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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 ASAR6 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, I provide data to support the hypothesis that all 
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mammalian chromosomes contain I/S centers. Specifically, I show that ASAR6, 

like Xist, is able to dominantly disrupt replication timing when ectopically 

integrated into an autosome. Furthermore, ectopic ASAR6 integration leads to 

ASAR6 RNA coating and chromosome-wide gene silencing of the integrated 

autosome. I 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. I 

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 
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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, I will discuss three processes that are tightly regulated to 

minimize mutagenesis during the cell cycle: DNA replication, chromosome 

condensation, and cell cycle checkpoints. I 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.      

 



	
   3	
  

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 
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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 α 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 
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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 β-globin gene 
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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 
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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-
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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 
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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, I 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 
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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 trans-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 trans-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 trans-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 replication 

restart using short stretches of homology [119]. Furthermore, stalled DNA 

replication forks can also be resolved into DSBs providing a substrate that can be 

repaired by NHEJ [120]. 

Thus, if multiple stalled replication forks form on a single chromosome and 

are resolved via MMBIR, FoSTeS, or strand breakage followed by NHEJ, it would 

leave the chromothripsis and kataegis instability signatures. One possibility is 

that DRT/DMC is responsible for the formation of multiple stalled replication forks 

on a single chromosome. As mentioned in the previous section, there are two 
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models for how DRT/DMC can induce CSIN. One is that 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 [85]. This 

would generate multiple stalled replication forks on a single chromosome and 

lead to multiple rearrangements generated at the stalled replication forks via 

NHEJ, MMBIR, and/or FoSTeS type mechanisms. The other way DRT/DMC can 

induce CSIN is by delaying mitotic spindle attachment, which can lead to 

chromosome mis-segregation and the formation of micronuclei [85]. Interestingly, 

it has been found that inducing micronuclei by nocodazole treatment can lead to 

extreme fragmentation of single chromosomes [84]. Therefore, DRT/DMC is not 

only present in some cancer cells but it can also explain certain unique instability 

signatures that are present in some cancer cells.  
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Genetic Analysis of DRT/DMC 

  

 Early studies on DRT/DMC indicated that it causes genomic instability and 

is present in some cultured and primary cancer cells, but gave no indication as to 

what caused the phenotype in the first place [68, 74]. The first clue into the cause 

of DRT/DMC came from the observation that all of the chromosomes that 

displayed DRT/DMC in cancer cells were translocation derivatives [74]. This 

indicated that a chromosomal rearrangement could be an initiating event for this 

phenotype. Subsequent studies confirmed this by generating interchromosomal 

translocations (ICTs) in normal cells via low dose radiation treatment [80]. It was 

found that IR treatment generated about one ICT per cell and roughly 5-10% of 

cells displayed DRT/DMC following treatment [80]. Thus, 5-10% of all balanced 

ICTs display DRT/DMC. This high frequency allowed for the use of chromosome 

engineering to systematically generate defined ICTs that induce DRT/DMC de 

novo.   

To engineer such chromosomes, the Thayer lab employed a strategy 

using the causes recombination/locus of cross-over (x-over) P1 (Cre/loxP) 

recombinase system. This strategy, as outlined in Figure 1.2, generates random 

ICTs via Cre/loxP-mediated, site-specific recombination [77]. Briefly, an adenine 

phosphoribosyltransferase (APRT) deficient human cell line, HTD114 [121], was 

transfected with two plasmids containing 34 bp Cre-recognition sequences (loxP 

sites). This generated parental cell clones (P-clones) that contain a loxP site in 

two different chromosomes. Following transient Cre expression, site-specific 
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recombination between the two loxP sites was induced and the APRT selectable 

marker was reconstituted, generating an ICT. These recombinant clones (R-

clones) that contain a defined ICT were then analyzed for DRT/DMC.  

Of the 83 R-clones that were generated, five displayed DRT/DMC on at 

least one translocation derivative [77]. Four of these five cell lines that display 

DRT/DMC are shown in Figure 1.3. Subsequent studies have shown that when 

these same translocations are induced by endonuclease digestion (I-Sce1) 

followed by repair via NHEJ, they also display DRT/DMC indicating that this 

phenotype is not the result of a specific repair process [77]. Furthermore, some 

of these clones only display DRT/DMC on one translocation derivative, which 

suggests that this phenotype is caused by a cis-acting mechanism [77]. 

Importantly, the DRT, DMC and genomic instability induced by Cre/loxP 

recombination phenocopies that of DRT/DMC chromosomes found in cancer 

cells, making this an excellent model to study how this phenotype develops 

during cancer [74, 77]. The Thayer lab proposed two models for how ICTs can 

cause DRT/DMC: 1) the ICT could delete or disrupt a cis-acting genetic element 

that acts to ensure proper DNA replication timing, mitotic chromosome 

condensation, and chromosome stability (loss-of-function model) or 2) the ICT 

could generate a dominant interfering element that disrupts DNA replication 

timing, mitotic chromosome condensation, and chromosome stability (gain-of-

function model) [74, 77]. 

The identification of specific chromosomal loci that are involved in the 

acquisition of DRT/DMC allowed for the first genetic characterization of this 
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phenotype. The P175 cell line was chosen for further characterization (Figure 

1.4). P175 contains a loxP site in one allele of chromosomes 6 and 10 [77]. 

Following loxP recombination, a balanced translocation, t(6;10)(q14-15;q11.2), 

was generated that displayed DRT/DMC [77]. To identify which loxP integration 

site was responsible for the acquisition of DRT/DMC (the chromosome 10 locus, 

the chromosome 6 locus, or both), the Thayer lab generated alternative 

translocation partners to see whether the phenotype segregated with one locus 

or both [122]. Thus, other chromosomes in the P175 cell line were tagged with 

loxP sites and induced to undergo an ICT with either chromosome 6 or 10, and 

these new translocations were subsequently assayed for the DRT/DMC 

phenotype. It was found that three of four new translocations with the 

chromosome 6 locus displayed the DRT/DMC phenotype, whereas zero of three 

new translocations with the chromosome 10 locus displayed the phenotype [122]. 

This suggested that the chromosome 6 locus was required for generating the 

DRT/DMC phenotype in P175 and the chromosome 10 locus was playing a 

passive role.  

Now that the chromosome 6 locus in P175 was identified as the potential 

mediator of DRT/DMC, intrachromosomal deletions (ICDs) were made on 

chromosome 6 [122]. ICDs on chromosome 6 were made using two different 

methods. One generated deletions anchored at the loxP site and extending 

towards the chromosome 6 centromere (proximal deletions) and the other 

generated deletions anchored at the loxP site and extending towards the q-arm 

telomere (distal deletions). Deletions of many different sizes were generated in 
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each direction and it was found that the distal deletions never displayed 

DRT/DMC, whereas all proximal deletions assayed displayed DRT/DMC [122] 

(Figure 1.5). The smallest deletion proximal from the loxP site on chromosome 6 

that induced DRT/DMC was 76 kilobases (kb) [122]. To identify a smaller region 

of interest within this 76 kb, the Thayer lab successfully used a recombinant 

adeno-associated virus (rAAV) to generate a smaller, targeted deletion at this 

region. This smaller deletion (47 kb), interestingly, did not cause DRT/DMC, 

indicating that the region of difference between the two smallest deletions (29 kb 

region in Figure 1.6A) was the genomic region responsible for generating 

DRT/DMC on chromosome 6 [123].  

Intriguingly, prior to the identification of the 29 kb region on chromosome 

6, a region was identified on the X chromosome that was implicated in the 

acquisition of a DRT/DMC-like phenotype [79, 81]. York Marahren’s lab identified 

a 21 kb region on the X chromosome that, when deleted, caused delayed 

replication and genomic instability in cis (chromosome condensation in these 

studies was not examined) [79, 81]. Furthermore, the deletion of this locus on 

both X chromosomes resulted in a more pronounced replication delay than in 

cells that contained only a heterozygous deletion, exposing a possible trans-

effect [81]. Currently, two genetic regions have been identified that cause 

chromosome-wide delayed replication when deleted, a 21 kb region on the X 

chromosome and a 29 kb region on chromosome 6.  
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Gene Inactivation and Asynchronous Replication on 

Chromosomes 

 

 Prior to a more in-depth discussion of the loci that are involved in 

DRT/DMC, it is necessary to introduce the processes of X-chromosome and 

autosomal inactivation. The Thayer lab believes that these processes are 

functionally linked to DRT/DMC. 

