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ABSTRACT

The majority of human cancers display a wide range of genetic
abnormalities, including changes in chromosome number and structure, that are
essentially nonexistent in normal tissue. While some of these abnormalities
directly affect genes involved in cell growth and survival, the vast majority play an
unknown role in carcinogenesis. It has been shown that certain chromosomal
rearrangements present in tumor cells display a significant delay in replication
timing (DRT) and a subsequent delay in mitotic chromosome condensation
(DMC). Importantly, these chromosomes are very unstable and undergo frequent
rearrangements, resulting in an overall increase in the rate of mutagenesis. The
Thayer lab has proposed that DRT/DMC is caused by the disruption of a cis-
acting ‘inactivation/stability center’ (I/S center) that functions to maintain proper
replication timing, mitotic chromosome condensation, monoallelic gene
expression and stability of individual chromosomes. To date, two chromosomal
loci, the ASARG6 locus on chromosome 6 and the Xist locus on the X
chromosome, have been identified as candidate I/S centers; however, the exact
function of these loci and the existence of I/S centers on other chromosomes is

currently unknown. In this thesis, | provide data to support the hypothesis that all

xxiii



mammalian chromosomes contain I/S centers. Specifically, | show that ASARG,
like Xist, is able to dominantly disrupt replication timing when ectopically
integrated into an autosome. Furthermore, ectopic ASARG integration leads to
ASARG RNA coating and chromosome-wide gene silencing of the integrated
autosome. | also identify a new locus on chromosome 15 that, when deleted or
disrupted, results in DRT/DMC and genomic instability. Therefore, three loci have
now been identified that are necessary for the proper replication timing, mitotic
chromosome condensation, and stability of their respective chromosomes. |
finish with some preliminary data that opens up the avenue for a more in-depth

genetic analysis of these loci.
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CHAPTER ONE

Introduction



Eukaryotic cells are often exposed to various exogenous and endogenous
stressors that can lead to DNA damage or mutagenesis. Many physical barriers,
such as the nuclear envelope and chromatin, are present to prevent these agents
from reaching and interacting with the cell’s DNA. Eukaryotic cells have also
evolved multiple mechanisms to efficiently repair DNA that has been damaged.
Both the physical barriers and the DNA repair pathways generally keep the
intrinsic mutation rate in quiescent cells very low. However, when a cell enters
the cell cycle and begins growing and dividing, it presents a major problem for
the maintenance of an error-free genomic landscape. During the cell cycle, DNA
must be stripped of chromatin and both of the strands separated from one
another in preparation for DNA replication. The replication machinery must
replicate billions of base pairs with the possibility that errors will be generated,
and the nuclear envelope must break down and reform again in each daughter
cell. In response to these challenges, cells have developed very strict cell cycle
controls to ensure the process of cell duplication occurs faithfully.

In Chapter One, | will discuss three processes that are tightly regulated to
minimize mutagenesis during the cell cycle: DNA replication, chromosome
condensation, and cell cycle checkpoints. | will also introduce a chromosomal
phenotype called DRT/DMC and discuss the effect it has on these three cell
cycle processes and the consequences this poses for the cell. A description of
our current understanding of how DRT/DMC is generated will conclude this

chapter.



Cell Cycle Regulation: Ensuring the Stability of the Genome

The cell cycle takes place in four stages: G1, S, G2 and M. In G1 phase,
the cell grows in size and prepares for DNA replication. S phase is when DNA
replication takes place followed by further growth and preparation for mitosis
during the G2 phase. M phase, or mitosis, is when the newly replicated
chromosomes condense and segregate. Cytokinesis also occurs, generating two
daughter cells. Cell cycle checkpoints monitor the cell’'s progress through these

four stages to ensure that this program is faithfully accomplished.

