d. Note that the

image represents a single section on the z axis.

68



Figure 12.

TRF2 + Telomere + DAPI TRF2 + DAPI Telomere + DAPI TRF2 + Telomere + DAPI

Cell #1

Cell #2

Figure 12. Representative images of TRF2 (green) and telomeres (red) in PreB v-abl/myc cells by
immunostaining-FISH with an anti-TRF2 antibody and a telomeric PNA probe. The chromosomes
were stained with DAPI (blue). Excess TRF2 signals not aligning with telomeres are marked by

white arrows. Note that the image represents a single section on the z axis.



Figure 13.
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Cell #2
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Figure 13. Representative images of TRF2 (green) and lamin A/C (red) in PreB v-abl/myc cells by
co-immunofluorescence staining with anti-TRF2 and anti-lamin A/C antibodies. The chromosomes
were stained with DAPI (blue). The top panel represents a negative control with secondary
antibody only. The bottom panel represents a single PreB v-abl/myc cell that underwent nuclear
matrix preparation followed by co-immunofluorescence staining. Note that the image represents a

single section on the z axis.



The objective of this section of the thesis was to determine whether c-Myc upregulation, which
was shown to result from chromosome 11 repositioning in the previous experiments, would
potentially result from a detachment of the telomere / TRF2 complex from the nuclear matrix
lamin A/C. Figs. 14 and 15 depict the number and intensities of telomeres and TRF2 signals in
cells processed through a regular procedure (Fig. 14) and through nuclear matrix preparation (Fig.
15). Statistically significant decreases of TRF2 intensities in parallel with significantly increased
numbers of lower intensity telomeres, representing telomeres shorter in length, were observed in
PreB v-abl-myc cells within the first hour after Myc induction (Figs. 14 and 15). An increase in the
total number of telomeric signals in PreB v-abl/myc cells at minute 20 after c-Myc induction was

also observed (Figs. 14 and 15).
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Figure 14.

Negative control Myc induction
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Figure 14. Quantification of telomeric signal intensities associated with the TRF2 protein. At least
90 PreB v-abl-myc cells from 3 independent experiments were examined for this association.
Statistically significant decreases of TRF2 intensities (P < 0.0001) in parallel with significantly
increased numbers of lower intensity telomeres (P < 0.0001), representing telomeres shorter in
length, were observed in PreB v-abl-myc cells within the first hour after Myc induction, as marked

by black arrows.
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Figure 15.

Negative control Myc induction

50

& a0
20

e )0

—+—h0

30

—a—20 min —=—20 min

40 min 40 min

Number of TRF2
Number of TRF2

TRF2

——h1 ——h1

a7

5 e e S
PSSP PS SIS FSFFFSS

Intensity [a.u.]

25
1 =—+—=h0

20 Al

h =20 min
15 NG .

) 40 min
10 1 Al
<

=—+—=h0
=20 min

40 min

Number of Telomere

==—h1 =w—h1

Telomere
Number of Telomere

Y L 1 ! A 3
T—l:i 0 ¥ f = Y = —
FFFFFSESPFFFPFSETFES PSPPI EEPPESSE

Intensity [a.u.] ’ Intensity [a.u.]

Figure 15. Quantification of telomeric signal intensities associates with TRF2 proteins in PreB v-
abl-myc cells which underwent nuclear matrix preparation. At least 90 PreB v-abl-myc cells from 3
independent experiments were examined for this association. Similar to the regular experiments,
statistically significant decreases of TRF2 intensities (P < 0.001) in parallel with significantly
increased number of lower intensity telomeres (P < 0.0001), representing telomeres shorter in
length, were observed in PreB v-abl-myc cells as early as at 20 minutes after Myc induction, as

marked by black arrows.

Comparison of the telomeric intensity distribution in which intensity correlating to telomere
length revealed that at the 20-min timepoint after c-Myc activation, significantly more shorter
telomeres were present than when c-Myc had not been induced. The TRF2 signal intensity

decreased significantly after c-Myc activation compared to the control timepoint. A similar pattern
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of alterations in telomeres and TRF2 intensities was demonstrated in PreB v-abl/myc cells after
DNAsel digestion in cells being processed with the nuclear matrix preparation protocol. The
experiments were repeated 3 times independently (Figs. 14 and 15).

ImmunoFISH for TRF2 and telomeres revealed the disappearance of TRF2-associated telomere
spots as shown in Fig. 12, reflecting the occurrence of non-telomere-binding TRF2 in some PreB
v-abl/myc cells.

TRF2 signals were evaluated by using Teloview ™ and TRF2 aggregation was defined, with the
same criteria of telomeric aggregates, as clusters of TRF2 that are found in close association and
cannot be further resolved as separate signals at the optical resolution limit of 200 nm (Mai and
Garini, 2006). Quantification of TRF2 signal intensity and aggregation (Figs.16-19), as well as an
evaluation of fluorescence signal intensities for TRF2, lamin A/C, and DAPI (Table 8 and Fig. 20),

were conducted, through relative fluorescence units (RFU).
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Figure 16.
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Figure 16. Quantification of TRF2 signal intensity per cell in PreB v-abl-myc cells. At least 90
PreB v-abl-myc cells from 3 independent experiments were examined for the average number of
TRF2 signals per cell using TeloView™. Marked alterations of TRF2 numbers were observed in
PreB v-abl-myc cells at 20 and 40 minutes after Myc induction, as marked by * P = 0.001 and ** P

< 0.001.
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Figure 17.
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Figure 17. Quantification of TRF2 signal intensity per cell in PreB v-abl-myc cells underwent
nuclear matrix preparation. At least 90 PreB v-abl-myc cells from 3 independent experiments were
examined for the average number of TRF2 signals per cell using TeloView™. Marked alterations
of TRF2 numbers were observed in PreB v-abl-myc cells at 20, 40, and 60 minutes after Myc

induction, as marked by * P = 0.001 and ** P < 0.001.
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Figure 18.
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Figure 18. Quantification of TRF2 aggregates per cell in PreB v-abl-myc cells. At least 90 PreB v-
abl-myc cells from 3 independent experiments were examined for TRF2 aggregation using
TeloView™. Marked alterations of TRF2 aggregates were observed in PreB v-abl-myc cells at 20

and 40 minutes after Myc induction, as marked by * P = 0.001 and ** P < 0.001.
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Figure 19.
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Figure 19. Quantification of TRF2 aggregates per cell in PreB v-abl-myc cells underwent nuclear
matrix preparation. At least 90 PreB v-abl-myc cells from 3 independent experiments were
examined for TRF2 aggregation using TeloView ™. Marked alterations of TRF2 aggregates were
observed in PreB v-abl-myc cells at 20, 40, and 60 minutes after Myc induction, as marked by * P

< 0.001 and ** P < 0.0001.
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After DNAsel digestion, TRF2 and lamin A/C intensities decreased significantly but a certain
amount of proteins were still maintained along with the nuclear matrix, confirming the existence of
TRF2 / telomere complex anchored to the nuclear matrix. TRF2 aggregation decreased
significantly after c-Myc activation (Figs. 18 and 19), in parallel with a decrease in fluorescence
intensities for lamin A/C and TRF2 (Tables 8 and 9, and Figs. 16, 17, 20, and 21), indicating an
alteration in interacting expression between lamin A/C and TRF2 in the nucleus following c-Myc
induction. Quantification of lamin A/C intensities per single signal of TRF2 in PreB v-abl-myc
cells undergoing nuclear matrix preparation was conducted and revealed a statistical significance
of reduction in lamin A/C intensities surrounding single signal of TRF2 (Fig. 22). Compared to
minute 0, statistical significance of reduction in lamin A/C intensities surrounding single TRF2
signals was observed in PreB v-abl-myc cells at 20 (P = 0.005), 40 (P < 0.005), and 60 (P < 0.005)

minutes after Myc induction.

Table 8. Quantification of fluorescence intensity for TRF2, lamin A/C, and DAPI in PreB v-

abl-myc cells
Average Negative control Myc induction
fluorescence signals (RFU £S.D.) (RFU £5.D.)
TRF2: 0 min 7777.01 = 3156.34 8798.37 X+ 2428.0
20 min 7868.90 X 2735.42 6478.58 * 3606.0
40 min 8183.07 =3394.0 5099.79 * 2304.5
60 min 8768.97 £ 3737.42 | 5164.45 % 2645.73
Lamin A/C: 0 min 5124.78 *+ 2713.97 5542.14 * 4501.60
20 min 5498.55 =+ 2372.80 3768.15 =+ 2919.36
40 min 6598.65 * 4648.02 1958.85 * 1973.13
60 min 6798.69 * 4589.34 2552.34 *+ 2070.49
DAPI: 0 min 21281.04 £+ 10484.89 | 20805.15 * 10951.09
20 min 21371.24 £ 10715.76 | 20877.93 =% 9439.04
40 min 20037.56 £ 10342.18 | 19349.18 = 10506.02
60 min 20628.03 £ 10858.17 | 19571.24 * 11458.39

Table 8. Quantification of fluorescence intensity per cell for TRF2, lamin A/C, and DAPI in PreB

v-abl-myc cells through relative fluorescence units (RFU). At least 90 PreB v-abl-myc cells from 3
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independent experiments were examined for the association between TRF2 and lamin A/C

proteins. Marked decreases in fluorescence intensities, reflecting the expression levels, of TRF2

and lamin A/C were observed in PreB v-abl-myc cells as early as 20 minutes after Myc induction.

Figure 20.
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Figure 20. Quantification of fluorescence intensity per cell for TRF2, lamin A/C, and DAPI in

PreB v-abl-myc cells through relative fluorescence units (RFU). At least 90 PreB v-abl-myc cells

from 3 independent experiments were examined for the association between TRF2 and lamin A/C

proteins. Marked decreases in fluorescence intensities, reflecting the expression levels, of TRF2

and lamin A/C were observed in PreB v-abl-myc cells as early as 20 minutes after Myc induction.