 

X Chromosome Inactivation:  

X chromosome inactivation (XCI) ensures that X-linked gene expression 

levels are normalized between female (XX) and male (XY) mammalian cells, 

despite the difference in the number of X chromosomes. To accomplish this, one 

X chromosome in female cells undergoes transcriptional inactivation, resulting in 

only one X chromosome that is transcriptionally competent [124]. The silenced 

allele is referred to as the inactive X chromosome (Xi) and the transcriptionally 

competent allele is referred to as the active X chromosome (Xa) [125]. One 

unique feature of the Xi is that the entire chromosome is late replicating [126]. 

Interestingly, the same replication origins are utilized on the Xi and Xa, indicating 

that the origins on each X chromosome are differentially regulated [127, 128]. 

Therefore, following XCI the Xi is transcriptionally silenced and late replicating 

while the Xa is transcriptionally active and early replicating [129]. This results in 

the asynchronous replication of the X chromosomes. However, unlike the DRT 
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phenotype, XCI is a normal cellular process that does not result in DMC or 

genomic instability and is necessary for organismal viability [130].  

 Female embryonic stem cells (ESCs) contain two transcriptionally 

competent X chromosomes, and upon differentiation, one X chromosome is 

chosen to become inactivated [131]. The process of XCI involves three distinct 

activities: Counting, Choice, and Inactivation. Prior to ESC differentiation, the cell 

takes an inventory of how many X chromosomes are present and inactivates all 

but one X chromosome [124, 132]. This process of counting follows the ‘n-1 rule’ 

to ensure that only one X chromosome is active, even when more than two X 

chromosomes are present (n refers to the number of X chromosomes in the cell 

and n-1 equals the number of inactive X chromosomes) [132]. After the X 

chromosomes have been counted, one X chromosome is chosen at random to 

become the Xa while the other becomes inactivated [133]. The random choice of 

which allele will be active and which will be inactive ensures that a mosaicism is 

established in the adult organism, where the Xi in some cells will be the Xa in 

others [134]. Finally, the randomly chosen Xi becomes transcriptionally 

inactivated and late replicating via the establishment of repressive chromatin 

marks, DNA methylation and a change in nuclear positioning [135]. 

The processes of counting, choice and inactivation are regulated by a 

region on the X chromosome called the X inactivation center (XIC) [124, 136]. 

The XIC is an ∼700 kb region on Xq13 that harbors multiple non-coding RNA 

(ncRNA) genes involved in the establishment of XCI [136-138]. One of these 

genes is X-inactivation specific transcript (Xist), a 17 kb, spliced, untranslated 
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ncRNA [126]. During the establishment of XCI, Xist becomes expressed from the 

X chromosome destined to become the Xi [126]. This monoallelically-expressed 

transcript spreads in cis along the future Xi, coats the chromosome and is 

thought to recruit chromatin modifying complexes and histone variants [139]. 

Before Xist spreading and coating, the transcript remains bound to the XIC via 

tethering of the RNA to a nucleation center within the Xist DNA by the 

transcription factor Yin Yang 1 (YY1) [140]. YY1 is thought to bind the repeat F 

region of Xist DNA on the Xi and interact with the Xist transcript via the Repeat C 

region [140]. Following Xist RNA accumulation around the XIC, the transcript 

spreads in cis along the Xi and coats the chromosome [140, 141]. The 

establishment of repressive histone marks, such as histone H3 hypoacetylation 

and hypermethylation, histone H2A ubiquitinylation, and macroH2A recruitment, 

follows Xist coating and establishes transcriptional silencing in cis [126, 135]. Xist 

appears to be one of the major components in this process, as this gene is both 

necessary and sufficient for X inactivation [126]. Another XIC component, Tsix, is 

an antisense transcript to Xist [142].  Similar to most other X-linked genes, Tsix is 

monoallelically expressed from the Xa (opposite of Xist) [142]. Tsix expression 

functions to antagonize Xist expression by silencing Xist transcription on the Xa 

[142]. This interplay of Xist and Tsix expression during ESC differentiation 

establishes the Xist-expressing chromosome as the Xi and the Tsix-expressing 

chromosome as the Xa.  

Interestingly, some regions on the Xi escape gene inactivation. It has been 

estimated that 10-15% of genes on the human X chromosome are expressed 
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biallelically to some degree [143]. These include genes that are present on both 

the X and the Y chromosomes and genes that lie in regions with low long 

interspersed nuclear element-1 (LINE-1) concentration [144, 145]. LINE-1 

elements are retrotransposons that have integrated into mammalian genomes 

during the course of evolution [146]. The human genome contains hundreds of 

thousands of LINE-1 elements, most of which are incapable of retrotransposition 

due to mutational inactivation or 5´ truncation [146]. Although the typical human 

autosome contains ∼17% LINE-1 sequences, the X chromosome contains almost 

twice as much [124]. Furthermore, the highest LINE-1 concentration on the X 

chromosome is around the XIC [147]. This chromosome-specific accumulation of 

repetitive elements led Mary Lyon to propose that LINE-1s represent “booster 

elements” that aid in the propagation of Xi silencing [148]. Thus, regions with 

high LINE-1 concentration have robust silencing on the Xi while the silencing on 

regions with low LINE-1 concentration is attenuated. 

 Once gene inactivation and late replication are established on the Xi, a 

change in nuclear positioning takes place. The coating of Xist RNA on the Xi is 

followed by its migration to the perinucleolar region or nuclear periphery of the 

nucleus [149, 150]. The Xi nuclear compartment is very dense with 

heterochromatin and is void of RNA polymerase II (RNA Pol II) and transcription 

factors [151]. This compartment can be identified by the presence of an Xist RNA 

“cloud.” The Xist RNA cloud is the 3-dimensional accumulation of Xist RNA within 

the nuclear compartment that contains the Xi [135, 149]. Highly repetitive 
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sequences and inactive genes reside within the Xist RNA cloud while genes that 

escape XCI are found outside of the cloud [135]. 

 The sufficiency of Xist to recapitulate XCI was demonstrated through the 

use of Xist-containing transgenes integrated into autosomes [152]. Initially, 

transgene studies were used to identify the molecular boundaries of the XIC, but 

ended up identifying some very interesting characteristics of XCI. Yeast artificial 

chromosomes (YACs) and cosmids containing Xist and surrounding elements 

were randomly integrated into autosomes in mouse ESCs. Upon ESC 

differentiation, the integrated autosomes recapitulate some aspects of XCI, 

including Xist expression, Xist RNA coating and cloud formation, gene 

inactivation, late replication and some establishment of repressive chromatin 

marks [153-156]. However, these properties were not observed in all clones 

following differentiation and single-copy arrays of the transgene were not 

sufficient to induce these properties, as multi-copy integrations were needed 

[156]. Interestingly, the ability of Xist to recapitulate aspects of XCI on autosomes 

is not restricted to differentiating ESCs. Multiple labs have shown that Xist 

transgene integration into autosomes is sufficient to establish gene inactivation, 

Xist RNA cloud formation and repressive chromatin marks in the differentiated 

cell lines HT1080 and HELA [157-159]. Again, many of the transgene-integrated 

autosomes had variable inactivation status and others recapitulated only some 

aspects of XCI, indicating that additional variables are involved [158, 160]. 

Nevertheless, one unique feature of Xist is its ability to dominantly interfere with 

the normal replication-timing program when integrated into an autosome. 
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Autosomal Inactivation:  

The process of XCI establishes a chromosome-pair non-equivalence, 

such that the two X chromosomes in female cells function differently. This is 

evident in the different gene expression patterns, replication timing patterns and 

chromatin and DNA methylation patterns of the two chromosomes [126]. As it 

turns out, a similar non-equivalence is also established on autosomes in a 

process called autosomal inactivation (AI).  