DNA Replication:

In bacteria, DNA replication is initiated at a single site along each
chromosome [1]. The size and complexity of the eukaryotic genome, however,
necessitates the usage of multiple initiation sites. In mammals, the number of
replication initiation sites, or replication origins, has been estimated to be 30,000-
50,000 [2]. A six-subunit origin recognition complex (ORC) binds each replication
origin and remains bound throughout most of the cell cycle [3]. Although there is
no consensus sequence for most eukaryotic origins, ORCs do not bind to
random sites along each chromosome. Regions of DNA that are utilized as
replication origins in one cell cycle are generally utilized as origins in subsequent
cell cycles indicating that ORCs bind to regions of DNA with some specificity [4].

Interestingly, the cell begins preparation for DNA replication in telophase

of the prior cell cycle [5]. This is when cell division cycle 6 (Cdc6) and chromatin



licensing and DNA replication factor 1 (CDT1) bind to ORCs and recruit the six-
subunit minichromosome maintenance complex (MCM2-7). MCM2-7 has intrinsic
helicase activity and is needed for efficient elongation during DNA synthesis [3].
The ORC/Cdc6/CDT1/MCM2-7 complex is referred to as the pre-replicative
complex (pre-RC). Not all pre-RCs will go on to become active replication origins.
In mid-G1, at the origin decision point (ODP), some pre-RCs are chosen to
become initiators of DNA replication while others remain inactive throughout S-
phase [6, 7]. Following cyclin-dependent kinase (CDK) and cell division cycle 7
(Cdc7) activation and modification of MCM2-7, minichromosome maintenance 10
(MCM10) and cell division cycle 45 (Cdc45) bind to a subset of the pre-RCs,
transforming them into pre-initiation complexes (pre-ICs) [8]. Shortly after the
pre-IC is formed, DNA polymerase o and primase are recruited to the origin and
DNA synthesis begins in a bidirectional manner. DNA replication proceeds from
each origin until the replication forks from two neighboring origins meet and the
nascent DNA strands are ligated [3].

While DNA replication will initiate from most active origins within S-phase,
the timing at which initiation takes place can vary widely between different
origins. Adjacent origins tend to begin DNA replication at the same time resulting
in large, synchronously replicating chromosomal domains called “replicon
clusters” [9, 10]. Some replicon clusters will begin replication at the onset of S-
phase while others will begin later during the middle or near the end of S-phase.
This coordination of the temporal control of DNA replication is referred to as the

replication-timing program. The replication-timing program is established shortly



after mitosis at a point in G1 phase, preceding the ODP, called the timing
decision point (TDP) [11, 12]. The TDP is established coincidently with a global
reorganization of chromatin into specified regions within the nucleus [12].

Not surprisingly, it turns out that 3-dimensional chromosome architecture
in the nucleus is highly coordinated with DNA replication timing. In most, if not all,
eukaryotic organisms, early replicating DNA resides in the interior of the nucleus
while the later replicating regions remain at the nuclear and nucleolar periphery
[11, 13, 14]. Molecular analyses have also revealed that late-replicating regions
tend to cluster with other late-replicating regions in the nucleus and vice-versa
[15]. Other associations have been observed with the genome sequence,
structure and replication timing. For example, early-replicating regions tend to
positively correlate with gene expression, G+C rich sequences, light-staining
Giemsa bands, and active chromatin marks while late-replicating regions tend to
be gene-poor, A+T rich, and have repressive chromatin marks [13, 16, 17]. It
should be pointed out that while these correlations are significant they are not
absolute, as some expressed genes and active chromatin marks reside in late-
replicating regions [10].

In complement to these global replication-timing correlations, studies
analyzing specific loci have uncovered cis-acting regulatory sequences that can
directly influence the timing of origin replication. Early studies probing the effects
of genome organization on replication timing found that local chromosomal
rearrangements can cause changes in the replication timing of these regions [18,

19]. For example, a deletion in the area upstream of the human B-globin gene



called the locus control region (LCR) renders that gene late replicating in
erythroid cells, a cell type in which it normally replicates early [20, 21].
Intriguingly, transgenes containing the LCR replicate early in erythroid cells
regardless of where in the genome they integrate and can even change the
replication timing of the surrounding region [22]. Telomeres have also been
identified as cis-acting regions that influence replication timing. Moving a late
replicating origin away from a telomere or an early replicating origin close to one
results in a complete change of the replication timing of that origin [23, 24].
Recently, cis-acting regions have been identified that not only govern replication
timing of localized regions but also of entire chromosomes. These regions are
the focus of this thesis and will be discussed in more detail in subsequent
sections.