Statistical significance is shown with the symbols * representing P = 0.0001 and ** P < 0.0001.
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abl-myc cells undergoing nuclear matrix preparation

Average Negative control Myc induction
fluorescence signals (RFU *=5S.D.) (RFU *=S.D.)
TRF2: 0 min 2065.51 *= 1019.86 2654.07 = 3621.62
20 min 2005.42 * 1806.24 1267.40 X 526.65
40 min 2152.68 * 690.14 1457.36 % 715.70
60 min 1942.76 X 418.72 1117.38 = 615.75
Lamin A/C: 0 min 4379.00 = 1819.52 4168.43 * 2855.72
20 min 4500.22 *= 3173.26 3933.02 * 1986.34
40 min 4459.24 *= 1047.23 2494.80 * 1285.60
60 min 4227.14 £ 1393.66 2886.62 + 1454.08
DAPI: 0 min 5498.78 £ 922.11 5491.51 =+ 1410.57
20 min 5236.42 £ 1885.71 5512.80 * 2423.76
40 min 5886.43 £ 4161.29 5332.77 = 4248.71
60 min 5602.02 £ 3683.26 5643.49 *+ 4725.88

Table 9. Quantification of fluorescence intensities for TRF2, lamin A/C, and DAPI in PreB v-

Table 9. Quantification of fluorescence intensity per cell for TRF2, lamin A/C, and DAPI in PreB
v-abl-myc cells undergoing nuclear matrix preparation, through relative fluorescence units (RFU).
At least 90 PreB v-abl-myc cells from 3 independent experiments were examined for the
association between TRF2 and lamin A/C proteins. Marked decreases in fluorescence intensity,
reflecting the expression level, of TRF2 and lamin A/C were observed in PreB v-abl-myc cells as

early as 20 minutes after Myc induction.
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Figure 21.
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Figure 21. Quantification of fluorescence intensity per cell for TRF2, lamin A/C, and DAPI in

PreB v-abl-myc cells undergoing nuclear matrix preparation, through relative fluorescence units

(RFU). At least 90 PreB v-abl-myc cells from 3 independent experiments were examined for the

association between TRF2 and lamin A/C proteins. Marked decreases in fluorescence intensity,

reflecting the expression level, of TRF2 and lamin A/C were observed in PreB v-abl-myc cells as

early as 20 minutes after Myc induction. Statistical significance is shown with the symbols *

representing P = 0.01 and ** P < 0.01.
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Figure 22.
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Figure 22. Quantification of lamin A/C intensity per single signal of TRF2 in PreB v-abl-myc cells
undergoing nuclear matrix preparation. At least 90 PreB v-abl-myc cells from 3 independent
experiments were examined. Compared to minute 0, statistical significance of reduction in lamin
AJ/C intensities surrounding single TRF2 signals was observed in PreB v-abl-myc cells at 20 (P =
0.005), 40 (P < 0.005), and 60 (P < 0.005) minutes after Myc induction. * represents P = 0.005

and ** P < 0.005.
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Characterization of cytoband 17g25.3 in NSCLC

Of the 18 patients with NSCLC who underwent surgical resections as primary treatment, 8

patients (44.44%) were smokers and 5 patients (27.78%) harboured the EGFR mutation. Four

patients (22.22%) had squamous cell carcinoma histology whereas the rest were adenocarcinomas.

The clinical characteristics of the NSCLC patients are described in Table 10.

Table 10. Clinical characteristics of 18 non-small cell lung cancer patients

Case | Sex | Age Smoking EGFR Histology | Stage Overall Survival outcome
No. (years) mutation survival
(months)
1 F 73 No pos AC IB 93 Alive
2 M 79 No NA AC 111B 7 Deceased
3 F 77 No pos AC IIB 46 Deceased
4 M 74 No pos AC 1B 59 Deceased
5 F 70 No pos AC IITA 4 Deceased
6 F 82 No pos AC 1B 98 Alive
7 F 75 No neg AC 1B 60 Deceased
8 F 39 No neg AC IA 91 Alive
9 F 77 No neg AC IB 13 Deceased
10 F 71 No neg AC 1B 26 Deceased
11 M 45 Yes NA AC IA 86 Alive
12 F 67 Yes neg AC IA 17 Deceased
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13 F 57 Yes neg AC 1IB 86 Alive
14 F 73 Yes NA AC A 27 Deceased
15 M 58 Yes NA SQ 1A 98 Alive
16 M 67 Yes NA SQ IB 63 Deceased
17 M 72 Yes NA SQ 1B 93 Alive
18 F 76 Yes NA SQ 1B 86 Alive

Table 10. Clinical characteristics of 18 non-small cell lung cancer patients. Pos, positive; Neg,

negative; NA, not available; AC, adenocarcinoma; SQ, squamous cell carcinoma (Sunpaweravong

etal., 2016).

To examine whether cytoband 17g25.3 was amplified in the 18 NSCLC cases, Q-FISH was

performed to investigate the 17925.3 copy number (Fig. 23), and was then compared to CGH

and/or SNP array copy number data for the same tumours.
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Figure 23.

A

Figure 23.17g25.3 (red) and 17p11.2 (green) signals in NSCLC cells acquired from Q-FISH: (a)
View from a distance. The scale bar represents 5 um. (b) Normal signals of both cytobands, 2 per
each cell. (c), (d), and (e) Copy number gains of both cytobands, 5 of 17925.3 and 6 of 17p11.2
(c), 6 of 17g25.3 and 5 of 17p11.2 (d), 4 of 17925.3 and 5 of 17p11.2, with 4 pairs of signals
demonstrating co-localization of 17925.3 and 17p11.2 in yellow (e). (f) Amplification of cytoband
17925.3 (7 red signals) with normal 17p11.2 (2 green signals) (63X, Objective) (Sunpaweravong

etal., 2016).

Table 11 summarizes the results of copy numbers for cytobands 17925.3 and 17p11.2, showing
that the copy numbers of cytobands 17925.3 and 17p11.2 obtained from Q-FISH correlate well with

corresponding CGH and/or SNP array data for the same regions.
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Table 11. Quantitative analyses of copy numbers for cytobands 17g25.3 and 17p11.2

Case | Average | Average Average % of Status of 17q25.3 CGH/SNP | CGH/SNP
17q25.3 | 17p11.2 Ratio nuclei with data for data for
ratio> 1.5 17q25.3 | 17p11.2
1 4.56 4.57 1.00 1 gain of chrl7 gain gain
2 3.38 3.24 1.04 17 clonal gain of | normal | normal
17925.3/
gain of chrl7
3 3.78 4.26 0.89 12 clonal of normal | normal
17925.3/
gain of chrl7
4 4.79 3.95 1.21 32 clonal gain of | normal loss
17925.3/
gain of chrl7
5 2.65 3.17 0.84 3 no gain gain normal
6 291 3.40 0.86 9 no gain gain gain
7 3.27 3.52 0.93 18 clonal gain of | normal | normal
17925.3/
gain of chrl7
8 2.76 2.95 0.94 13 clonal gain of loss loss
17925.3
9 3.00 2.64 1.14 26 clonal gain of gain normal
17925.3
10 2.94 3.28 0.90 9 no gain normal | normal
11 2.15 2.50 0.86 11 clonal gain of normal | normal
17925.3
12 2.61 2.57 1.02 22 clonal gain of gain gain
17925.3
13 | 2.30 2.44 0.94 14 clonal gain of | normal loss
17925.3
14 2.40 2.93 0.82 3 no gain loss loss
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15 2.96 3.79 0.78 5 no gain gain loss

16 | 3.01 3.13 0.96 13 clonal gain of | normal | normal
17925.3/

gain of chrl7

17 3.67 4.04 0.91 5 gain of chrl7 gain normal
18 241 2.62 0.92 15 clonal gain of | normal | normal
17925.3

Table 11. Quantitative analyses of copy numbers for cytoband 17925.3, with cytoband 17p11.2 as a
control. Data of the loci of interest from CGH and/or SNP arrays were correlated with the results
from Q-FISH. CGH, comparative genomic hybridization; SNP, single nucleotide polymorphism;

chr, chromosome (Sunpaweravong et al., 2016).

A representative image shown in Fig. 23 illustrates 17925.3 copy number compared to the
reference cytoband (17p11.2) on chromosome 17. Clonal gains of cytoband 17q25.3, defined as >
10% of the analyzed nuclei demonstrating a ratio between the cytoband 17925.3 and the reference
17p11.2 probe > 1.5, were observed in 11 of the 18 (61%) NSCLC patient samples. Seven of the
18 (38.9 %) showed copy gains of both cytobands 17g25.3 and 17p11.2 (reference region)
suggestive of entire chromosome 17 gains, as shown in Table 11 and Fig. 23 C - E. This suggests
that molecular heterogeneity in 17g25.3 copy numbers exists within individual NSCLC tumours.
However, no clinical correlations with different copy numbers of 17925.3 or gains of chromosome

17 were found.

Association of 3D telomere organization with NSCLC clinical features

To investigate the 3D nuclear telomeric architecture in 18 NSCLC tumours, Q-FISH with the
telomere PNA probe was performed and TeloView™ software was applied for the analyses (Fig.
24).
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Figure 24.

Figure 24. NSCLC cells after undergoing Q-FISH for PNA probe depicting: (a) Telomeres (red
signals). A representative nucleus is outlined in white and enlarged in (b) — (d). (c) and (d)

Telomeres in 3D view (63X, Objective) (Sunpaweravong et al., 2016).

Smokers, EGFR mutation-negative, or squamous cell carcinoma patients had a tendency
towards higher telomere numbers and greater numbers of telomere aggregates per cell than non-
smokers, EGFR mutation-positive, and adenocarcinoma patients, however the differences were not

statistically significant (Table 12). Graphical analyses of 3D telomeric profiling also demonstrated
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a tendency towards more lower-intensity telomeres, indicative of shorter telomeres, in the smoker,

EGFR-negative, and squamous cell carcinoma patients (Fig. 25).
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Table 12. Three-dimensional telomere parameters of specimens from non-small cell lung cancer patients

Average Average Average alc
. number of number of nuclear P ratio P
Specimens P P
telomere aggregates volume
per cell per cell (UmM3)
EGFR Pos (n =5) 19.23 0.37 1.95 0.48 206.63 0.30 2.24 0.55
mutation | Neg (n = 6) 23.58 2.44 163.04 2.44
NA (n=7) 23.29 2.43 191.98 2.33
Histology| AC (n = 14) 20.69 0.11 2.08 0.13 180.61 0.51 2.30 0.59
SQ (h=4) 27.72 3.05 207.05 2.48
Smoking | Yes (n = 8) 23.37 0.61 2.42 0.70 167.30 0.27 2.24 0.48
No (n =10) 21.36 2.20 201.83 2.43

Table 12. Three-dimensional telomere parameters of non-small cell lung cancer patients with different EGFR mutations, histology,

and smoking status. Pos, positive; Neg, negative; NA, not available; AC, adenocarcinoma; SQ, squamous cell carcinoma

(Sunpaweravong et al., 2016)
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Figure 25.
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Figure 25. Telomere numbers plotted against telomere intensities for: (a) Non-smoking and smoking;

(b) Histology; (c) EGFR mutation subgroups of the NSCLC patients (Sunpaweravong et al., 2016).
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Survival analyses of NSCLC patients

Kaplan-Meier survival analyses were conducted to demonstrate and compare survival outcomes in
subgroups of NSCLC patients based on smoking history, EGFR mutation status, and histological type.
Although there was no statistical significance observed, the mean survival time tended to be shorter in
patients having greater average telomere numbers per cell (50.1 months for those who had more than
20 average telomeres vs. 71.1 months for those who had 20 or less average telomeres, P = 0.29).
EGFR-mutation positive patients tended to have a longer mean survival time than the EGFR-mutation
negative group (61.0 months for the EGFR-mutation positive patients vs. 49.7 months for the EGFR-
mutation negative patients, P = 0.65). Considering the status of cytoband 17qg25.3, patients who had
clonal gains, demonstrated a trend towards shorter mean survival times than those who had either
gains of chromosome 17 only or no gain (57.2 months for patients who had clonal gains vs.64.1

months for those who had either gains of chromosome 17 only or no gain, P = 0.57).