 Every mammalian chromosome shows differences in gene expression 

with its homolog. This occurs to an exceptional degree on the X chromosome 

and to a much lesser extent on autosomes [161]. The gene expression 

differences between homologous autosomes are established by AI, which 

includes the processes of genomic imprinting and random monoallelic gene 

inactivation [161]. Genomic imprinting involves the inactivation of gene 

expression from either the maternal or paternal allele [161]. Imprinted genes tend 

to cluster spatially on autosomes and are not very common, only affecting about 

1% of autosomal genes [162]. A much more common occurrence is random 

monoallelic gene inactivation. Like XCI, the choice of which allele will be 

inactivated is chosen stochastically by each cell and is stably inherited by all 

subsequent generations. Random monoallelic gene inactivation affects ∼5-10% 

of all autosomal genes and tends to involve large, multi-gene families [163]. The 

focus of this section will be on AI via random monoallelic gene inactivation, which 

I will refer to as “random AI.” Interestingly, where ∼90% of the genes on the X 

chromosome are monoallelically expressed and ∼10% escape inactivation and 
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remain biallelically expressed, the opposite is true for autosomes. So, in effect, 

random AI accomplishes the same thing as XCI, only instead of 10% of genes 

escaping inactivation, 90% of genes escape inactivation on autosomes.   

 A wide variety of genes are subject to random AI. Many are involved in 

chemosensory or immune system functions, such as antigen receptors, 

pheromone receptors and odorant receptors; however, other genes subject to 

random AI have more diverse functions [161, 164]. For example, ribosomal DNA 

(rDNA) and many genes involved in cell adhesion are randomly monoallelically 

inactivated, indicating that ubiquitously expressed genes, in addition to tissue-

specific genes, can be regulated in this manner [165, 166]. Like XCI, random AI 

appears to be established during early embryogenesis and utilizes many of the 

same epigenetic factors to establish chromosome-pair non-equivalence [161, 

167]. Differential DNA methylation, chromatin modifications and subnuclear 

localization of the two homologs generally accompany random AI [161, 166, 

167]. Furthermore, most monoallelically-expressed loci are at or near regions of 

ncRNA gene expression, but it is unclear what role, if any, ncRNA function has in 

the process of random AI [161, 167]. Similar to genes on the X chromosome that 

are subject to XCI, genes that are subject to random AI tend to reside in areas of 

high LINE-1 concentration [168].  

 Most autosomal loci replicate synchronously, meaning that any given 

locus on an autosome will replicate at the same time in S phase as that of its 

homolog. However, autosomal loci that are subject to random AI replicate 

asynchronously [166, 167]. Interestingly, asynchronous replication is established 
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at these loci around the time of implantation, before gene inactivation and 

monoallelic expression [164, 166, 167]. Different from whole-chromosome 

replication asynchrony that occurs on the X chromosome, only ∼10% of 

autosomal loci are subject to replication asynchrony [169]. However, like the X 

chromosome, this replication asynchrony is coordinated at the whole-

chromosome level. Dr. Andrew Chess’s lab showed that, although only a small 

number of autosomal loci are asynchronously replicating, these loci coordinate 

their replication patterns with one another in cis along the entire chromosome 

[170-172]. For example, on chromosome 1, ∼90% of the loci will replicate 

synchronously and ∼10% will replicate asynchronously. Of the ∼10% that 

replicate asynchronously, the early-replicating alleles will all be on the same 

chromosome 1 homolog and the late-replicating alleles will all be on the other 

homolog. So, even though these loci are distant from each other and on both 

sides of the centromere, their replication timing is somehow coordinated along 

the entire chromosome. This has led to the proposition that a ncRNA, similar in 

function to Xist, might be responsible for autosomal replication coordination 

[172]. In addition, autosomal replication asynchrony has been shown to follow the 

‘n-1 rule’ in hyperdiploid cells [170, 172]. 

Since all loci subject to random AI are asynchronously replicating and 

since all asynchronously replicating loci coordinate DNA replication along each 

chromosome, then it would make sense that random monoallelic expression 

would also be coordinated in cis along each chromosome. Curiously, this does 

not seem to be the case [164]. Studies with clonal human B-cell lines have 
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established that, on any given autosome, some random monoallelically-

expressed genes will be expressed from the maternal allele and some from the 

paternal allele, indicating that monoallelic expression is not coordinated 

chromosome-wide [163]. Since asynchronous DNA replication is coordinated 

along each autosome and monoallelic gene expression is not, this indicates that 

some random monoallelically-expressed genes are expressed from the late-

replicating allele and vice versa. This suggests that, while asynchronous DNA 

replication and monoallelic expression tend to be concurrent features, they may 

be controlled by distinct mechanisms. This is supported by the demonstration 

that tissue-specific, monoallelically-expressed genes are asynchronously 

replicating even in tissues in which they are not expressed [164, 165]. 

Furthermore, although random monoallelic gene expression is a stable feature in 

individual clones once it is established, the existence of monoallelic expression 

can vary widely between different cells. Thus, in a population of cells, some 

clones will display monoallelic expression of a specific gene, some clones will 

display biallelic expression of that gene and some clones will display no 

expression at all [163, 165, 173]. Despite the differences in expression between 

different clones, these loci invariably display asynchronous DNA replication 

timing. As a result, asynchronous replication is a more consistent feature of loci 

subject to random AI than monoallelic expression, indicating that monoallelic 

expression per se may be a consequence of asynchronous replication.    

Random AI and XCI share many unique features, including: 1) the 

chromosome-wide coordination of asynchronous replication that follows the ‘n-1 
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rule’, 2) the establishment of differential DNA methylation and chromatin marks 

on each homolog, 3) the differential subnuclear localization of loci subject to 

inactivation, 4) high LINE-1 concentration of loci subject to inactivation, and 5) 

gene inactivation occurs very early in development. Some notable differences 

include: 1) XCI establishes the coordination of monoallelic expression along one 

chromosome (with the exception of Xist) while random AI does not, 2) XCI 

inactivates ∼90% of X-linked genes, while random AI inactivates ∼10% of 

autosomal genes, and 3) the monoallelic expression on the X chromosome is 

invariably present in all differentiated cells, whereas random monoallelic 

expression on autosomes displays cell-cell variability in expression patterns. 

Despite these differences, it has been suggested that XCI and random AI are 

controlled by a similar mechanism [170]. XCI is coordinated by the XIC, a cis-

acting region on the X chromosome that harbors monoallelically-expressed 

transcripts involved in silencing gene expression. Until recently, no similarly 

functioning locus had been identified on any autosome. As discussed in the 

following section, the region on chromosome 6 that is involved in DRT/DMC 

shares many commonalities with the XIC and appears to function in a similar 

manner. 
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Molecular and Functional Analysis of Loci that Control 

Chromosome-wide Replication Timing and Stability 

 

 Earlier in this chapter, it was mentioned that two genetic regions have 

been identified that result in DRT/DMC when deleted, a 21 kb region on the X 

chromosome and a 76 kb region on chromosome 6. One interesting feature of 

the 21 kb region on the X chromosome is that it lies within the XIC. Furthermore, 

not only does it lie within the XIC, but the 21 kb deletion encompasses the 

promoter and first three exons of Xist, silencing expression [81]. This suggests 

that not only do Xist and the XIC govern the process of XCI, but they also control 

the chromosome-wide replication timing and stability of the X chromosome.  

Since the 76 kb region on chromosome 6 appears to function similarly to 

the XIC in controlling replication timing and stability, the Thayer lab analyzed this 

region and found many shared molecular characteristics with the XIC. The 76 kb 

region on chromosome 6 lies within a large intergenic ncRNA gene, which they 

named asynchronous replication and autosomal RNA on chromosome 6 

(ASAR6) (Figure 1.6B-C) [122, 174]. Like Xist, ASAR6 is monoallelically 

expressed, restricted to the nucleus, and is an RNA pol II product [122, 123, 

175]. ASAR6 is not spliced or poly-adenylated and is ∼200 kb in length [122, 

123]. Although transcription can be detected in a >200 kb region on chromosome 

6, it is unlikely that ASAR6 represents one long transcript due to the multiple 

transcription start sites (TSSs) within the gene [122, 123]. Therefore, ASAR6 

most likely represents multiple, smaller, overlapping ncRNA transcripts. 
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Furthermore, ASAR6 exhibits random monoallelic expression, and is expressed 

in some, but not all, adult tissues [122]. ASAR6 is expressed from the loxP 

containing allele in P175 cells, indicating that deletions in chromosome 6 disrupt 

the transcribed ASAR6 gene [122]. Due to the multiple TSSs within ASAR6, 

some of the deletions that cause DRT/DMC on chromosome 6 do not completely 

eradicate ASAR6 transcription [122]. Nevertheless, every deletion on 

chromosome 6 that causes DRT/DMC at least partially disrupts the ASAR6 gene. 