The biological significance of having a replication-timing program in place
is still currently unknown, however the existence of defective replication timing in
many different diseases indicates that this is a vital cellular process. Whether it is
present in inherited genetic diseases [25-27] or in cancer [28, 29], a replication-
timing defect tends to result in abnormal chromosome condensation and

genomic instability [30, 31].

Chromosome Condensation:
Following DNA replication, each chromosome undergoes extensive
compaction, which facilitates the process of chromosome segregation and cell

division. This compaction reduces the size of the DNA fiber 4-50 fold compared



to interphase chromatin and ensures that the segregating chromosomes can
reach each spindle pole before cytokinesis occurs [32]. At the G2-M phase
transition, the chromosome passenger complex, consisting of Aurora B, inner
centromere protein (INCENP), and survivin, forms along the length of each
chromosome [33]. The Aurora B kinase phosphorylates serine 10 on histone H3
throughout the entire length of the chromosome [34]. Concomitant with this
phosphorylation is the binding of a large multi-subunit protein complex called
condensin, which introduces supercoils into the DNA fiber [33, 35]. Each
chromosome completes condensation by the end of prophase, and by
metaphase the nuclear envelope breaks down and the centrosomes nucleate
microtubule strands that bind to the kinetochores of each chromosome. Sister
chromatids are pulled to opposite spindle poles and cytokinesis occurs
generating two daughter cells with identical genomic content [36].

The seamless transition from DNA replication to chromosome
condensation during the cell cycle indicates that the two may be functionally
linked [37]. Early studies that fused mitotic cells to cells in varying stages of
interphase (forcing the interphase chromosomes to undergo premature
chromosome condensation) gave the first indication that DNA replication is a
necessary precursor to chromosome condensation. When mitotic cells were
fused to cells that were in G1 or G2 phase, the G2 phase chromosomes
condensed to a much greater extent than the chromosomes that were in G1,
indicating that progression through S phase is necessary to achieve the proper

level of compaction [38]. In addition, when mitotic cells were fused to cells in S-



phase, the prematurely condensed chromosomes gave a hybrid appearance with
regions that were tightly condensed (regions that had already replicated)
intermixed with regions that were more extended (regions that had not yet
replicated) [38, 39]. Additional evidence comes from genetic studies
demonstrating that mutations in many different genes involved in the initiation or
timing of DNA replication can lead to chromosome condensation defects [30, 40,
41]. This has led to a model in which the newly replicated DNA begins some level
of compaction directly out of the replication complex and exists as a
‘chromosome territory” for the duration of S and G2 phases [37, 42]. The final
stages of compaction then take place in prophase as mentioned above. Taking
into account the sequential nature of replication and condensation as well as the
functional relation, any defect in DNA replication that is not corrected will likely
cause a subsequent defect in chromosome condensation.

Not surprisingly, defects in chromosome condensation tend to have the
same consequence as defects in DNA replication: genomic instability.
Deregulation of genes involved in chromosome condensation has been shown to
cause genomic instability, abnormal mitosis, and may play a role in cancer
development [43-45]. Fortunately, the cell has another line of defense if these

cell cycle processes fail.

Cell Cycle Checkpoints:

The last, and perhaps most important, regulatory mechanism of cell cycle

progression that will be discussed in this section is the cell cycle checkpoint. The



purpose of the cell cycle checkpoint is to halt or delay progression through the
cell cycle in response to the abrogated function of a prior process [46]. It is
generally thought that each phase of the cell cycle has its own checkpoint or
checkpoints. The G1 phase checkpoint, referred to as the restriction point,
functions to halt progression into S phase in the presence of DNA damage or
unfavorable microenvironmental conditions [47]. The S phase has two separate
checkpoints that ensure the genome is damage-free and completely replicated
before entry into G2 or M phase. The G2 checkpoint will stop the cell from
entering mitosis in the presence of DNA damage and the M phase checkpoint,
also called the spindle assembly checkpoint (SAC), will keep the cell in
metaphase until all of the chromosomes are aligned properly along the spindle
[46, 48]. There are some redundancies between different checkpoints, but each
checkpoint uses a distinct signaling cascade to affect cell cycle progression.
Generally, the end result of each signaling cascade is to inhibit phase-specific
cyclin/CDK function, which effectively stalls the cell at a specific phase of the cell
cycle [49]. In this section, | will focus solely on the S phase checkpoints and the
SAC because the other checkpoints are not relevant to the understanding of the
phenotype that is the focus of this thesis.