Summary of Results

- Upon c-Myc upregulation, mouse PreB v-abl/myc cells demonstrated a repositioning of
chromosomel1 within the first hour, significantly different from the control cells.

- Statistically significant decreases of TRF2 intensities in parallel with increased numbers of lower
intensity telomeres, representing telomeres shorter in length were observed within the first hour after
c-Myc induction.

- Quantification of TRF2 signal intensity and TRF2 aggregates per cell demonstrated marked
alterations of TRF2 numbers and TRF2 aggregates after c-Myc induction.

- Marked decreases in fluorescence intensities, reflecting the expression levels, of TRF2 and lamin

AJ/C were observed as early as 20 minutes after c-Myc induction.
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- Quantification of lamin A/C intensity per single signal of TRF2 in PreB v-abl-myc cells undergoing
nuclear matrix preparation revealed a statistical significance of reduction in lamin A/C intensities
surrounding single TRF2 signals.

- Eleven of the 18 (61%) NSCLC patients had clonal gains of cytoband 17925.3. Seven of the 18
(38.9 %) had copy gains of both cytobands 17925.3 and 17p11.2, reflecting an entire chromosome 17
gains.

- Smokers, EGFR mutation-negative, or squamous cell carcinoma patients had a tendency towards
higher telomere numbers and greater numbers of telomere aggregates per cell than non-smokers,
EGFR mutation-positive, and adenocarcinoma patients. However the differences were not statistically

significant.
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Chapter V : Discussion
c-Myc deregulation leads to genomic instability and mouse chromosome 11 repositioning

Genomic instability is a status of genomic changes or an increased propensity for genomic
alterations which can potentially facilitate tumor initiation and progression. Genomic instability in
cancer cells has also been characterized into structural and numerical instability (Bayani et al., 2007).
Alterations of the genome can occur when a structural genetic aberration takes place, including
mutations, amplifications, or deletions on specific genes, or a rearrangement or translocation of
chromosome segments. In addition, numerical aberrations of the entire chromosomes, either gains or
losses, can result in aneuploidy and lead to genomic instability (Shen Z, 2011). c-Myc has been shown
to trigger a complex network of genomic instability, either at the level of single genes (Mai, 1994; Mai
et al., 1996b; Kuschak et al., 2002; Mai and Mushinski, 2003) or the whole chromosome (Mai et al.,
1996a; Felsher and Bishop, 1999; Rockwood et al., 2002; Mai and Mushinski, 2003). c-Myc is also
responsible for illegitimate replication initiation resulting in more than one replication firing origin per
cell (Kuschak et al., 2002), which induces chromosomal rearrangements and DNA breakage
(Rockwood et al., 2002; Louis et al., 2005), influences alterations of DNA repair (Vafa et al., 2002;
Hironaka et al., 2003; Karlsson et al., 2003), and is related to point mutations of several genes (Chiang
et al., 2003; Mac Partlin et al., 2003).

In v-abl/myc induced fast-onset PCTs in mice, trisomy of chromosome 11 and duplication of
chromosome 11 cytoband E2 was observed (Wiener et al., 2010). Wiener and colleagues reported that
trisomy of chromosome 11 was present in 100% of the rapidly developing PCTs and the 11E2
subcytoband was always duplicated in the v-abl/myc- induced PCTs (Wiener et al., 2010). By using
classic and molecular cytogenetics, they ascertained that the 11E2 region was the critical segment on

chromosome 11. Since mouse 11E2 subcytoband is syntenic with the rat 10932 region and the

95



chromosomal region 17925 in humans (Koelsch et al., 2005), further exploration of human 17qg25
cytoband is relevant to investigate its potential role in tumorigenesis. The rat 10932 region (Koelsch et
al., 2005) has been shown to be involved in schwannomas (Koelsch et al., 2005). Amplifications of
17925 copy numbers has been demonstrated in various human cancers including breast, ovarian, and
thyroid cancers, neuroblastomas, and osteosarcoma (Russell et al., 2000; Burrows et al., 2003;
Montagna et al., 2003; Langan et al., 2004; Lastowska et al., 2004; Atiye et al., 2005; Hwang et al.,
2008; Thomassen et al., 2009).

Kuzyk and Mai reported an association of v-abl/myc-induced accelerated mouse PCT development
with selected telomere length changes and aberrant 3D nuclear telomere organization (Kuzyk and
Mai, 2012). They found that fast-onset PCTs had a significantly different 3D telomere profile and that
the translocation chromosome T(X;11) carrying 11E2 was the only chromosome with telomere
lengthening, compared with primary B cells of wild-type littermates with and without rcpT(X;11). The
finding supports the concept of individual telomere lengthening for maintenance of chromosomes that
are functionally important for the tumorigenic process (Kuzyk and Mai, 2012).

Mouse subcytoband 11E2, syntenic with human chromosome 17¢25, harbours commonly
amplified genes in PCT, a B-cell lineage hematologic malignancy resulting from c-Myc—activating
chromosomal translocation. The candidate genes on mouse subcytoband 11E2 include ASPSCR1
(ASPSCR1 (database online), 2016), TBCD (Grynberg et al., 2003), FoxK2 (Katoh and Katoh, 2004),
Kcnj2 (Hattersley and Pearson, 2006; Varadi et al., 2006; Xiong et al., 2006), Ictl (van Belzen et al.,
1995), and Sec14l1 (Kostenko et al., 2005; Mousley et al., 2007). In human, allelic aberrations, either
gains or losses, on chromosome region 17925 have been reported in various types of cancers,
suggesting that oncogenes or tumor suppressor genes, respectively, are located there (Islam et al.,

2000; Morris et al., 2000; Ladanyi et al., 2001; Risk et al., 2002; Uppal et al., 2003; Langan et al.,
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2004; Presneau et al., 2005; McRonald et al., 2006; Bermudo et al., 2008; Gulten et al., 2009; Yu et
al., 2009; Bermudo et al., 2010; Wojnarowicz et al., 2012). The changes of human chromosome region
17925 support the importance of this region in tumorigenesis. Based on the synteny of mouse
subcytoband 11E2 and human chromosome 17q25, the frequent aberrations of cytoband 17925 in
humans, and the alteration of subcytoband 11E2 in v-abl/myc-induced accelerated mouse PCT
development, the study of this region to better understand its roles in tumour development and
progression is rational.

This study examined whether c-Myc upregulation affected the 3D positioning of mouse
chromosome 11 in the interphase nuclei of Pre B v-abl/myc cells. To this end, the effect of conditional
c-Myc expression in immortalized mouse Pre B v-abl/myc cells, stably transfected with MycER™
(Littlewood et al., 1995; Mai et al., 1999) was analyzed. Evaluation of the 3D positioning of mouse
chromosome 11 in nuclei of non-MycER™-activated cells was conducted as a control, as was an
evaluation of the positioning of chromosome 10 (negative control), and chromosomes 5 and 7
(positive controls). The RRD of a chromosome is defined by the distance away from the nuclear
centre of each interested chromosome volume represented by the centre of the chromosome bulk from
the centre of the nucleus, thus, in close representative of the precise 3D position of the respective
chromosome in the interphase nucleus.

After MycER™ activation with 4HT, nuclear c-Myc signals were increased in Pre B v-abl/myc
cells, compared to the non-4HT treated control cells. This finding concurred with a previous
publication by Littlewood et al. (1995). Upon c-Myc activation, the RRD of chromosome 11 changed
significantly as early as hour 6 after c-Myc was upregulated. For mouse chromosome 11, analyses of
the 3D chromosome positioning by using RRDs revealed that c-Myc deregulation induced

chromosome repositioning at a higher statistical significance, when compared to the non-MycER ™-
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activated control cells and the negative control chromosome 10. The RRDs from the pair of mouse
chromosomes 5 and 7, which were aimed to serve as positive controls (Louis et al., 2005), exhibited
the pattern of chromosome repositioning. However, in this study, for uncertain reasons, the
repositioning of chromosome 5 was more clearly observed than that of chromosome 7. The
repositioning of chromosome 5 was observed as early as at hour 6 whereas the repositioning of
chromosome 7 occurred as early as at hour 12. Subsequent experiments were performed to look more
closely within the first 6 hours after c-Myc deregulation to reveal the earliest time point of c-Myc
dependent chromosome 11 respositioning, with hour 1 found to be the earliest timepoint chromosome
11 repositioning was observed. Following experiments to investigate the potential mechanism
underlying the c-Myc driven chromosome 11 repositioning were then carried out focusing on the first
hour after c-Myc activation.