Interestingly, a 47 kb deletion on chromosome 6 that does not cause DRT/DMC 

lies just outside the transcribed region of ASAR6 (Figure 1.6) [123].  

  The region surrounding ASAR6 also contains other transcripts, some of 

which are protein-coding genes and some of which are ncRNAs (Figure 1.7) 

[122]. The protein-coding gene mannosidase, endo-alpha (MANEA) and the 

protein-coding gene KIAA0776 (now called E3 UFM1-protein ligase 1 (UFL1)) 

are biallelically expressed while the protein-coding gene fucosyltransferase 9 

(alpha (1,3) fucosyltransferase) (FUT9) and the ncRNA four and a half LIM 

domains 5 (FHL5) opposite-strand transcript (FHL5ost) are monoallelically 

expressed in P175 cells [122]. The protein coding gene FHL5 is not expressed in 

P175 cells. Interestingly, FUT9 and FHL5ost are both transcribed from the 

opposite allele as ASAR6 [122]. Therefore, on the chromosome 6 that expresses 

ASAR6, FUT9 and FHL5ost are both silent and on the chromosome 6 that 

expresses FUT9 and FHL5ost, ASAR6 is silent.  

As is the case with most monoallelically-expressed genes, ASAR6 is 

asynchronously replicating [122]. In fact, ASAR6 lies within an ∼1.2 megabase 
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(mb) region that replicates asynchronously, despite containing both biallelically 

and monallelically expressed transcripts (Figure 1.7) [122, 123]. As has been 

described before [170], the asynchronous replication of genes within this ∼1.2 mb 

region is coordinated in cis (Figure 1.8) [122]. So the early-replicating alleles of 

ASAR6, FUT9, FHL5ost, MANEA, and KIAA0776 are on the same chromosome 

and the late-replicating alleles are on the other homolog. Interestingly, the 

chromosome 6 that expresses ASAR6 is the late-replicating homolog, while the 

chromosome 6 that expresses FUT9 and FHL5ost is the early-replicating 

homolog [123]. This is similar to the X chromosome in female mammalian cells, 

where Xist is expressed from the late-replicating homolog and all of the other 

monoallelically-expressed genes are expressed from the early-replicating 

homolog [176].  

Although it has been previously reported that all chromosomes coordinate 

their asynchronous replication in cis [170, 172], this does not seem to be the 

case with chromosome 6. The ∼1.2 mb asynchronously replicating domain that 

harbors ASAR6 is coordinated in cis with some distant asynchronously 

replicating loci on chromosome 6 and in trans with other asynchronously 

replicating loci (Figure 1.8) [122, 123]. However, in each case, the asynchronous 

replication is coordinated at the whole-chromosome level.  

One last unique feature of the ASAR6 locus is its ability to control gene 

silencing in cis. Deletions on chromosome 6 that disrupt ASAR6 and cause 

DRT/DMC also reactivate the previously silent alleles of FUT9 and FHL5ost 

[122]. Therefore, when ASAR6 is disrupted, FUT9 and FHL5ost become 
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biallelically expressed. In the cells used for this study, the only genes on 

chromosome 6 that displayed monoallelic expression were ASAR6, FUT9, and 

FHL5ost, so it is unclear if ASAR6 disruption causes a chromosome-wide loss of 

monoallelic gene expression or just disruption of nearby monoallelic gene 

expression. Interestingly, disruption of the Xist transcript can reactivate silenced 

genes on the Xi [150, 177], so it appears that both ASAR6 and Xist function 

similarly in the maintenance of linked monoallelic gene expression. 

Thus, the ASAR6 and Xist loci have many similarities including: 1) 

asynchronous replication, 2) antisense, nuclear, RNA pol II-transcribed ncRNA 

expression that is subject to random monoallelic expression, 3) monoallelic gene 

expression from the late-replicating allele, 4) gene expression in ESCs, 5) the 

disruption of either locus results in delayed replication timing and instability of 

entire chromosomes in cis, and 6) the disruption of either locus results in the 

transcriptional activation of the previously silent alleles of linked monoallelic 

genes. However, there are also many differences, such as: 1) Xist coats the Xi 

whereas there is no indication that ASAR6 coats chromosome 6, 2) Xist is 

expressed in all tissues while ASAR6 is only expressed in some, 3) Xist is 

spliced and polyadenylated [175] and ASAR6 is not, and 4) Xist is a single 

ncRNA transcript while ASAR6 appears to be a collection of multiple transcripts 

with multiple promoters. It is still unclear whether the above differences translate 

into functional differences between ASAR6 and Xist; however, it is becoming 

clear that these two genes have a similar impact on chromosome function. The 

functional similarities between the ASAR6 and Xist loci, with regards to 
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monoallelic gene expression, replication timing, and chromosome stability, 

indicate that they might represent two examples of important cis-acting essential 

elements that are present on all chromosomes. 
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The Inactivation/Stability Center: A Model for Cis Control of 

Chromosome-wide Replication Timing and Stability 

 

 Existing data indicate that ASAR6 and Xist reside within loci that regulate 

DNA replication timing, mitotic chromosome condensation, monoallelic gene 

expression and stability of their respective chromosomes. This is evident by the 

DRT, DMC, disrupted monoallelic gene expression and chromosome instability 

phenotypes that are observed when these loci are disrupted. The DRT/DMC 

phenotype has been detected on chromosome rearrangements involving many 

different human and mouse chromosomes [74, 77, 80, 81, 122]. Therefore, it 

seems likely that all mammalian chromosomes contain loci that function to 

regulate chromosome-wide replication timing of individual chromosomes. Given 

the similarities in structure and function of the two loci characterized to date, Xist 

and ASAR6, I propose that all mammalian chromosomes contain 

‘inactivation/stability centers’ (I/S centers) that function to maintain proper 

replication timing, mitotic chromosome condensation, monoallelic gene 

expression and stability of individual chromosomes. Under this scenario every 

mammalian chromosome contains four distinct types of cis-acting elements: 

origins of replication, centromeres, telomeres, and I/S centers, which all function 

to ensure proper replication, segregation and stability of individual chromosomes. 

In this thesis, I provide data to support the hypothesis that all mammalian 

chromosomes contain I/S centers that function to maintain proper replication 

timing, mitotic chromosome condensation, monoallelic gene expression and 
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stability of individual chromosomes. Specifically, I show that ASAR6, like Xist, 

can act dominantly to disrupt replication timing when ectopically integrated into 

an autosome. Furthermore, ectopic ASAR6 integration leads to the formation of 

an ASAR6 RNA “cloud” in the nucleus and chromosome-wide gene silencing of 

the integrated autosome. This indicates that ASAR6 has the ability to coat 

chromosomes in cis and inactivate gene expression, which are both essential 

functions for Xist-mediated gene silencing. I also identify a new locus on 

chromosome 15 that, when disrupted, results in DRT/DMC and genomic 

instability. Therefore, three loci have now been identified, on chromosomes 6, 15 

and X, that are necessary for the proper replication timing, mitotic chromosome 

condensation, and stability of their respective chromosomes. I finish with some 

preliminary data in which I test the two models the Thayer lab has proposed for 

how DRT/DMC is generated (the loss-of-function and gain-of-function models 

mentioned previously), which opens the avenue for a more in-depth genetic 

analysis of these loci.  
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Figures 

 

 

 

 

 