There are two S phase checkpoints: the replication-dependent replication
checkpoint (sometimes called the S-M checkpoint), and the replication-
independent intra-S-phase checkpoint [48]. The replication checkpoint becomes
activated in the presence of stalled replication forks that arise during DNA

replication. Replication forks can become stalled by the inhibition of DNA



polymerase, encountering certain types of DNA damage and various other
mechanisms [48]. Regardless of how they are formed, stalled replication forks
lead to the generation of single-stranded DNA that is recognized by replication
protein A (RPA). This brings the ataxia-telangiectasia and RAD3 related (ATR)-
ATR-interacting protein (ATRIP) complex and other mediator proteins to the
stalled fork site [50]. This complex recruits the effector protein checkpoint kinase-
1 (CHK1) to the DNA site where it is phosphorylated on serine 345 [46, 51]. This
activated CHK1 in turn phosphorylates cell division cycle 25 (Cdc25), which
prevents S phase and M phase cyclin/CDK complexes from becoming activated
[50]. The inhibition of these cyclin/CDK complexes prevents the initiation of DNA
replication from origins that have not fired yet and also prevents the cell from
moving into M phase [48, 50, 52]. This complex remains bound to the DNA to
stabilize the stalled fork until the blockage is remedied [52, 53]. In effect, this
checkpoint prevents the cell from entering mitosis while there is DNA damage or
before DNA replication has completed. The other S phase checkpoint is the
replication-independent intra-S-phase checkpoint. Being replication-independent,
the site of signal transduction does not begin at an active replication fork but
rather at the site of a double-strand break (DSB) outside of an actively replicating
region. This checkpoint works to repair DSBs that are incurred during S phase.
Following a DSB, local changes in the chromatin landscape activate the ataxia-
telangiectasia mutated (ATM) protein [48]. This ATM activation induces
checkpoint kinase-2 (CHK2) to phosphorylate Cdc25, targeting it for proteasomal

degradation [54]. This inhibits S phase cyclin/CDK complexes and prevents
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replication initiation from unfired origins until the damage is repaired, thus
delaying progression through S phase [54, 55].

Once the cell has passed the S phase checkpoints and begins mitosis,
another checkpoint must be passed to complete the cell cycle. The SAC monitors
the progression from prometaphase to metaphase to ensure that the
chromosomes are aligned properly along the metaphase plate before the onset
of anaphase. At the beginning of mitosis the mitotic checkpoint complex (MCC),
consisting of mitotic-arrest deficient 2 (MAD2), budding uninhibited by
benzimidazole receptor 1 (BUBR1) and budding uninhibited by benzimidazole 3
(BUB3), forms at the kinetochore of each chromosome [56, 57]. The MCC then
binds cell division cycle 20 (Cdc20), a component of the anaphase-promoting
complex/cyclosome (APC/C) ubiquitin ligase [58]. This sequesters the APC/C
and prevents it from ubiquitinating downstream target genes [59]. During
prometaphase, microtubule fibers begin extending out from the centrosomes and
attach to the kinetochore of each chromosome [60]. The MCC remains bound to
the kinetochore until a bipolar attachment of microtubules is achieved on each
sister chromosome pair [59]. This tension-generating bipolar attachment initiates
the dissociation of the MCC-APC/C complex from the kinetochore. This
dissociation allows APC/C to polyubiquitinate securin and cyclin B, which targets
them for proteasomal degradation [57, 59]. Upon the degradation of these
proteins, the cell proceeds into anaphase and telophase completing the cell
cycle. This checkpoint ensures that each daughter cell receives the same