This study revealed a novel mechanism potentially underlying c-Myc-dependent genomic
instability in which the repositioning of mouse chromosome 11 was observed. Upon c-Myc
upregulation, mouse PreB v-abl/myc cells demonstrated a repositioning of chromosome 11 within the
first hour, significantly different from the control cells. This observation supports the important role of
c-Myc in chromosome organization and confirms the potential significance of mouse chromosome
11’s involvement in PCT tumorigenesis. Mehta and colleagues reported that, upon a serum removal
from the culture medium resulting in cellular quiescence, chromosomes of primary human fibroblasts
altered their positions within 15 minutes (Mehta et al., 2010). The authors proposed that the
chromosome repositioning was probably dependent on nuclear myosin 13 (Mehta et al., 2010). The
phenomenon of chromosome repositioning has also been demonstrated during the differentiation of
human T-cells (Kim et al., 2004a), adipocytes (Kuroda et al., 2004), and keratinocytes (Marella et al.,

2009).
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Telomere dysfunction can result in genomic instability, which could be from telomere shortening,
or telomere aggregation (Chuang et al., 2004; Mai and Garini, 2005; Mai and Garini, 2006). The BBF
cycle is a classical mechanism of telomere-contributed genomic instability, in which end-to-end fusion
of chromosomes occurs from dysfunctional telomeres and creates dicentric chromosomes, then
eventually breaks during the anaphase, resulting in terminal deletions and nonreciprocal translocations
with one chromosome or chromatid being left with a piece from another chromosome or chromatid.
The telomere-free ends resulting from this event then continue to have fusions with other
chromosomes and initiate new BBF cycles until no more telomere-free chromosomal ends persist
(Mueller, 1938; McClintock, 1941). BBF cycles are associated with tumorigenesis because they lead
to deletions, gene amplification, nonreciprocal translocation, and overall genetic changes (Smith et al.,
1992; Hande et al., 1999; Artandi et al., 2000; Gisselsson et al., 2001; Artandi, 2002; Ciullo et al.,
2002; DePinho and Polyak, 2004; Murnane and Sabatier, 2004).

c-Myc-deregulation not only can trigger telomeric aggregates resulting in BBF cycles, but can also
change nuclear architecture organization and lead to closer proximity of telomeres which results in
chromosomal rearrangements (Louis et al., 2005). Although overlapping of mouse chromosomes 5, 7,
and 10 has been observed in Myc-activated Pre B v-abl/myc nuclei previously (Louis et al., 2005), the
repositioning of mouse chromosome 11 in conditional c-Myc expressing Pre B v-abl/myc cells,
revealed from this study, is a new finding. Louis and colleagues have previously reported evidence of
chromosomal rearrangements involving mouse chromosomes 7, 13, and 17 at a significant level in c-
Myc-activated PreB v-abl/myc cells (Louis et al., 2005). By using chromosome paints, after c-Myc
upregulation in PreB v-abl/myc, they observed a change in overlaps of several pairs of mouse
chromosomes, especially between chromosomes 5 and 13 over the time course. The two

chromosomes were found in closer proximity as the cells entered into the first telomere aggregation
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cycle. Other chromosome overlapping events were also observed between mouse chromosomes 10
and 7, and chromosomes 7 and 17 (Louis et al., 2005).

In addition to the investigation of chromosome 11 positioning in PreB v-abl/myc cells as in this
study, other orientation patterns of mouse chromosome 11 have been reported (Schmaélter et al., 2014;
Schmalter et al., 2015). Schmélter and colleagues studied in pristane and v-abl/myc-induced fast-onset
mouse PCT in [T38HXBALB/c]N congenic mice with a reciprocal translocation between
chromosomes X and 11 (rcpT(X;11). These mice exhibited a long chromosome T(11;X) and a short
chromosome T(X;11). The short chromosome T(X;11) contained cytoband 11E2 and parts of
cytoband E1. After the v-abl/myc— induced PCT, these unique mouse models exhibited a non-random
duplication of chromosome 11, cytoband 11E2, associated with the overexpression of genes within
11E2 (Wiener et al., 2010). To study chromosome orientation, the authors compared the fast-onset
PCT cells with control B lymphocytes of [T38HXBALB/c]N mice with rcpT(X;11) translocation
(T38HT(X;11)) using multi-colour Banding (mMBANDing) FISH probes to detect intrachromosomal
changes in the metaphases. Chromosome 11 was labelled by different overlapping fluorochromes to
analyse whether the centromeric or the telomeric end was orientated towards the nuclear centre or
periphery. The most frequently observed orientation pattern of chromosome 11 in T38HT(X;11) was
with both chromosomes located in parallel to the nuclear border (“PP”) (35.0%) whereas in all PCTs
“PP” was only observed in 10.7%. The orientation pattern “CP” with one homolog pointing with its
centromeric end towards the nuclear periphery and the other homolog being in parallel was found
most frequently in PCTs (13.4% of all PCTs) and in 23.7% of T38HT(X;11). Both chromosomes
pointing with their centromeric ends towards the periphery (“CC”) was observed in 18.7% of
T38HT(X;11) and in 8.5% of all PCTs. The third most common orientation pattern in PCTs was “PT”

with one homolog in parallel, the other pointing with its telomeric end to the periphery (8.5%)
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whereas in T38HT(X;11) this orientation pattern was found in 13.6% (Schmalter et al., 2015).
Chromosome orientation may reflect the dynamic rotation of chromosomes over time or upon specific
cellular conditions. Although the mechanisms underlying a possible rotation are still unknown, one
hypothesis suggests that the chromosomes might rotate in order to create easier access to transcription
factories. The authors also proposed that transcription of genes within the telomeric end of
subcytoband 11E2 might be enhanced due to telomeric orientation towards the nuclear centre
(Schmalter et al., 2015).

Deregulation of c-Myc promotes the formation of telomeric aggregates and the accelerated PCTs
development is usually associated with duplication of cytoband 11E2, telomere length changes in
translocation chromosomes carrying 11E2, and aberrant 3D nuclear telomere organization. These
findings upport the concept of individual telomere lengthening and organization of chromosomes that
are functional prerequisites for tumorigenesis. Determining whether c-Myc driven chromosome 11
nuclear repositioning occurs in mouse PCT therefore is important in confirming the potential role of c-
Myc involving chromosome organization which may be involved in mouse PCT development. The
study conducted various procedures to prove such hypotheses. In PreB v-abl/myc cells, repositioning
of chromosome 11 was demonstrated within 1 hour after c-Myc induction and the mechanism which
potentially underlies this observation involves TRF2, telomere, and lamin A/C interaction. Further
experiments revealed an alteration in TRF2, telomere, and lamin A/C interaction in c-Myc-
upregulated Pre B v-abl/myc cells supporting a role of this mechanism potentially underlying c-Myc-
driven chromosome 11 repositioning in mouse PCT. However, further in vivo experiments are needed

to confirm the role of this molecular pathway for PCT tumorigenesis.
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TRF2: The essential shelterin protein responsible for telomere protection

In this study, upon c-Myc upregulation in PreB v-abl/myc cells, TRF2 levels decreased which
might have facilitated a certain mechanism leading to telomere shortening. Evidence from TRF2-
manipulated experiments has revealed that TRF2 depletion results in chromosome end-to-end fusions
and telomere dysfunction (van Steensel et al., 1998; Smogorzewska and de Lange 2002a, Celli and de
Lange, 2005; Denchi and de Lange, 2007). de Lange and colleagues conducted experiments in which
TRF2 was removed from telomeres which then caused chromosome end-to-end fusions, frequently
preserving long tracts of telomeric repeats on either side of the fusion junction (van Steensel et al.,
1998; Smogorzewska and de Lange, 2002a; Celli and de Lange, 2005). An absence or reduction of
TRF2 proteins has also been shown to affect telomere homoeostasis and result in telomere-led
genomic instability by promoting nonhomologous end joining (NHEJ) of telomeres with formation of
giant chromosomes (Denchi and de Lange, 2007; Guffei et al., 2010).

Alteration of normal TRF2 levels can influence genomic instability. Elevated levels of TRF2 have
been shown to affect telomere length maintenance (Nera et al., 2015). Nera and colleagues
investigated whether an elevation of TRF2 level facilitates the signaling leading to the occurrence of
short telomeres. They found that, in human cells upon TRF2 overexpression, replication at telomeric
sequences was interrupted and the formation of telomeric ultra-fine bridges (UFB), the thin threads of
bridges arising during segregation of anaphase chromosomes, was induced (Nera et al., 2015). The
occurrence of these UFBs precedes stochastic loss of large segments of telomeric sequences, with a
subsequent increase in chromosome fusions, providing more insight of how TRF2 might be involved
with genomic instability. The authors examined the length of individual telomeres in cells
overexpressing TRF2 and demonstrated a subpopulation of chromosome ends that had undergone loss

of almost the entire telomeric tract, frequently accompanied by end-to-end fusions. They also
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demonstrated that TRF2 overexpression induced persistent replication stalling and resulted in the
formation of UFBs during the subsequent anaphase. The authors discussed a model describing events
resulting from TRF2 overexpression, proposing that the primary defect might be affecting the
inhibition of duplex telomeric DNA replication and leading to UFBs formation, possibly in turn
resulting in stochastic loss of large segments of telomeric sequences (Nera et al., 2015).

In this study, a mechanistic insight into the molecular basis of chromosome 11 repositioning in
mouse Pre-B MycER cells undergoing c-Myc upregulation is provided. Investigations into possible
interactions between TRF2, telomeres, and lamin A/C were conducted. As early as 20 minutes after c-
Myc induction, an increased level of short telomeres, in parallel to a significantly decreased level of
the TRF2 shelterin protein, was observed in PreB v-abl/myc cells, indicating a possible effect of TRF2
depletion contributing to the promotion of telomere shortening. Alternatively, since an increase in the
total number of telomeric signals in PreB v-abl/myc cells at minute 20 after c-Myc induction was also
observed (Figs. 14 and 15), this finding may indicate the unfolding of the t-loops and the dissociation
of sister chromatids. A concurrent decrease in the aggregation of TRF2 ,analysed by TeloviewTM and
the expression of lamin A/C was also demonstrated. TRF2 aggregates are defined, with the same
criteria of telomeric aggregates, as clusters of TRF2 that are found in close association and cannot be
further resolved as separate signals at the optical resolution limit of 200 nm (Mai and Garini, 2006).
The observation of decreasing TRF2 expression in paralell to telomere shortening, from this study,
was different from a previous report in which TRF2 overexpression lead to telomere shortening (Nera
et al., 2015). Nera and colleagues observed the pattern of telomere shortening, in which the
distribution of bulk telomeres changed from a tight cluster of 6-10 kb to a smear that extended from
~10 kb to below 2 kb, in cells overexpressing TRF2 (Nera et al., 2015). However, an absence or

reduction of TRF2 proteins has also been shown to result in chromosome end-to-end fusions and
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telomere-led genomic instability (van Steensel et al., 1998; Smogorzewska and de Lange 20023, Celli
and de Lange, 2005; Denchi and de Lange, 2007). Therefore the effects of the level of TRF2
expression on telomere homoeostasis might be heterogeneous context- and time- dependent,
depending on various cell types and concurrent cellular conditions.