Figure 1.1: Replication Profile of Normal and DRT Chromosomes. The cell 

cycle phase is represented on the X-axis and relative DNA synthesis is listed on 

the Y-axis. The black line represents the replication timing profile of a normal 

chromosome and the green line represents that of a chromosome displaying 

DRT. Notice how the normal chromosome replicates within the confines of S 

phase and the DRT chromosome begins replication in early-mid S phase and 

finishes replication in G2 or M phase. Although they begin and complete DNA 

replication at different times, the time it takes to replicate each chromosome is 

comparable. Figure 1.1 is adapted from [77].   
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Figure 1.2: Schematic diagram of the chromosome engineering strategy. A 

diagram of the mouse genomic APRT gene, with a unique Hind III site in intron 2, 

is shown. The 5ʹ portion of the APRT gene was separated from the 3ʹ portion at 

this unique Hind III site. Floxed Neomycin (Neo) or Hygromycin (Hyg) resistance 

genes were inserted at the Hind III site in either the 5ʹ or 3ʹ portions of the APRT 

gene, respectively, resulting in the 5ʹAP-loxP and loxP-3ʹRT cassettes. The 5ʹAP-

loxP and loxP-3ʹRT cassettes integrated randomly throughout the genome 

following linearization and electroporation. After Cre transient transfection, 

reciprocal translocations were generated in a two-step process. First, due to the 

close proximity of the loxP sites flanking the Neo and Hyg genes, and the fact 

that they are aligned in the same orientation, the Neo and Hyg genes were 

excised as circles via highly efficient (determined to be >90%; data not shown) 

intra-chromosomal events. Next, Cre directed the remaining loxP sites to 

proceed through a low efficiency (<1 X 10-3) inter-chromosomal reciprocal 

exchange. This resulted in reconstitution of the APRT gene on one derivative 

chromosome, and a single loxP site on the other derivative, converting cells from 

APRT-negative (P-clones) to APRT-positive (R-clones) [77, 80]. Figure 1.2 is 

adapted from [122]. (Figure on next page). 

 

 

 

 

 



	
   48	
  

Figure 1.2: Schematic diagram of the chromosome engineering strategy. 
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Figure 1.3: DRT/DMC occurs on only one derivative chromosome of 

certain balanced translocations. A schematic diagram of the (A) 

t(3;16)(p13;p13.3) in R27, (B) t(6;10)(q15;q11.2) in R175, (C) 

t(der5p;22)(p14;q11.2) in R276, and (D) t(15;16)(q24;q12.1) in R268. Derivative 

chromosomes that displayed DRT/DMC are indicated with an arrow. Analysis of 

a fifth balanced translocation, a t(3;13)(q29;q14) (not shown) present in R186, 

showed that both derivative chromosomes could display DRT/DMC, indicating 

that the phenotype is not restricted to a single derivative chromosome [77]. 

Figure 1.3 is adapted from [122]. (Figure on next page). 
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Figure 1.3: DRT/DMC occurs on only one derivative chromosome of certain 

balanced translocations. 
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Figure 1.4: Schematic representation of chromosomes 6 and 10 in the P175 

and R175 cell lines. The P175 cell line contains a loxP site in one allele of 

chromosome 6 and one allele of chromosome 10. No other chromosomes in this 

cell line have been manipulated. Following transient Cre expression in P175, 

R175 was generated which contains a balanced 6;10 translocation. In R175, the 

chromosome 10 centromere derivative displayed DRT/DMC while the 

chromosome 6 centromere derivative and all the other chromosomes in the cell 

did not display DRT/DMC. Figure 1.4 is adapted from [122]. 
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Figure 1.5: Schematic representation of chromosome 6 deletions. P175 

cells were induced to undergo an ICD on chromosome 6. Following deletion, 

clonal cell lines were isolated, each containing a different sized deletion on 

chromosome 6. Δ175 5´ cells contain a deletion that is anchored at the loxP site 

on chromosome 6 and extending towards the chromosome 6 centromere. Δ175 

3´ cells contain a deletion that is anchored at the loxP site on chromosome 6 and 

extending away from the chromosome 6 centromere. Note that chromosome 10 

and all of the other chromosomes in Δ175 5´ and Δ175 3´ cells remain 

unperturbed. Subsequent analysis of multiple Δ175 5´ and Δ175 3´ cell lines 

revealed that none of the distal deletions result in DRT/DMC and all but one of 

the proximal deletions result in DRT/DMC, indicating that the region adjacent to 

the loxP site and proximal to the centromere is the region involved in this 

phenotype. (Figure on next page). 
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Figure 1.5: Schematic representation of chromosome 6 deletions 
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Figure 1.6: Alignment of chromosome 6 deletions along the ASAR6 locus. 

The location of two genes on chromosome 6 (MANEA and ASAR6), the original 

loxP integration site [loxP(red triangle)RT] and 6 different deletions in P175 cells 

[122] are depicted above a screenshot of the University of California, Santa Cruz 

(UCSC) Genome Browser of this region of chromosome 6. A) A set of nested 

deletions was generated in P175 cells and all except the smallest deletion (Δ47 

kb) displayed DRT. The green rectangle above ASAR6 (29 kb) represents the 

genetic region that differs between the smallest deletion that caused DRT and 

the deletion that did not cause DRT.  B and C) UCSC Genome Browser view of 

the RNA-seq data from whole-cell poly A- (B) or poly A+ (C) RNA from the 

human ESC line H1 [178]. The blue tick marks indicate sequence hits from the + 

direction, and the red tick marks indicate sequence hits from the - direction. Note 

that ASAR6 RNA is enriched in the poly A- fraction, while MANEA RNA is 

detected in both poly A- and poly A+ fractions. The locations of 5´ caps from the 

Encode/RIKEN CAGE [179] track are also shown. Figure 1.6 is adapted from 

[123]. (Figure on next page). 
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Figure 1.6: Alignment of chromosome 6 deletions along the ASAR6 locus. 
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Figure 1.7: Illustration of the ∼1.2 Mb region surrounding the loxP site on 

chromosome 6. A zoomed in view of the loxP(pink triangle)-3´RT locus on 

chromosome 6. The genes MANEA, FUT9, KIAA0776, FHL5 and FHL5ost are 

labeled above a blue arrow showing their relative gene length and transcriptional 

direction. The ASAR6 gene is labeled above a green arrow showing its relative 

gene length and transcriptional direction. The magnified area from MANEA to 

FHL5ost represents an ∼1.2 mb region of chromosome 6q16. Figure 1.7 is 

adapted from [122]. 
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Figure 1.8: Schematic diagram of chromosome 6 showing the location of 

the loci assayed for asynchronous replication. The ~1.2 mb region of 

chromosome 6 between MANEA and FHL5/FHL5ost is expanded on the right. 

The coordination in asynchronous replication of chromosome 6 monoallelically-

expressed genes with ASAR6 was found to be either in cis or in trans. Figure 1.8 

is adapted from [123]. 
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CHAPTER TWO 

 

Ectopic Integration of an ASAR6 Transgene 
Results in Chromosome-wide ASAR6 
Coating, Gene Silencing and Delayed 

Replication 
 

 

 

 

(Part of this chapter was adapted from [123]) 
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Introduction 

 

The Thayer lab has developed a chromosome engineering system that 

allows for the systematic analysis of human chromosomes with DRT/DMC [75, 

77, 80, 122]. This system relies on site-specific recombinases to generate 

precise chromosomal rearrangements. Using this system, the Thayer lab 

previously identified four balanced translocations, each displaying DRT/DMC on 

one of the two derivative chromosomes (Figure 1.3) [77]. Subsequently, it was 

found that translocations or deletions at a discrete locus on human chromosome 

6 resulted in DRT/DMC. The deletions that caused DRT/DMC on chromosome 6 

disrupted a large intergenic ncRNA gene named ASAR6 [122]. Interestingly, 

smaller deletions that did not disrupt ASAR6 did not cause DRT/DMC, indicating 

that ASAR6 may play a role in the acquisition of this phenotype. The 

chromosome 6 deletion analysis identified a 29 kb region on chromosome 6 that 

must be deleted in order for the chromosome to exhibit DRT/DMC (Figure 1.6) 

[123]. This 29 kb region contains the promoter and 5´ portion of the ASAR6 gene 

(see Figure 1.6). 

ASAR6 is a monoallelically-expressed gene that displays asynchronous 

replication between alleles. One important feature of the ASAR6 locus is its 

ability to control gene silencing in cis. Deletions on chromosome 6 that disrupt 

ASAR6 and cause DRT/DMC also reactivate the previously silenced alleles of 

monoallelically-expressed genes [122]. Therefore, when ASAR6 is disrupted, 
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monoallelically-expressed genes on chromosome 6 become biallelically 

expressed, indicating that ASAR6 can function to mediate gene silencing in cis. 