chromosomal content.
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With such an important role in maintaining genome integrity, it has been
known for a long time that defects in the function of cell cycle checkpoints can
lead to genomic instability. Most of our knowledge comes from genetic studies
analyzing what happens when checkpoints no longer function properly.
Deregulation of genes involved in the replication checkpoint or the SAC tends to
impair the functioning of those checkpoints, which often leads to genomic
instability [61-63]. However, an intact functional checkpoint can also be bypassed
before DNA replication, DNA repair or kinetochore attachment is complete. This
is a process called “checkpoint adaptation” and has been described in many
organisms from yeast to humans [64, 65]. During checkpoint adaptation, a fully
functional checkpoint response is initiated and maintained in reaction to DNA
damage or chromosome misalignment, yet the cell is able to circumvent that
response and proceed with the rest of the cell cycle before the damage or
misalignment is resolved [66]. It has also been shown that checkpoint adaptation
can lead to genomic instability [67]. So whether the cell has an impaired
checkpoint response due to genetic deregulation of checkpoint genes or adapts
to a fully functional checkpoint, the typical downstream effect is genomic

instability.
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DRT/DMC: A Breakdown of Cell Cycle Regulation

DNA Replication and Chromosome Condensation:

In 1967, Dr. Harald zur Hausen identified a novel chromosomal phenotype
that was present in multiple different leukemia cell lines [68]. He observed that
one or a few chromosomes in these cells exhibited a chromosome-wide delay in
mitotic condensation and DNA replication. This delayed condensation and
replication phenotype was subsequently observed in cells from patients with
Bloom’s syndrome, Fanconi’s anemia and other developmental abnormalities
[69-73]. These studies, however, only established that delayed chromosomes
were present in some cells and gave no indication as to how or why these
chromosomes were delayed.

In 2001, the Thayer lab published the first extensive characterization of
chromosome-wide delay in replication and condensation [74]. It was found that
the rhabdomyosarcoma cell line RH30 and the small-cell lung carcinoma cell line
CRL-5845 each contain one or two chromosomes that display a chromosome-
wide delay in DNA replication timing (DRT). DRT is characterized by a 2-3 hour
delay in the initiation and completion of DNA replication along the entire
chromosome (Fig. 1.1) [74]. Thus, any chromosome that displays DRT will begin
replication 2-3 hours after the onset of S phase and complete replication in the
G2 phase. In extreme cases, DNA replication in mitosis has been observed on
chromosomes that display DRT [75]. This phenotype typically affects only one or

two chromosomes in the cell while the other chromosomes replicate normally
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[74]. Interestingly, chromosomes that display DRT maintain a banded pattern of
DNA replication, indicating that a hierarchy of DNA replication timing remains
intact on these chromosomes [74]. This suggests that the actual replication-
timing program persists on DRT chromosomes with early, middle and late
replicating regions still present, but the entire program just begins 2-3 hours late.

DRT is usually accompanied by a chromosome-wide delay in mitotic
chromosome condensation (DMC) [74]. A chromosome that displays DMC
exhibits at least two of the three following characteristics: it is at least twice as
long as any other chromosome in the same mitotic spread, it is less than half as
wide as any other chromosome in the same mitotic spread, and/or it contains a
bend of greater than 180° [74]. DMC is likely a result of the DRT phenotype, as
DNA replication in G2 or M phase would be expected to delay chromosome
condensation. The DMC phenotype is only present on chromosomes that display
DRT, so the other chromosomes in the cell condense normally following DNA
replication [74]. DMC is associated with a delay in the recruitment of Aurora B
kinase to the chromosome [75]. Consistent with a role in mitosis-specific histone
phosphorylation, delayed Aurora B recruitment leads to a delay in the
phosphorylation on serine 10 of histone H3 [74, 75]. Because histone H3
phosphorylation begins in late G2 phase [76], this lack of H3 phosphorylation
indicates that DMC chromosomes are in a G2-state of condensation when the
cell is in mitosis.