ImmunoFISH for TRF2 and telomeres revealed a disappearance of some TRF2-associated telomere
spots which have been previously discussed (Lacoste et al., 2010; Lajoie et al., 2015). This area is
possibly the formation of non-telomere-binding or free TRF2 in certain cells. In addition to the
colocalization of TRF2 and telomeres, TRF2 proteins have also been found to distribute diffusely in
nuclei (Lajoie et al., 2015). The diffuse distribution of nuclear TRF2 in the area where telomeres are
not present was also confirmed in this study. Since TRF2 is the major shelterin subunit responsible for
the process of DNA damage repair, the appearance of non-telomere-binding or free TRF2 might
reflect the areas where TRF2 is recruited to function as part of the DNA repair mechanism, which
might be activated upon c-Myc upregulation. TRF2 has been demonstrated to be involved in
recognition of an initial double-strand break (DSB), before the activation of ATM and ATM-
dependent response network (Bradshaw et al., 2005). Bradshaw and colleagues studied photo-induced
DSBs in nontelomeric DNA of human fibroblasts and found that TRF2 forms transient foci,
colocalizing closely with DSBs. In addition, TRF2 overexpression inhibits DSB-induced
phosphorylation of ATM signaling pathway (Bradshaw et al., 2005).

Significantly elevated levels of TRF2 have been demonstrated in a subset of human tumour
samples and cancer cell lines including breast cancer and melanoma, compared with primary cancer
cells (Matsutani et al., 2001; Nera et al., 2015). Nera and colleagues overexpressed full-length,
untagged wild-type TRF2 in human fibrosarcoma cells which had active telomerase that maintains

telomeres at a stable intermediate-length range and whose endogenous TRF2 level was comparable to

104



that of primary non-malignant cells. By using a lentiviral expression system, they observed how
elevated TRF2 levels might affect telomere maintenance and found, in cells overexpressing TRF2,
that the distribution of bulk telomeres changed from a tight cluster (6-10 kb) to a smaller smear (~10
kb to below 2 kb) (Nera et al., 2015). FISH analysis with a telomeric repeat probe on metaphase
chromosomes of HelLal.2.11 cells overexpressing TRF2 demonstrated a statistically significant
increase in signal-free chromosome ends and chromosome end-to-end fusions. Interestingly, they also
found that the majority of TRF2-driven chromosome fusions lacked detectable telomeric signals at the
fusion junctions, supporting the hypothesis that the events of chromosome fusion follow the loss of
telomeric sequences (Nera et al., 2015). This observation might also explain the appearance of non-

telomere-binding TRF2 demonstrated in this study.

Lamin A/C: a nuclear matrix protein responsible for chromatin organization

The nuclear matrix, analogous to the cellular cytoskeleton, is defined as the network of fibres found
throughout the inside of a cell nucleus and extending throughout the nucleoplasm (Razin et al., 2014).
Unlike the cytoskeleton, the nuclear matrix possesses a highly dynamic structure mimicking an
interchangable sponge with open space for free diffusion of nuclear molecules (Pederson, 2000). The
structure of the nuclear matrix was first recognised by Zbarskii and Debov (Zbarskii and Debov,
1951). To date, several proteins associated with the nuclear matrix have been discovered including the
scaffold, or matrix, associated proteins (SAR or MAR) which are identified as being responsible for
chromatin organization. Also, the nuclear matrix is involved in regulation of gene expression (Tetko et
al., 2006).

Lamin A/C is a component of the nuclear lamina which forms the cellular nucleoskeleton or

nuclear matrix. The nuclear matrix or nuclear lamina is a type V intermediate filamentous network of
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proteins, DNA, and RNA that is refractory to high salt extraction and serves as an architectural
skeleton to the nucleus (Razin et al., 2014). The nuclear lamina underlies the inner membrane of the
nucleus and is distributed throughout the nucleoplasm. It provides support for chromatin organization
and various nuclear functions including DNA replication, transcription and DNA repair (Smith et al.,
2005; Dechat et al., 2008). There are 2 classes of nuclear lamina, the A-type lamins (lamin A and C,
encoded by the gene LMNA) and the B-type lamins (lamin B1 and B2, encoded by the genes LMNB1
and LMNB2). Each class of lamins forms its own nuclear network and has a distinct role in gene
regulation and chromatin organization (Shimi et al., 2008). In Hutchinson Gilford Progeria Syndrome
(HGPS), a premature aging disorder, and other progeroid syndromes, LMNA, the gene encoding
lamin A/C, is mutated and results in expression of progerin, a permanently farnesylated therefore
truncated form of the lamin A/C protein which leads to premature aging (Cau et al., 2014).

Lamin A/C also plays a role in the DNA damage response pathway (Liu et al., 2005; Manju et al.,
2006; Gonzalez-Suarez et al., 2009; Saha et al., 2013). The expression of progerin from mutated
LMNA results in DNA damage at the telomeres by triggering loss of the heterochromatic marker
H3K27me3 and premature senescence (Chojnowski et al., 2015). This defective process can be
rescued by an expression of human telomerase reverse transcriptase ("nTERT), a telomerase subunit,
along with the rescue of cell proliferation defects (Kudlow et al., 2008; Benson et al., 2010). Therefore
disrupted lamin A/C may lead to telomere instability and result in the decreased capacity of cells to
replicate.

Mammalian telomeres have been shown to be associated with the nuclear matrix (de Lange, 1992).
The 3D telomere organization has been demonstrated to be altered in tumour cells (Chuang et al.,
2004; Mai and Garini, 2006) and in senescent cells harbouring defects in nuclear lamina (Raz et al.,

2008). Gonzalez-Suarez and colleagues demonstrated that A-type lamins maintain telomere structure,
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length, and function, as well as stabilizing the DNA damage response. They also found that loss of A-
type lamins caused changes in the nuclear telomere distribution and defects in telomeric
heterochromatin, inducing telomere shortening and increasing genomic instability (Gonzalez-Suarez et
al., 2009). The authors compared the nuclear distribution of telomeres between wild-type mouse
embryonic fibroblasts (MEFs) and MEFs devoid of A-type lamins to determine the role of A-type
lamins in regulating nuclear telomere organization using the TeloView™ program (Gonzalez-Suarez
et al., 2009). Upon loss of A-type lamins, a shift in the localization of telomeres towards the nuclear
periphery was observed and the changes in telomere distribution were not due to differences in cell-
cycle profiles. By applying chromatin immunoprecipitation (ChIP) assays performed using lamin A/C
antibodies, they demonstrated the binding of lamins to telomeres, suggesting a possible regulatory role
of the tethering lamins scaffold to telomeres on their nuclear distribution. The authors also
investigated alterations in the telomere-bound levels of TRF1 and TRF2 by ChIP analysis and the
level of telomerase activity, upon the loss of A-type lamins, and found no significant changes in these
parameters. Therefore they concluded that the binding of these known regulators of telomere length
homoeostasis is not affected by the loss of A-type lamins (Gonzalez-Suarez et al., 2009).

In addition, alterations of A-type lamins may affect the epigenetic status of constitutive
heterochromatin (Shumaker et al., 2006) and contribute to the repositioning of chromosome 11.
Gonzalez-Suarez and colleagues investigated whether loss of A-type lamins affects the assembly of
telomeric heterochromatin. They performed ChIP assays using antibodies recognizing well-established
heterochromatic marks H3K9me3 and H4K20me3 and observed no changes in H3K9me3 levels, but a
significant decrease in telomeric H4K20me3 levels in MEFs with a loss of A-type lamins, suggesting
a role of A-type lamins in the maintenance of histone marks characteristic of telomeric

heterochromatin (Gonzalez-Suarez et al., 2009). The authors also demonstrated that the loss of A-type
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lamins has an impact on telomere function and genomic stability by determining the loss of telomeric
signals (signal-free ends), the frequency of chromosome/ chromatid breaks and end-to-end fusions,
and the presence of aneuploidy in pre-senescent wild-type lamin MEFs and MEFs with loss of A-type
lamins. They found a threefold increase in the number of signal-free ends and a twofold increase in
breaks in lamin-depleted MEFs, indicating increased genomic instability (Gonzalez-Suarez et al.,
2009).

Lamin A has been speculated to form chromosomal inter-chain interactions throughout the nucleus
and the loss of lamin A has recently been demonstrated to increase dynamics of nuclear interior
chromatin organization (Bronshtein et al., 2015). Bronshtein and colleagues studied the dynamics of
different genomic regions in the nucleus of live cells. Loss of lamin A function induced a striking
transition from slow anomalous diffusion to fast and normal diffusion of chromatin organization,
whereas no such effect was observed with the depletion of LAP2a, a protein interacting with lamin A
and chromatin. Furthermore, in lamin A- depleted cells, rescuing lamin A results in full recovery of
the slow dynamics to normal status, whereas the mutated lamin A only partially recovers the slow
dynamics. The authors suggest that lamin A regulates chromatin diffusion in the nuclear interior and
the function of lamin A is important in maintaining genome organization (Bronshtein et al., 2015).

In this study, upon c-Myc upregulation, decreases in the aggregation of TRF2 analysed by
Teloview™ and the expression of lamin A/C were exhibited along with a decrease in TRF2
expression and an increase in the frequency of shorter telomeres. Therefore, it is possible that
disruption of the interaction between telomeres, telomeric shelterin proteins especially TRF2, and the
nuclear matrix protein lamin A/C might relax the telomeric chromatin and create a change in telomere
organization or nuclear distribution, which leads to chromosome 11 repositioning in PreB v-abl/myc

cells.
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Interaction between TRF2, telomere, and lamin A/C is potentially responsible for c-Myc-driven
chromosome 11 repositioning.

Telomeres consist of a repetitive DNA sequence (TTAGGG), located at the end of each
chromosome to pretect it from fusion, degradation, the DNA damage repair mechanism, and
recombination. The telomeric shelterin protein complex protects telomeres by preventing the
activation of DNA damage response pathways through DNA damage machinery (de Lange, 2005).
Human telomeres are found to attach to the nuclear matrix and the telomeric position of the
(TTAGGG), repeats is required for their interaction with the nuclear matrix (de Lange, 1992).
Therefore, this study to identify whether a detachment of telomeric shelterin proteins from the nuclear
matrix occurs in PreB cells after c-Myc deregulation is a potential approach to reveal the cause and
consequence-relationship between chromosome 11 repositioning and fast-onset PCT development.
Following a well-established method with which chromatin and the nuclear matrix could be separated
(Nickerson et al., 1997), this was an ideal model to study the relationship between these structures.
TRF2 was used in this study as a candidate telomeric shelterin protein due to its direct binding to
telomeres (de Lange, 2005) and its essential role in telomere protection.