The process of X chromosome inactivation (XCI) ensures that X-linked 

gene expression levels are normalized between female (XX) and male (XY) 

mammalian cells, despite the difference in the number of X chromosomes. To 

accomplish this, one X chromosome in female cells undergoes transcriptional 

inactivation, resulting in only one X chromosome that is transcriptionally 

competent in diploid cells [124]. The silenced allele is referred to as the inactive 

X chromosome (Xi) and the transcriptionally competent allele is referred to as the 

active X chromosome (Xa) [125]. One unique feature of the Xi is that the entire 

chromosome is late replicating [126]. Therefore, following XCI the Xi is 

transcriptionally silenced and late replicating while the Xa is transcriptionally 

active and early replicating [129]. XCI is regulated by a region on the X 

chromosome called the X inactivation center (XIC) [124, 136]. The XIC harbors 

the Xist gene, a ncRNA that has been shown to be both necessary and sufficient 

for X inactivation [126]. During the establishment of XCI, Xist becomes 

expressed from the X chromosome destined to become the Xi [126]. This 

monoallelically-expressed transcript spreads in cis along the future Xi and coats 

the chromosome (forming an Xist RNA “cloud” on the Xi within the nucleus). 

Before Xist coats the chromosome, it remains bound to the Xi via tethering of the 

RNA transcript to a nucleation center within the Xist DNA by the transcription 

factor Yin Yang 1 (YY1) [140]. YY1 is thought to bind the repeat F region of Xist 

DNA on the X chromosome and interact with the Xist transcript via the Repeat C 
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region [140]. Following Xist accumulation around the XIC, the transcript spreads 

in cis along the Xi and coats the chromosome, forming the Xist RNA cloud [140, 

141]. The spreading of Xist RNA along the Xi is thought to recruit chromatin 

modifying complexes and histone variants that repress gene expression and 

induce heterochromatin [139].The Xi forms a territory in the nucleus called the 

Barr Body, which contains the heterochromatic portions of the Xi and colocalizes 

with the Xist RNA cloud. The Barr body is depleted of any gene expression as 

evidenced by the lack of non-genic repetitive sequence (Cot-1) expression [180]. 

The XIC was originally identified and mapped by analyzing X/autosome 

translocations. It was found that translocation derivatives containing the XIC 

exhibited the spread of transcriptional silencing into autosomal DNA, while 

derivatives that did not contain the XIC showed no spreading of inactivation into 

the autosomal fragments [181-183]. These data were further refined with the 

demonstration that transgenes containing the XIC could induce many aspects of 

XCI on autosomes. YACs and cosmids containing Xist and surrounding elements 

were randomly integrated into autosomes in mouse ESCs. Upon ESC 

differentiation, these autosomes recapitulate some aspects of XCI, including Xist 

expression, Xist RNA coating and cloud formation, gene inactivation, late 

replication and some establishment of repressive chromatin marks [153-156]. 

However, these properties were not observed in all clones following 

differentiation and single-copy arrays of the transgene were not sufficient to 

induce these properties, as multi-copy integrations were needed [156]. 

Interestingly, the ability of Xist to recapitulate aspects of XCI on autosomes is not 
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restricted to differentiating ESCs. Multiple labs have shown that Xist transgene 

integration into autosomes is sufficient to establish gene inactivation, Xist RNA 

cloud formation and repressive chromatin marks in the differentiated cell lines 

HT1080 and HELA [157-159]. Again, many transgene-integrated autosomes had 

variable inactivation status and others recapitulated only some aspects of XCI, 

indicating that additional variables are involved [158, 160]. Nevertheless, one 

unique feature of Xist is its ability to dominantly interfere with the normal 

replication-timing program of autosomes and induce transcriptional silencing. 

Xist shares many physical and functional similarities with ASAR6. For 

example, ASAR6 and Xist represent large ncRNA genes that display random 

mono-allelic expression, asynchronous replication, and control the expression of 

other mono-allelic genes in cis [122, 184]. In addition, deletion of the Xist gene in 

somatic cells results in a delayed replication phenotype that is similar to the DRT 

phenotype caused by disruption of ASAR6 [79, 81, 122]. Thus, the chromosomal 

phenotypes associated with ASAR6 disruption are remarkably similar to the 

phenotypes associated with disruption of Xist in adult somatic cells [77, 81, 122]. 

This indicates that these two genes may have similar functions in mediating 

chromosomal behavior. 

In this chapter, I show that, like Xist, ectopic integration of ASAR6 into an 

autosome causes a chromosome-wide delay in DNA replication. Similar to what 

is observed with Xist transgenes, this effect is only seen when ASAR6 is 

integrated in multi-copy arrays. ASAR6 also forms an ASAR6 RNA “cloud” and 

silences transcription on the integrated autosome, indicating that ASAR6 RNA 
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coats the integrated chromosome in cis and recruits factors that silence gene 

expression. When this transgene lacks the 29 kb region encompassing the 

promoter and 5´ portion of ASAR6, it can no longer induce these changes. This is 

the first demonstration of an autosomal transcript exhibiting functions that were 

thought to be associated only with Xist. This suggests that autosomes may 

harbor Xist-like transcripts that function to regulate DNA replication timing and 

monoallelic expression.   
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Results 

 

Ectopic Integration of a Human ASAR6 Transgene Delays Replication 

Timing of Mouse Chromosomes. 

 One well-characterized activity of the Xist gene is its ability to delay DNA 

replication timing in cis when ectopically integrated into chromosomes (reviewed 

in [152]). This activity is not restricted to ESCs, as ectopic integration of either 

human or mouse XIST/Xist into the chromosomes of differentiated mammalian 

cell lines can delay replication of entire chromosomes [154, 157, 158, 185]. 

Therefore, to determine if ASAR6 also displays this activity, we tested whether 

ectopic integration of cloned genomic DNA from the human ASAR6 locus can 

cause delayed replication timing of mouse chromosomes.  

For this analysis, a bacterial artificial chromosome (BAC) was used that 

contains ~180 kb of genomic DNA spanning the critical region of the ASAR6 

locus required for DRT (RP11-767E7) (Figure 2.1). As a negative control, a BAC 

from chromosome 13q14 (RP11-236M15) was chosen based on its relatively low 

LINE-1 content and lack of reported monoallelic expression [162, 163, 168]. Prior 

to transfection, the ASAR6 and control BACs were modified by recombineering 

[186] to contain a Hygromycin B (Hyg) resistance gene, which allowed for 

positive selection in mammalian cells. Following recombineering, the BACs were 

analyzed by PCR and endonuclease digestion to ensure that the Hyg resistance 

gene was targeted correctly and that no other rearrangements took place within 

the BAC (Figure 2.2). Mouse C2C12 cells were then transfected with the 
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modified BAC and subjected to selection in media containing Hygromycin B. 

Individual clones were isolated and analyzed for BAC integration sites and DNA 

replication timing of the integrated chromosome (Figure 2.3A). DNA replication 

timing was assayed using a bromodeoxyuridine (BrdU) “terminal label” assay 

(Figure 2.3B). This protocol allowed us to visualize the latest replicating portions 

of each chromosome and observe whether there was a difference in the 

replication timing of any homologous chromosome pair in the cell. Therefore, 

when pulse-labeled with BrdU in late S-phase, any chromosome that displays 

DRT will have more BrdU incorporation than its homolog.  

First, we analyzed cells that had the control BAC (RP11-236M15+hyg) 

stably integrated into an autosome. Figure 2.4 shows the replication timing 

analysis of a clone containing a multi-copy array of the control BAC integrated 

into one allele of mouse chromosome 10. Cultures were incubated with BrdU and 

mitotic cells were harvested, processed for BrdU incorporation and subjected to 

DNA-fluorescence in situ hybridization (FISH) using a mouse chromosome 10 

BAC (located near the centromere) plus the control BAC as probes. The DNA-

FISH signal from the chromosome 10 centromeric region allowed for the 

identification of the chromosome 10s, and the presence or absence of the control 

BAC allowed us to distinguish between the integrated and non-integrated 

chromosomes, respectively. A comparison of the BrdU incorporation pattern 

between chromosome 10s in multiple cells indicated that the chromosome 

containing the control BAC was not delayed in replication timing, as indicated by 

the similar amounts of BrdU incorporation between the integrated and non-
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integrated chromosome 10s (Figure 2.4). This suggested that integration of 

multiple copies of human BAC DNA into mouse chromosomes, by itself, is not 

sufficient to cause DRT.  