Chromosomes that display DRT/DMC are not present in normal blood

lymphocytes and are typically seen only in cells that have incurred a high level of
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DNA damage such as irradiated cells or cells from patients with chromosome
breakage syndromes [69, 71, 74]. Thus, it would make sense that DNA damage
is one possible cause of DRT/DMC. Consistent with this, DRT/DMC has only
been observed on rearranged chromosomes such as translocated
chromosomes, ring chromosomes and chromosomes that contain large deletions
[73, 74, 77-79]. Furthermore, DNA damaging agents, such as ionizing radiation
(IR), DNA recombinases and endonucleases, can induce DRT/DMC on normal
chromosomes [77, 80, 81]. The exact cause of DRT/DMC will be discussed later
but, as far as is known, some type of genomic rearrangement is necessary in cis
to cause this phenotype.

DRT/DMC has been observed on nearly every human chromosome in
many different human cell lines and primary cells [74, 77, 80, 81]. Mouse and
hamster chromosomes can also display DRT/DMC [80, 82]. Therefore, it is likely
that DRT/DMC can be induced on any mammalian chromosome and possibly

other eukaryotic chromosomes as well.

Cell Cycle Checkpoints:

Strictly speaking, DRT/DMC should not cause any real problems in the
cell. If the cell-cycle checkpoints are functioning properly then the cell should
delay mitosis until DNA replication has been completed and delay anaphase until
all chromosomes are aligned properly along the metaphase plate. This would, in
effect, prevent any problems associated with delayed replication and

condensation and have no real consequence for the cell other than an increase
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in the time it takes to complete the cell cycle. However, it is known that this
phenotype has significant consequences for the cell in the form of genomic
instability (discussed in the following subsection).

It has been shown that cells with chromosome-wide replication delay
experience checkpoint adaptation at both the DNA replication checkpoint and the
SAC [75]. During S phase, CHK1 is phosphorylated on S345 and binds
DRT/DMC chromosomes indicating that the ATR-CHK1 signaling cascade in the
DNA replication checkpoint is intact [75]. Despite the replication checkpoint being
triggered, DNA replication can still be detected in mitosis in these cells [75]. This
suggests that at least some cells with DRT/DMC chromosomes can undergo
checkpoint adaptation at the replication checkpoint, leading to DNA replication in
mitosis. Furthermore, the MCC component MAD2 remains bound to DRT/DMC
chromosomes at a time when normal chromosomes are MAD2 negative [75].
Regardless of SAC activation, defects in chromosome segregation are readily
apparent in these cells [75]. This indicates that at least some cells with
DRT/DMC chromosomes can also adapt to the SAC and undergo cytokinesis

without proper chromosome alignment.

Genomic Instability:

DRT/DMC results in at least two distinct types of genomic instability. The
first is chromosome instability (CIN), which is characterized by an increase in the
rate at which cells gain or lose entire chromosomes [75, 80, 83]. Cells with

DRT/DMC chromosomes tend to have chromosome number imbalances [75, 80].
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Furthermore, irradiated cells that have DRT/DMC chromosomes tend to be
hyperdiploid whereas those that lack DRT/DMC chromosomes are generally
diploid [80]. Inducing DRT/DMC on a chromosome in karyotypically normal cells
results in aneuploidy, with each cell containing a different number of
chromosomes [75]. Thus, cells with DRT/DMC chromosomes display frequent
gains or losses of entire chromosomes resulting in dramatic aneuploidy affecting
the entire karyotype [75, 80]. In addition, cells containing DRT/DMC
chromosomes have abnormal mitotic spindles, abnormal centrosome number,
and an increased frequency of endoreduplication [75]. It is unclear how
DRT/DMC on a single chromosome is causing these events, but these factors
can certainly explain the CIN observed in cells with this phenotype.