This study investigated the 3D positioning of mouse chromosome 11 in c-Myc activated PreB v-
abl/myc cells. Exploration of the potential mechanism responsible for the repositioning of
chromosome 11 after c-Myc upregulation was conducted to further investigate whether this
manifestation was due to a change in one of the components of the telomeric shelterin protein
complex, in particular a detachment of TRF2, a major shelterin subunit known to interact with the
nuclear matrix protein lamin A/C (Wood et al., 2014). The manifestation of c-Myc-induced 3D

positional change of mouse chromosome 11 in interphase nuclei of conditionally Myc expressing
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PreB v-abl/myc cells was observed at a significantly higher frequency than in the control cells. When
explored more deeply to understand the potential mechanism underlying this observation, significant
alterations in signal intensities of TRF2, telomeres, and lamin A/C were demonstrated in c-Myc
activated nuclei within the first hour that the repositioning of chromosome 11 took place, suggesting
the changing interaction between these molecules as a possible mechanism behind this event.

The phenomenon of c-Myc induced chromosome 11 repositioning in Pre B v-abl/myc nuclei was
first observed within the first hour after c-Myc activation. Following experiments were therefore
conducted to explore the potential mechanism causing this observation after c-Myc upregulation
within this period. This study examined the possible interaction between TRF2, a telomeric shelterin
protein subunit, and the nuclear lamin A/C, underlying the chromosome 11 repositioning. These 2
proteins have been demonstrated to interact with each other and play a major role in regulating
telomere structures, as well as BBF cycles. Louis and colleagues reported that c-Myc induced BBF in
MycER™-activated Pre B v-abl/myc cells (Louis et al., 2005). At first, in Pre B v-abl/myc cells, they
found telomere aggregations after c-Myc was activated. The metaphase chromosomes were then
examined both by spectral karyotyping and telomeric FISH, at different times for a 120-hour period.
Whereas the control cells revealed normal karyotypes, a significant level of dicentric chromosomes in
the Pre B v-abl/myc cells was observed, reflecting chromosome fusions. Analyses of telomeric FISH
also confirmed telomeric fusions involving both ends of chromosomes as well as sister chromatids
(Louis et al., 2005).

The dynamics of 3D nuclear organization of TRF2 and telomeres and the signal intensity of lamin
AJC during c-Myc driven chromosome 11 repositioning in PreB v-abl/myc cells were also
investigated. In this study, the interactions between TRF2, telomeres, and lamin A/C in cells during

the first hour after c-Myc activation, in which the repositioning of chromosome 11 was observed, were
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explored. ImmunoFISH of TRF2 and telomeres, and coimmunofluorescence of TRF2 and lamin A/C
in c-Myc-activated PreB v-abl/myc cells demonstrated a significant decrease of TRF2 and lamin A/C
expression (P < 0.0001), in conjunction with evidence of telomere shortening. Observation of
significantly decreased lamin A/C intensity surrounding a single area of TRF2, in Pre B v-abl/myc
cells with nuclear matrix preparation, supports the possibility of a detachment of the telomere-TRF2
complex from the nuclear matrix where the telomeres have been reported to anchor to (de Lange,
1992).

This study also revealed, in Myc-activated Pre B v-abl/myc cells, an alteration in the length
(reflected by intensity) of telomeres and the expression of TRF2. As early as 20 minutes after c-Myc
activation, an increased frequency of shorter telomeres and a decrease in TRF2 intensity were
identified. This reflects the possibility that c-Myc upregulation is influencing an alteration in telomere
/ TRF2 homeostasis. Comparisons of telomeric intensity distributions in which intensity correlates to
telomere length revealed that at the 20-min timepoint after c-Myc activation, significantly more short
telomeres were present than prior to c-Myc induction. TRF2 signal intensity decreased significantly
after c-Myc activation compared to the control cells without c-Myc activation. In nuclear matrix
preparations of PreB v-abl/myc cells in which DNAsel digestion was applied to better examine the
correlation between telomeres, TRF2, and lamin A/C, a similar pattern of alterations in telomeres and
TRF2 intensities was demonstrated. A significant decrease of lamin A/C surrounding a single signal of
TRF2 was observed after c-Myc activation, potentially indicating detachment of telomeres and TRF2
from the nuclear matrix after c-Myc induction.

c-Myc has been reported to induce telomeric aggregates, fusions, and BBF cycles in Pre B v-
abl/myc cells (Louis et al., 2005). Moreover, c-Myc enables an alteration in 3D nuclear organization

and the organization of chromatin (Fischer et al., 1998a; Fischer et al., 1998b; Chadee et al., 1999).
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Various c-Myc-dependent mechanisms potentially affecting nuclear remodeling and organization have
been revealed. c-Myc involves in DNA repair regulation (Hironaka et al., 2003; Karlsson et al., 2003)
and induces DNA breakage (Vafa et al., 2002). Alterations of the expression of TRF2 and lamin A/C,
along with telomere shortening in c-Myc-induced Pre B v-abl/myc cells could underly the
phenomenon of chromosome 11 repositioning concurrently occurring with the dissociation of
telomeres and the telomeric shelterin subunit TRF2 from the nuclear matrix lamin A/C. c-Myc
activation has been shown to initiate genomic instability in Pre B v-abl/myc cells through BBF cycles
(Louis et al., 2005). Furthermore, c-Myc-induced mouse PCT exhibited duplication of subcytoband
11E2. This current study demonstrated the repositioning of mouse chromosome 11 within 1 hour, in
Pre B v-abl/myc cells after c-Myc upregulation, a finding which confirms an important role for c-Myc
in chromosome organization and nuclear remodeling. An alteration of the interaction between the
telomeric shelterin protein complex and the nuclear matrix protein, proposedly a detachment of
telomere-bound TRF2 from lamin A/C, in Pre B v-abl/myc cells is a characteristic of upregulated c-
Myc expression, leading to the repositioning of mouse chromosome 11 in this study, and subsequently
potential to genomic instability. This thesis therefore has demonstrated a novel pathway of c-Myc-
dependent genomic instability that involves an alteration of the TRF2, telomeres, and lamin A/C
interactions.

Changes in local positioning of some chromosomes, as revealed in this study and from other
authors (Ferguson and Ward, 1992; Vourc’h et al., 1993; Zink and Cremer, 1998; Bridger et al., 2000;
Walter et al., 2003), along with detachment of the telomeric shelterin protein complex from the
nuclear matrix, may facilitate recombinations and/or fusions of chromosomal ends and promote
genomic instability. The repositioning of mouse chromosome 11 observed after c-Myc upregulation in

this study supports a major role of c-Myc in nuclear remodeling and organization of chromosomes.
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In rapidly dividing cells, telomere lengthening is a cellular mechanism to prevent genomic
instability (Collins and Mitchell, 2002). Lengthening of telomeres can occur due to the function of
enzyme telomerase (Greider and Blackburn, 1985) or from the cycles of homologous recombination
during the process of alternative telomere lengthening (ALT) (Cesare and Reddel, 2010). Kuzyk and
Mai demonstrated in fast-onset PCTs that the telomere length is significantly increased for the
translocation chromosome T(X;11) carrying 11E2 (Kuzyk and Mai, 2012). However, contrarily to the
chromosome-specific telomere lengthening observed previously, this thesis examined telomeres of
PreB v-abl/myc cells in overall chromosomes. As early as 20 minutes after c-Myc upregulation, a
higher frequency of shorter telomeres was observed in PreB v-abl/myc cells, compared to the control
cells. This phenomenon of telomere shortening might in part contribute to the repositioning of
chromosome 11 and result in a c-Myc-driven genomic instability pathway. At the same time, there
was an anteration in TRF2 and lamin A/C expression which also might play a key role as a major
facilitator in the process of c-Myc-induced genomic instability.

Telomeres protect chromosome ends, and the shortening of telomeres is associated with
tumorigenesis. Natural protection mechanisms for telomeres includes the t-loop formation which is the
invasion of the 3' overhang into telomeric DNA, a process which is facilitated by TRF2. Wood and
colleagues described the area at internal genomic sites, mostly at the (TTAGGG), repeat sequences
and referred to them as interstitial telomeric sequences (ITSs), at which the TRF2 usually binds to
(Simonet et al., 2011; Yang et al., 2011). The authors introduced a novel chromosome-end structure
where the ITSs interacted with DNA located outside of the telomere and formed a long-range
chromosome loop encompassing several megabases of chromatin (Wood et al., 2014). This novel
chromosome-end structure is termed interstitial telomere loops (ITLs). ITLs have been found to be

associated with telomere stability and, as a t-loop within the telomere itself, is TRF2 dependent.
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However, the ITLs, although evident in mitotic nuclei from various cell types of humans and mice as
well as in human interphase chromosomes, have been visualized only in approximately 30% of all
cells, suggesting other mechanisms are involved in the formation of this chromosome-end structure.
ITL formation might play an important role in organismal aging, telomere and genome stability,
regulation of gene expression, and chromosome condensation (Wood et al., 2014). Furthermore the
authors proposed that ITLs are formed in a TRF2- and lamin A/C- dependent manner. They found that
lamin A/C interacts with TRF2 to facilitate the functional organization of telomeres. A reduction in
levels of lamin A/C leads to reduced ITL formation and the loss of telomeres, therefore changes in the
interaction between TRF2 and lamin A/C may potentially lead to alterations in chromosome end
structure (Wood et al., 2014).

Robin and colleagues reported interactions between subtelomeric regions and intrachromosomal
DNA several megabases away, suggestive of long range, chromosome-end looping similar to what
Wood and colleagues have proposed as ITLs (Robin et al., 2014). Wood and colleagues also showed a
loss of looping upon replication-induced telomere shortening that was accompanied by changes in
gene expression, further suggesting that beyond telomere stability, chromosome-end structure may
play a critical role in regulation of gene expression (Wood et al., 2014). Robin and colleagues
identified a minimum of 144 genes within 10 Mb of telomeres that showed the phenomenon of a
telomere positive effect over a long distance, though it is not clear how many of these genes
participated in telomere looping themselves and which experienced regulation from downstream
effects. Although it is still unclear mechanistically how long-range telomere looping affects gene
expression, TRF2, however, is found at promoters of these genes and a loss of TRF2 association was
observed in cells with shortened telomeres (Robin et al., 2014). This thesis also demonstrated a

decrease in TRF2 in parallel with a higher frequency of shorten telomeres in preB v-abl/myc cells
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upon c-Myc upregulation, which correlates with their observation.The results from Robin and
colleagues also parallel Wood and colleagues’ work, which demonstrated that TRF2 is necessary to
facilitate long-range telomere looping. Further analysis is necessary to determine whether TRF2 has a
direct role in the regulation of gene expression at these promoters or if its role is indirect through the
regulation of telomere looping. If ITLs can effect gene expression, this raises new possibilities for
transcriptional regulation. There are many ITSs found throughout the genome and TRF2 association
with these sites seems to be cell-type specific and cannot be predicted based on sequence alone.
(Simonet et al., 2011; Yang et al., 2011). This implies that ITL formation is cell-type specific, and
could therefore serve as a mechanism for cell-type specific regulation of gene expression.
Furthermore, changes in ITL formation during cellular aging may have a role beyond telomere
protection in that reduced ITL formation may alter gene expression patterns that influence cell fitness
and replicative capacity.