 Analysis of a clone that has a multi-copy integration (estimated to be ∼20 

copies) of the ASAR6 BAC (RP11-767E7+hyg) into mouse chromosome 3 

indicated that ASAR6 integration could disrupt DNA replication timing. Figure 

2.5A-D shows that the ASAR6 integrated chromosome replicated later than its 

chromosome 3 homolog, indicating that it was delayed in DNA replication. 

Delayed replication was also detected in a second clone containing a multi-copy 

integration of the ASAR6 BAC into a different mouse chromosome (data not 

shown), suggesting that multi-copy integration of the ASAR6 BAC into different 

mouse chromosomes can result in chromosome-wide delayed replication. 

Interestingly, analysis of a clone that contained a single-copy ASAR6 BAC 

integration revealed that the integrated chromosome did not display DNA 

replication delay (Figure 2.5E-H). Nevertheless, two out of three ectopic 

integrations of the ASAR6 BAC caused a chromosome-wide replication delay in 

cis. 

 We next wanted to narrow down the region on the ASAR6 BAC that was 

responsible for the DRT phenotype. As mentioned previously, work in the Thayer 

lab had identified an ∼29 kb critical region involved in the acquisition of the 

DRT/DMC phenotype [123]. To determine if this critical region was also required 

for delayed replication following ectopic integration, we deleted this ~29kb region 

from the ASAR6 BAC using recombineering strategies (see Figure 2.1 and 
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Figure 2.6A-B) and introduced the deleted BAC into mouse chromosomes. 

Figure 2.6C-F shows the results of the replication timing analysis on a clone 

containing ~20 copies of the deleted BAC integrated into mouse chromosome 1. 

This analysis indicated that the integrated chromosome 1 did not display delayed 

replication. Additional integrations of the deleted BAC into three other mouse 

chromosomes similarly did not display delayed replication (data not shown). In 

total, we detected delayed replication in two out of three ectopic integrations of 

the intact ASAR6 BAC and in zero out of four ectopic integrations of the deleted 

BAC. While it is not possible to conclude that the BAC with the ~29kb deletion 

cannot induce delayed replication upon ectopic integration, especially with the 

limited number of integrations assayed, our observations suggest that the ~29kb 

critical region of ASAR6 is necessary for delayed replication using this ectopic 

integration assay.  

 

ASAR6 Transgene Integration Results in ASAR6 RNA Cloud Formation on 

the Integrated Chromosome 

The chromosome-wide replication delay induced by ectopic ASAR6 

integration mimicked the replication phenotype that results from ectopic Xist 

integration [81, 122]. We next wanted to see whether ASAR6 integration could 

induce any other phenotypes associated with Xist and XCI. One identifying 

feature of Xist is its ability to associate with and spread along the entire X 

chromosome in cis [139]. The chromosome-coating activity of Xist RNA can be 

observed by RNA-FISH, where the Xist RNA signal accumulates around the Xi 
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and appears as a ”cloud” within the nucleus (Figure 2.7A). This is in contrast to 

the small, focal points of hybridization observed for most other RNA transcripts 

(Figure 2.7B). The Xist RNA cloud can also form on autosomes upon ectopic Xist 

integration, indicating that the Xist transcript retains the ability to coat 

chromosomes, albeit less efficiently, even when introduced into a different 

chromosomal context [157, 180]. Despite the demonstration that ASAR6 RNA 

does not coat chromosome 6 when expressed from its native locus in 

differentiated fibroblasts or primary blood lymphocytes (PBLs) (Figure 2.7B) [122, 

123], we assayed whether ectopic integration of an ASAR6 transgene resulted in 

the accumulation of ASAR6 RNA along the integrated chromosome. For this 

experiment, we used a clonal cell line with a multi-copy ASAR6 transgene 

integration into chromosome 3 that displayed delayed replication (see Figure 

2.5A-D). RNA/DNA-FISH was used to analyze ASAR6 RNA localization and 

accumulation. We found that multi-copy ectopic integration of ASAR6 resulted in 

the formation of an ASAR6 RNA cloud in the nucleus that co-localized with the 

integrated chromosome, indicating that ASAR6 can coat the chromosome in cis 

(Figure 2.7C-G). To compare the appearance of the ASAR6 and Xist RNA 

clouds, RNA-FISH was performed with both an Xist probe and an ASAR6 probe. 

The two RNA-FISH signals appeared very similar in each cell (Figure 2.7H-J), 

suggesting that ASAR6 RNA localization and accumulation is regulated in a 

manner similar to Xist when ectopically integrated into an autosome. 

Interestingly, RNA-FISH on cells with a multi-copy ectopic integration of the 

ASAR6 deletion BAC (RP11-767E7Δ29kb in Figure 2.1) revealed that RNA is still 
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expressed from this transgene (despite lacking the ASAR6 promoter), confirming 

that multiple TSSs are present within this gene. However, the ASAR6 transcript 

that is expressed from the deletion BAC did not form an ASAR6 RNA cloud 

(Figure 2.8A-D). A comparison of the signal size of the deletion BAC transcript to 

that of the intact ASAR6 and Xist signals indicated that it is indeed much smaller 

in size, similar to that of most other RNA transcripts (Figure 2.8E-F). This 

indicates that ectopic ASAR6 integration results in the cis association of the 

ASAR6 transcript with the integrated chromosome and that the 29 kb promoter 

region is necessary for this effect.  

 

ASAR6 RNA Coating Correlates with Chromosome-wide Gene Inactivation 

Another identifying feature of Xist is its ability to initiate and direct the 

silencing of linked gene expression. At the onset of XCI, Xist is expressed from 

the Xi, coats the chromosome, and recruits repressive histone and DNA 

methylating complexes, which result in chromosome-wide silencing of gene 

expression [126, 135]. Xist appears to be one of the major components in this 

process, as this gene has been shown to be both necessary and sufficient for Xi 

gene silencing [126]. With the demonstration that ASAR6 RNA can coat 

chromosomes following ectopic integration, we next wanted to determine if the 

chromosome coating and ASAR6 RNA cloud formation is associated with 

transcriptional silencing of the integrated chromosome. C2C12 cells are 

myoblasts that were derived from an inbred mouse strain and contain few, if any, 

nucleotide polymorphisms that could be used in PCR-based assays to detect 
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allele-specific expression [187]. Furthermore, assaying gene expression of 

multiple individual genes is not necessarily indicative of whole-chromosome 

transcriptional status. Therefore, a method developed by Hall et al. was used to 

assay global nuclear transcription [157]. This method involves labeling Cot-1 

DNA to use as a probe in non-denatured nuclei, thereby detecting expressed 

repetitive RNA sequences. Cot-1 is comprised of repetitive sequences, such as 

LINE-1s and small interspersed nuclear elements (SINEs), and is typically used 

in DNA-FISH as a competitor to block non-specific probe binding to these 

sequences. Most repetitive sequences in the genome are not autonomously 

transcribed; however, they reside within the introns of nearly all genes and are 

therefore present in essentially all pre-messenger RNAs (pre-mRNAs). Thus, by 

using Cot-1 DNA as a probe to detect repetitive RNA, it is possible to detect 

global transcription in the nucleus. Furthermore, since chromosomes reside 

within distinct chromosome territories in the interphase nucleus [188], combining 

Cot-1 RNA-FISH with other markers allows for the identification of specific 

chromosome territories that lack transcription.  

Analysis of global nuclear transcription in cells that had an ASAR6 RNA 

cloud indicated that Cot-1 RNA was absent from nuclear regions occupied by 

ASAR6 RNA (Figure 2.9A-D). Furthermore, quantification of the signal intensity 

for ASAR6 and Cot-1 RNAs indicated that Cot-1 RNA was depleted in regions 

that had the ASAR6 signal (Figure 2.9E-I). This suggests that ASAR6 RNA co-

localizes with a repressive nuclear compartment. Additionally, since ASAR6 

remains associated in cis with the integrated chromosome (in this case mouse 



	
   71	
  

chromosome 3), I conclude that the integrated chromosome 3 lies within this 

repressive nuclear compartment. It is impossible to tell from these data which 

came first: ASAR6 coating or transcriptional silencing; however, it is known from 

XCI studies that Xist coating precedes transcriptional inactivation [124]. 