The second type of instability observed in cells with DRT/DMC
chromosomes is chromosome structure instability (CSIN), which is characterized
by an increase in the rate that new chromosomal rearrangements occur [74, 77,
81]. DRT/DMC chromosomes participate in numerous translocation events with
other chromosomes in the cell and translocation intermediates can also be seen
in mitotic spreads [74]. In addition, it has been demonstrated that DRT/DMC
increases the rate of secondary chromosomal rearrangement by 30-80 fold [77].
The DRT/DMC induced CSIN is not random, as most of the chromosome
rearrangements occur on the delayed chromosome(s). Although the structural
instability is primarily observed on the delayed chromosome, other chromosomes

can participate in inter-chromosomal translocations with the delayed
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chromosome, indicting that DRT/DMC on one chromosome can destabilize the
structural integrity of all chromosomes within the cell [77].

There are currently two models for how DRT/DMC can cause CSIN: 1)
DRT/DMC results in delayed mitotic spindle attachment leading to chromosome
mis-segregation and the formation of micronuclei, which can lead to CSIN [84,
85] and/or 2) DRT/DMC results in checkpoint adaptation and the onset of mitotic
chromosome condensation prior to the completion of DNA synthesis leading to
stalled replication forks, multiple DSBs and DNA repair via error-prone
mechanisms [85].

Unlike other mechanisms that cause genomic instability, DRT/DMC tends
to be a transient phenomenon. The inherent instability of DRT/DMC
chromosomes makes them prone to extreme fragmentation over relatively few
cell divisions, which results in highly rearranged chromosomes that no longer
display DRT/DMC [74]. This feature of DRT/DMC makes it an underappreciated,

yet potentially important force driving mutagenesis in certain disease states.
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DRT/DMC as a Mechanism for Genomic Instability in Cancer

Cancer develops when normal cells acquire genetic and epigenetic
alterations that lead to uncontrolled growth and the ability to evade cell death.
These genetic and epigenetic alterations are generally thought to drive
carcinogenesis by deregulating key pathways that control cell growth and
proliferation [86]. In nearly all cases, deregulation of a single gene is not
sufficient to cause cancer, making it necessary for a cell to acquire extensive
genetic and epigenetic deregulation to develop a neoplastic phenotype [87].
Genetic analysis of many tumor types has revealed that malignant cells typically
contain a very large number of independent genetic alterations. A recent
sampling of various tumor cell types has revealed more than 2,000 recurrent
chromosomal aberrations [88, 89]. In addition to these recurrent aberrations, over
100,000 non-recurrent aberrations have been catalogued [90]. Studies examining
DNA copy number alterations (CNAs) have determined that most cancers
contain multiple CNAs [91, 92]. Other reports have also indicated that 10-25% of
the genome has lost heterozygosity in the typical breast, colon, pancreas, and
prostate cancer cell [93-96]. Furthermore, a study done on individual colon
cancer cells has revealed an average of 11,000 genomic aberrations per cell,
highlighting the extent to which these genetic changes occur [97].

To explain the sheer number of genetic and epigenetic alterations that are
observed in cancer cells, current models suggest that the acquisition of genomic

instability is an integral part of carcinogenesis [97-100]. Genetic alterations can
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arise during cancer progression through normal cellular processes, mutagenesis
and as a result of genomic instability. Mutagenesis refers to a process by which
genetic changes occur, either spontaneously or as a consequence of exposure to
mutagens, resulting in a change in the DNA sequence. Genomic instability, on
the other hand, refers to an increase in the rate of mutagenesis per unit time.
While normal cells have a very low intrinsic mutation rate, a cell that displays
genomic instability has a higher mutation rate and an increased likelihood of
accumulating the necessary genetic and epigenetic changes required for
malignant growth. Genomic instability as a facilitator of carcinogenesis is an
attractive model because it not only accounts for the genetic heterogeneity
observed in many tumors [101], but also the large number of mutations that
seemingly provide no growth advantage (passenger mutations) [97, 102].
Despite its importance in carcinogenesis, there are still gaps in our
knowledge of what causes genomic instability. Historically, it was thought to be a
direct result of the deregulation of trans-acting factors (molecules that are
physically separate from DNA, such as proteins). For instance, it has been
shown that deregulation of p53 and Mdm2 can cause genomic instability in
mammalian cells [61, 62]. Deregulation of numerous other proteins involved in
cell cycle checkpoint control [63, 103], centrosome function [104], and DNA
replication [105, 106] can also result in genomic instability. Additionally, over 130
different proteins have been shown to play a role in maintaining genome integrity

in yeast [107]. As the molecular function of many of these frans-acting factors is
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known, the mechanisms by which they affect genomic instability are generally
well understood.