Lamin A/C interacts with the major telomeric shelterin protein TRF2 and the interaction is
necessary for the association of TRF2 with ITSs (Wood et al., 2014). When LMNA is mutated and
expresses progerin, a permanently farnesylated form of the lamin A/C protein, the interaction between
TRF2 and lamin A/C is disrupted and results in a decreased ITL formation. This phenomenon of
dramatic telomere instability correlates with the observation in either after the knockdown of lamin
AJC or in HGPS patient cells (Wood et al., 2014). Taken all together, reduction in levels of TRF2 and
lamin A/C, represented by the quantification of fluorescence intensity per cell for TRF2 and lamin
AJC,,as observed in this study after c-Myc activation, potentially facilitates changes in telomere
organization. Upon c-Myc upregulation in PreB v-abl/myc cells, the TRF2 level was found to be
decreased, which might have facilitated a certain mechanism leading to telomere shortening. In

parallel, the decrease of TRF2 and lamin A/C might also affect the interaction between TRF2 and
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lamin A/C homoeostasis. Regulatory mechanism of lamin A/C is still yet to be identified. However,
the anchoring of TRF2 protein to the nuclear matrix may stabilize the lamin A/C protein, a decrease in
TRF2 protein may therefore result in a decrease in lamin A/C protein level. The events of critically
shortened telomeres and alterations in TRF2- lamin A/C interaction might then result in a detachment
of telomere/TRF2 anchoring from the nuclear matrix, ultimately ending up with a repositioning of
certain chromosomes including chromosome 11 (Fig. 26). Therefore this thesis proposes that, upon c-
Myc upregulation, reduction in TRF2 expression and aggregation occurs and potentially interacts with
an alteration in lamin A/C expression. This may affect telomere configuration resulting in telomere
shortening and a detachment of telomeres and TRF2 from the nuclear matrix, which ultimately leads
to chromosome 11 repositioning (Fig. 26). The molecular mechanism underlying this process, either
directly or indirectly through its shelterin subunit members and telomerase activity, deserves further
investigation. To date, the definite role of TRF2 shelterin subunit in telomere length homoeostasis has
not been clearly established, therefore future experiments attempting to look more deeply into this
process, focusing on the interactions between TRF2, telomerase, and the other shelterin components

affecting the regulation of telomere length, are warranted.
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Figure 26.

c-Myc activation in PreB v-abl/myc cells
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Figure 26. Proposed schema describing the mechanism of chromosome 11 repositioning after c-Myc
activation in PreB v-abl/myc cells. c-Myc upregulation induces alterations in the TRF2 and lamin A/C
interaction resulting in decreased protein expression and aggregation. At the same time, c-Myc also
contributes to the changes in structure and distribution of telomeres, leading to increased telomere
shortening. These manifestations result in a detachment of TRF2/telomere anchoring from lamin A/C

or the nuclear matrix and lead to the repositioning of mouse chromosome 11.

Lung cancer: Urgent need for novel diagnostic and therapeutic principle

Lung cancer is the leading cause of cancer-related death worldwide, and urgently requires new
diagnostic, therapeutic, and monitoring advances. NSCLC represents the most common lung cancer
histology. Similar to other cancer types, NSCLC is characterized by both clinical and molecular
heterogeneity. Personalized therapeutic approaches based on molecular genetic characterization to

improve response and prolong survival have been implemented into NSCLC treatment.
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Advanced-stage NSCLC patients who harbour the EGFR mutation or echinoderm microtubule-
associated protein-like 4 (EML4)—anaplastic lymphoma kinase (ALK) rearrangement achieve greater
survival benefits when treated with tyrosine kinase inhibitors (TKI) specific for EGFR or ALK
compared with conventional standard chemotherapy (Kaneda et al., 2013), although acquired
resistance to these therapies is a clinical issue. Patients with advanced-stage NSCLC who are negative
for EGFR mutation or EML4-ALK rearrangement, patients who harbour KRAS mutations, or patients
whose tumours do not harbour any known targetable molecular alterations, suffer from a lack of
effective treatments and are often resistant to the most intensive multi-modal therapies, emphasizing
the need to develop novel diagnostic and therapeutic approaches. Therefore, novel molecular, genetic,
and cytogenetic discoveries are needed to better understand the disease and ultimately lead to the
development of more effective therapeutic approaches. In this study, NSCLC which represents the
most common histology of lung cancers as a clinical model, was explored.

Clinical factors used to determine prognosis and patient management for NSCLC include disease
stage, EGFR mutation status, and EML4-ALK rearrangement. Existing clinical stage and biological
markers such as gene expression signatures still yield inconsistent results, therefore more reliable
prognostic biomarkers are needed to guide NSCLC treatment. Major improvements in NSCLC patient
survival have recently resulted from the implementation of molecularly targeted therapies including
anti-EGFR inhibitors. EGFR is a transmembrane tyrosine kinase receptor with a key role in mediating
signal transduction pathways that promote cancer development, proliferation, and metastasis. EGFR
inhibitors have shown great benefits in treating NSCLC patients whose tumours harbour EGFR
mutations and/or amplifications (Mok et al., 2009). EGFR mutational status has been well established
as a biological marker to predict the response to anti-EGFR targeted therapy in advanced NSCLC

patients. Survival analyses have revealed a tendency of longer mean survival times in EGFR mutation-
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positive patients compared with EGFR mutation-negative patients, confirming the significance of the
EGFR mutation for a favourable prognosis. However, the difference in survival duration of these two
groups was not statistically significant, likely due to the limited number of patients harbouring the
EGFR mutation included in the study.

Since c-Myc deregulation and the EGFR mutation are prevalent in NSCLC patients (Chou et al.,
2010; Graziano et al., 2011; Tran et al., 2011), further investigations examining their correlation and
clinical significance are warranted to explore their possible interactions as potential targets for
NSCLC tumorigenesis and therapy. Future studies to investigate whether c-Myc-driven telomeric
aberration occurs in NSCLC patients are also warranted, to confirm the role of c-Myc in changes of

telomere and chromosome organization in NSCLC tumorigenesis.

Clinical relevance of 17g25.3 copy number and 3D telomere profile in NSCLC patients

Chromosome region 17925 in humans has been reported to be involved in a variety of human
cancers including ovary (Presneau et al., 2005; Wojnarowicz et al., 2012), prostate (Bermudo et al.,
2008; Bermudo et al., 2010), leukemia (Gulten et al., 2009), neuroblastoma (Islam et al., 2000; Yu et
al., 2009), esophagus (Risk et al., 2002; Langan et al., 2004; McRonald et al., 2006), sarcoma
(Ladanyi et al., 2001; Uppal et al., 2003), and breast (Morris et al., 2000). The frequent observations
of genomic instability in this chromosomal region in corresponding cancers suggest that candidate
genes involving tumorigenesis are located there.

This study examined the 17g25.3 region to evaluate its disruption status and prognostic value in
order to determine its significance as a potential molecular target for therapy based on pre-clinical and
clinical evidence of this region’s association with tumorigenesis. Cytoband 11E2 of mouse

chromosome 11 is syntenic with chromosome 1725 in humans. Since v-abl/myc induced accelerated
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mouse PCT development associated with alteration of chromosome 11 and of cytoband 11E2, it is
interesting to study this particular region, 17925, in humans to explore its role in tumorigenesis and
potentially targeted therapy. This region is conserved in mice and humans, therefore, information on
subcytoband 11E2 aberration in the fast-growing mouse PCT caused by c-Myc deregulation is
potentially applicable to further exploration in the tumorigenesis mechanism and specification of
therapeutic targets in various human cancers.

Studies in animal models have revealed that regions syntenic to 17g25.3 in mouse (11E2) and rat
(10g32) are gained and associated with accelerated tumor development (Helou et al., 2001; Wiener et
al., 2010). In mice with fast-onset PCTs, duplication of the 11E2 region is the major molecular
aberration observed. The phenomenon does not occur in mice developing PCTs in a slow-onset (i.e.
non-aggressive) pattern (Wiener et al., 2010). In rat endometrial adenocarcinomas of various genetic
backgrounds, a gain of 10932 is observed (Helou et al., 2001). Thus, a cross-species association of this
oncogenic region with tumour aggressiveness seems apparent. Therefore, a hypothesis of this thesis
was that 17g25.3 copy gains may also be an indicator of tumor progession and agressiveness in
NSCLC patients. An investigation into this oncogenic cytoband/region to delineate its prognostic
relevance in NSCLC was then conducted.

Array CGH performed in human NSCLC identified alterations on chromosome 17925 which
includes gains of MAFG (17925.3) (Choi et al., 2006) and losses of DMC1 (17g25.1) (Harada et al.,
2001). Gains of oncogenes (Goeze et al., 2002; Sy et al., 2003) and down regulation of tumor
suppressor gene hRAB37 (Wu et al., 2009) on chromosome 17925 are associated with aggressive
phenotypes of human NSCLC, which renders this region a target of interest to study candidate genes
in cancer development, progression, and treatment. Based on the synteny of mouse subcytoband 11E2

and human chromosome 1725 and the available data concerning its potential role in NSCLC
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tumorigenesis, cytoband 17g25.3, considering the pre-clinical and clinical evidence of this region in
tumorigenesis, was selected to study its significance as a potential molecular target for therapy.

NSCLCs display molecular heterogeneity and this study revealed that a majority (61%) of NSCLC
patients harboured clonal gains of cytoband 17g25.3. The gain of 17925.3 in conjunction with the
increase of the control region 17p11.2, reflecting a gain of chromosome 17, was also observed in
approximately one third (38.9%) of the patients. Therefore the gain of whole chromosome 17 is
proposed to represent a frequent phenomenon in NSCLC.

The copy number of 17925.3 obtained by Q-FISH was well correlated with the CGH/SNP array
data (Table 11), and showed a consistent and reliable method for measuring and interpreting 17925.3
copy numbers in archival tumour tissue specimens. The criteria being used to define 17925.3 gains
account for intratumor heterogeneity, and the 3D approaches of Q-FISH and imaging avoid analyses
of incomplete nuclei due to tissue sectioning. The patients whose specimens harboured a clonal gain
of cytoband 17g25.3 also had a tendency towards poorer overall survival than the other patients.

In this study, molecular markers including EGFR mutational status and amplification of cytoband
17925.3 in different subgroups of NSCLC patients, including smoking status as well as histology
subtypes, were examined and provided a better understanding of NSCLC behavior, and our findings
should contribute to the development of new therapeutic strategies to improve patient outcomes
further on. However, future investigations to increase molecular and clinical information in this area
should be conducted, including studies to identify possible correlations between c-Myc and EGFR
expression, and the amplification of the 17925.3 region. The ultimate goal is to identify these
molecular markers as a potential therapeutic target for therapy in NSCLC and other cancer types

further on, which will lead to improved patient outcomes.
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The clinically translational aspects of this study involve the clinical significance of novel molecular
therapeutic targets for therapy, including 3D nuclear telomere organization, in determining patient
subpopulations according to predictive and/or prognostic significance. 3D nuclear imaging technology
reveals a comprehensive and quantitative analysis of nuclei and their morphology and all the signals
of specific regions of interest. 3D nuclear telomere organization profiling has been investigated and
shown to be a potential molecular biomarker useful for categorizing patients according to various
clinical features in different types of cancers, including Hodgkin lymphoma, multiple myeloma, acute
myeloid leukemia, glioblastoma, and prostate cancer (Gadji et al., 2010; Gadji et al., 2012; Knecht et
al., 2012; Adebayo Awe et al., 2013; Klewes et al., 2013). The evidence from these and other studies
strengthens the rationale of investigating 3D telomere organization in NSCLC patients in this study.

To validate the significance of different telomeric organizations in early-staged NSCLC patients
undergoing surgery as a primary therapy, a cohort of 18 paraffin-embedded tissue samples collected
from NSCLC patients from the University of British Columbia in Canada, whose EGFR mutational
and smoking statuses were known, was conducted. 3D telomeric profiling revealed that NSCLC
patients who were smokers, EGFR-negative, or had squamous cell carcinoma histology had shorter
telomeres and a higher incidence of telomeric aggregation than non-smokers, EGFR-positive patients,
or adenocarcinomas patients, respectively.

Telomere length has been reported to be a potential biomarker of increased risk of lung cancer in
diverse populations and different histologic subtypes (Shen M. et al., 2011; Lan et al., 2013; Machiela
et al., 2015; Sanchez-Espiridion et al., 2014; Seow et al., 2014). A meta-analysis revealed an
association of higher lung cancer risks and longer telomere length of peripheral leukocytes DNA,
especially in female adenocarcinomas (Seow et al., 2014). A case-control study reported the

association of long telomeres and the increased risk of adenocarcinomas, especially in females,
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younger adults, and individuals with light smoking histories. In contrast, long telomeres were
protective against squamous cell carcinomas, particularly in male patients (Sanchez-Espiridion et al.,
2014).

Telomere crisis, implied by patterns of telomere shortening, genomic instability, and telomerase
expression, has been recognized as a common and crucial event in tumorigenesis (Prescott et al.,
2012). In early-stage NSCLC patients, long relative telomere length (RTL) of peripheral leukocytes
has been reported to be associated with recurrence after curative resection, especially in female
adenocarcinomas (Kim et al., 2015). When measured in tumor tissues from early-stage NSCLC
patients undergoing surgical resection, shorter RTLs were associated with poorer overall and disease-
free survival (Jeon et al., 2014). This finding is similar to the results of this thesis in which NSCLC
patients who smoked, harboured EGFR-negative status, or had squamous cell carcinoma histology had
a tendency to have shorter telomeres and shorter overall survival. The authors also found that an
association between RTL and survival outcome was more pronounced in squamous cell carcinomas
than adenocarcinomas (Jeon et al., 2014), but our sample size was too small to assess subtype specific
differences.

In this study, patients with higher average numbers of telomeres per cell tended to have a shorter
mean survival time, suggesting 3D telomere organization profiling is a potential molecular biomarker
to estimate prognosis in NSCLC patients. Further studies into 3D telomere organization in a larger
NSCLC cohort are therefore warranted, with the intention of validating whether this molecular
biomarker is useful for diagnostic and therapeutic purposes in the management of patients with this
devastating disease. This study suggests that 3D telomeric organization parameters, EGFR-mutation
status, and 17¢25.3 copy numbers are strong correlative biomarkers indicative of aggressive NSCLCs.

Thus, 3D telomere profiling could present a novel molecular biomarker that could be clinically
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implemented to identify NSCLC patients with unfavorable prognoses, and thus further study in a
larger cohort is warranted.

Shortening of telomeres leads to genomic instability and tumorigenesis by activation of telomerase
(Jeon et al., 2014). Therefore, targeting telomeres and/or telomerase is considered a rational
therapeutic approach currently under investigation. Recently, a randomized phase Il clinical trial
evaluating the efficacy of a telomerase inhibitor called imetelstat as switch maintenance therapy in
advanced NSCLC patients responding to first-line therapy was reported (Chiappori et al., 2015). The
primary endpoint of the study was progression-free survival and the study included an exploratory
analysis of telomere length as a novel biomarker for NSCLC prognosis/treatment response.
Quantitative polymerase chain reaction and TeloFISH in tumor tissue of patients receiving imetelstat
werd performed and correlated with patient response. Although the maintenance imetelstat failed to
improve progression-free survival in advanced NSCLC patients, trends toward longer median PFS and
overall survival in imetelstat-treated patients with short telomere length were evident, further
suggesting telomeres could be useful molecular biomarkers and potential therapeutic targets in

NSCLC (Chiappori et al., 2015).
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Chapter VI : Conclusions

Upregulation of c-Myc leads to multiple changes in nuclear organization and selective
chromosome repositioning which may promote neoplastic transformation including in mouse PCT. In
a v-abl/myc -induced fast-growing mouse PCT model, accelerated tumor development was associated
with duplication of subcytoband 11E2 of mouse chromosome 11. This research aimed to investigate
whether c-Myec drives chromosome 11 nuclear repositioning in mouse PCTs and if so, whether a
potential mechanism could be the interaction between TRF2, telomeres, and the nuclear matrix protein
lamin A/C. Also this study examined the clinical significance of c-Myc, cytoband 17g25.3 (syntenic to
mouse chromosome 11, cytoband E2), and nuclear telomere organization in NSCLC, to obtain a better
understanding of NSCLC genetic profiles, which could lead to the development of new therapeutic
strategies to improve patient outcome. Repositioning of mouse chromosome 11 was demonstrated
within 1 hour after c-Myc upregulation in PreB v-abl/myc cells. Alterations in the interaction between
TRF2, telomeres, and lamin A/C was proposed to be a potential mechanism for the repositioning of
mouse chromosome 11 in PreB v-abl/myc cells after c-Myc activation. Upon c-Myc upregulation in
PreB v-abl/myc cells, this thesis proposes that TRF2 levels decrease which facilitates a certain
mechanism leading to telomere shortening. In parallel, decreased TRF2 might also affect the
interaction between TRF2 and lamin A/C homeostasis. Critically shortened telomeres and the
alterations in TRF2- lamin A/C interaction might then result in a detachment of telomere/TRF2
anchoring from the nuclear matrix, ultimately ending up with the repositioning of active chromosomes
including chromosome 11. Moreover, highly frequent clonal gains of cytoband 17g25.3 were also
confirmed, suggesting this specific region could harbour oncogenes with significant importance in
NSCLC tumorigenesis. In addition, this study provides a better understanding of 3D nuclear telomere

organization in NSCLC patients with different smoking backgrounds, EGFR mutational status, and
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histology, providing a strong rationale for further exploration of this molecular profile in a larger
cohort of NSCLC patients. The findings provide a better understanding of therapeutic targets leading
to improvements in patient treatment and outcome.

In conclusion, this thesis proposes that an alteration of interactions between TRF2, telomeres, and
lamin A/C, in particular, a detachment of telomeric shelterin protein complex from the nuclear lamin,
contributes to repositioning of mouse chromosome 11. The phenomenon is induced by conditional c-
Myc upregulation and leads to the onset of genomic instability, demonstrated by the chromosomal
repositioning and rearrangements as revealed in this thesis and previous publications. Next, this thesis
investigated whether the mouse subcytoband 11E2 (syntenic to human chromosomal region 17g25.3)
appeared to be a candidate region in NSCLC tumorigenesis. Copy gains of 17g25.3 were
demonstrated in a majority of NSCLC patients undergoing primary surgery, potentially supporting a
hypothesis of one or more ‘key’ genes being responsible for NSCLC tumorigenesis being harboured
by this region. In addition, 3D telomere organization profiling confirmed its efficiency for application
in a clinical setting as a diagnostic tool to categorize NSCLC patients according to different clinical

and pathological subgroups, adding this tumour into a preexisting list of 3D telomere organization use.
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Chapter VII : Future Direction

Future in vivo experiments to determine whether c-Myc is a driving force promoting chromosome
11 repositioning during fast onset PCT development have been planned. The mouse model with v-
abl/myc-induced PCT development will be used. In the study, T38HXBALB/c mice, with and without
rcpT(X;11) will be infected with the v-abl/myc virus. Analysis of the cells will be done by peritoneal
washes, allowing the same mouse to be observed over time. B cells will be isolated prior to infection,
and again at 7, 14, 28 and 45 days post infection. Using B220, all B cells will be stained. And by using
anti-surface IgM and CD138, only PCT cells will be stained. The infected B cells will stain positive
for the v-abl/myc virus in FISH experiments, while non-infected B cells constitute negative controls
for viral infection and for chromosome 11 positions. Pristane-only-induced mice will serve as internal
controls. Chromosomes 5 and 7 will be included as positive controls and chromosome 10 as a negative
control. Analyses of chromosome positioning will be performed using the same method as described
in this thesis. The proposed time frame of B cell harvests will establish whether the repositioning of
chromosome 11 precedes tumor formation or is its consequence.

Whether the c-myc-driven chromosome 11 repositioning occurs in vivo setting deserves further
investigations in mouse model of fast-onset PCTs. Future experiments determining the correlation of
c-Myc and cytoband 17925.3 in NSCLC are also warranted to identify novel molecular targets for
therapy in NSCLC. In agreement with previously published results in other tumour types, our study
again found that 3D nuclear telomeric organization in NSCLC has a significant role in categorizing
patient subgroups with different pathological and clinical statuses, and further exploration of its role in

this disease is warranted.
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