Nevertheless, there are certain aspects of genomic instability that cannot
be explained by the action of frans-acting factors alone. Studies done on
radiation-induced instability have noted that 10-25% of surviving cells in an
irradiated population will display genomic instability, even when low doses are
administered [108, 109]. This frequency of induced genomic instability is too high
to be explained exclusively by the deregulation of a single protein or even an
entire family of proteins. It has also been shown that the transmission of genomic
instability from an irradiated, unstable parental clone to a sibling subclone can
occur in a non-Mendelian fashion; some siblings exhibit a diminished degree of
instability and others exhibit a higher degree [110, 111]. This argues against a
simple model where genetic mutations in trans-acting factors acquired during
radiation treatment are solely responsible for genomic instability. Furthermore,
analysis of irradiated cells that display genomic instability has shown that the
chromosomal rearrangements that are present are not randomly distributed
throughout the karyotype [112, 113]. Since frans-acting factors are physically
separate from DNA and exert their effect on instability randomly with respect to
the entire genome, a non-random distribution of rearrangements supports the
notion that other mechanisms are involved.

This has led to the idea that cis-acting mechanisms may play a key role in
the acquisition of genomic instability [110, 114]. One such cis-acting mechanism

is DRT/DMC. As mentioned in the previous section, DRT/DMC results in
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genomic instability in the form of CIN and CSIN [75, 77]. DRT/DMC is a cis-
acting mechanism, meaning that only the affected chromosome displays
replication delay, condensation delay and instability [74, 77]. This phenotype can
be induced by exposure to IR and other DNA damaging agents, indicating that
DRT/DMC may be responsible for some of the previously mentioned behavior
observed in irradiated cells [77, 80]. Interestingly, an analysis of multiple types of
human tumors revealed that eight of ten tumor cell lines and five of thirteen
primary tumor samples contained DRT/DMC chromosomes [74]. The
demonstration that DRT/DMC results in genomic instability and is present in
primary tumor cells suggests that it is a common source of genomic instability in
human cancer.

The instability observed following DRT/DMC has a very unique
cytogenetic signature, with most of the chromosomal rearrangements affecting
the delayed chromosome [77]. This single-chromosome instability is reminiscent
of two newly described instability signatures, “chromothripsis” and “kataegis”,
which are present in some cancers [115, 116]. Chromothripsis and kataegis
appear to be cataclysmic events in which a chromosome, chromosome arm or
local region on a chromosome is fragmented or heavily mutated in a relatively
short period of time. This clustering of mutational events occurs in cis and results
in entire chromosomes or local regions that have undergone extreme
fragmentation and mutagenesis [115, 116]. In the case of chromothripsis, the
sequences at the rearrangement junctions show either a lack of homology or

microhomology between the joined segments, suggesting that the DNA was
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repaired by non-homologous end joining (NHEJ) [115]. In addition, the complex
chromosome rearrangements associated with genomic disorders in humans
were recently found to resemble chromothripsis [117, 118].

Sequencing the breakpoints at these complex rearrangements identified
characteristic features, including small templated insertions of nearby sequences
and microhomologies, suggestive of replicative processes. These observations
led the Lupski group to propose the term ‘chromoanasynthesis’ as an alternative
descriptor to chromothripsis for the shattering and reassembly of chromosomes
via replicative mechanisms [117]. The Lupski group proposed a microhomology
mediated break induced replication (MMBIR) and a related fork stalling and
template switching (FoSTeS) model for the origin of these complex
rearrangements [119]. The distinction between MMBIR/FoSTeS and NHEJ is that
the microhomology junctions in MMBIR/FoSTeS are followed by stretches of
DNA sequence derived from elsewhere, usually nearby. The MMBIR/FoSTeS
models involve stalled DNA replication forks that are resolved by re