Furthermore, when the deleted ASAR6 transgene was analyzed in a similar 

manner, we found that the deleted RNA did not co-localize with a transcriptionally 

silenced compartment (Figure 2.10). This suggests that ASAR6 cloud formation 

is necessary to induce transcriptional silencing of an ectopically integrated 

chromosome in cis and that ASAR6 RNA expression without cloud formation is 

not sufficient to silence gene expression.    
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Discussion 

 

Mammalian cells replicate their genomes every cell cycle during a defined 

replication-timing program. It is clear that the determinants of replication timing 

are not encoded within the sequence of the origins of replication, but rather the 

timing of origin firing is dictated by chromosomal location [10, 189]. Recent 

studies indicate that at least half of the genome is subject to changes in the 

temporal sequence of DNA replication during development [15]. The current 

thinking is that replication timing is directly linked to complex higher-order 

features of chromosome architecture [13, 190]. However, both the mechanisms 

and the significance of this temporal replication program remain poorly defined. 

 Previous work indicated that the ASAR6 and Xist genes share many 

characteristics, including: 1) they both display random monoallelic expression, 2) 

they both display asynchronous replication that is coordinated with other linked 

monoallelic genes, 3) disruption of either gene results in delayed replication 

timing and instability of entire chromosomes in cis, 4) disruption of either gene 

results in the transcriptional activation of the previously silent alleles of linked 

mono-allelic genes, and 5) both are expressed from the late-replicating allele [79, 

81, 122, 123, 176, 184]. Furthermore, another well-characterized activity of the 

Xist gene is the ability to delay replication timing of entire chromosomes upon 

ectopic integration of cloned genomic DNA [reviewed in [152]]. In this report, it 

was found that ectopic integration of cloned human genomic DNA containing 

ASAR6 had the ability to delay replication of mouse chromosomes. Additionally, 
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the ability of an ASAR6 transgene to delay replication at ectopic locations 

occurred only when multiple copies of the transgene were integrated, which was 

also observed with Xist genomic transgenes [154-157].  

 One interesting aspect of ASAR6 and Xist is that the loss-of-function and 

gain-of-function both give the same replication timing phenotype. Deletions at the 

native loci cause DRT, and ectopic integrations on different chromosomes also 

cause DRT [79, 81, 122, 152]. At first this seems counterintuitive, but these data 

may suggest that these loci are multi-functional. For example, on the X 

chromosome, it is known that a deletion at the Xist locus causes chromosome-

wide DRT, indicating that the Xist locus functions to promote early replication of 

the X chromosome [79, 81]. However, it is also known that expression of Xist is 

required for chromosome-wide silencing and late replication [138]. Interestingly, a 

deletion at the Xist locus on the Xa (the X chromosome that does not express 

Xist) causes DRT, suggesting that the Xist transcript is not involved in promoting 

early replication [79]. Therefore, it is possible that one function of the Xist locus is 

to produce the Xist transcript, which silences gene expression and delays DNA 

replication, while another function of this locus is to promote early DNA 

replication through a transcript-independent mechanism. Thus, the default state 

of the X chromosome would be to replicate early (referred to as normal 

replication timing) and this could be dominantly interfered with via the Xist 

transcript. This idea would be the same for the ASAR6 locus. The ASAR6 locus 

may function in a transcript-dependent manner to silence expression of one allele 

of random monoallelically-expressed genes on chromosome 6 during the 
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process of random AI and promote late-replication of these specific loci. The 

other function of this locus would be transcript-independent and promote early 

chromosome replication via an unknown mechanism. 

It was also found that deleting 29 kb from the ASAR6 transgene negated 

the effects it had on replication timing. This region spans the presumed promoter 

of ASAR6 and also encompasses the 5´ portion of the gene. One limitation of this 

study is that we compared the phenotypes of cells that had an ectopic integration 

of the intact ASAR6 BAC or the deleted BAC into different chromosomal loci. 

Since the site of integration of these transgenes could not be controlled, it is 

possible that position-effects of the local chromatin environment were influencing 

their activity. A possible future study would be to randomly insert a single loxP 

site into a mouse autosome and then integrate different ASAR6 transgenes 

(which contain a single loxP site) in a Cre-dependent manner. Although this 

experiment would only allow for single-copy integration of a transgene, Chow et 

al. have successfully used a similar strategy to assay the function of Xist-

containing transgenes that are expressed from an inducible promoter [160]. 

Therefore, it would be possible to compare the activity of multiple different 

transgenes without having to worry about the effects of different chromatin 

environments. 

Previous studies have indicated that ASAR6 does not coat chromosome 6 

in differentiated lymphocytes or fibroblasts [122, 123]. In this study, we found that 

ectopic integration of an ASAR6 transgene resulted in ASAR6 RNA cloud 

formation in the nucleus and accumulation of the transcript around the integrated 
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chromosome. How can this finding be reconciled with data indicating that ASAR6 

does not coat chromosomes? The multi-copy ASAR6 integration clearly results in 

overexpression of the transcript. However, the RNA-FISH analysis was only 

designed to analyze nascent transcripts that are present at the site of 

transcription and not total RNA levels in the nucleus. Therefore, the accumulation 

of the ASAR6 RNA transcript at these loci cannot be explained simply by 

overexpression and suggests that the RNA transcript is being actively retained 

around the integrated chromosome. These data indicate that ASAR6 has the 

ability to coat chromosomes, much like the Xist transcript, only it does not do so 

in at least two differentiated cell types. But why would ASAR6 retain this activity? 

It is possible that ASAR6 does coat chromosome 6 at some point in development 

or only in specific cell types. Additional studies will be needed to confirm this 

possibility. 

Interestingly, the RNA transcript transcribed from the ASAR6 deletion BAC 

(RP11-767E7-Δ29kb) does not coat the integrated chromosome. This suggests 

that there is some information encoded in this 29 kb region that is necessary for 

the coating activity of ASAR6. Interestingly, a similar phenomenon was also 

observed with Xist transgene deletions. Jeon et al. showed that, while ectopic 

integration of a full-length Xist transgene resulted in Xist accumulation and 

coating, a small deletion in the 5´ end of the gene completely counteracted this 

activity [140]. It was subsequently found that the deleted region contained three 

YY1 binding sites, and without these YY1 binding sites within the genomic DNA 

the Xist transcript was unable to associate with the integrated chromosome in cis 
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[140]. Since YY1 acts as a bridge by binding Xist DNA and RNA, it was 

suggested that deleting the YY1 DNA binding sites resulted in the migration of 

the Xist transcript to other regions in the nucleus [140, 141]. Therefore, one 

possibility for why the deleted ASAR6 does not coat chromosomes could be that 

the DNA-RNA binding protein responsible for ASAR6 coating can no longer bind 

the DNA, the RNA or both. The protein that facilitates ASAR6 coating is currently 

not known, however, an analysis of the 29 kb deletion indicates that a YY1 

binding site does reside in this region (AACATGGCG at chr6:96334002-

96334011 bp [NCBI Build 36/hg18]). Whatever the reason, this 29 kb region is 

clearly essential for the coating function of ASAR6 and future experiments 

narrowing this vital region down to a smaller size will be beneficial in identifying 

its function.        

In addition to ASAR6 coating, it was demonstrated that ASAR6 transgene 

integration could silence gene expression on the integrated chromosome. This 

transcriptional silencing was dependent on ASAR6 coating, as indicated by the 

lack of silencing when ASAR6 RNA did not form a cloud in the nucleus. The 

easiest explanation for ASAR6-induced silencing is that this transcript has the 

ability to recruit chromatin- and/or DNA-modifying enzymes in a manner similar to 

Xist, however further studies will be needed to confirm this possibility. The 

demonstration that ASAR6 has the ability to silence gene transcription in cis 

correlates with previous observations that deletion of ASAR6 resulted in the 

activation of previously silent alleles of linked monoallelically-expressed genes. 

Therefore, I propose that the ASAR6 locus normally functions to silence gene 
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expression of random monoallelically-expressed genes on chromosome 6. This 

process would begin early in development, around the time that random AI is 

occurring, and would result in ASAR6 RNA coating chromosome 6 and initiating 

silencing of random monoallelically-expressed genes. Following differentiation, 

once the silencing of one allele is established, ASAR6 would no longer associate 

in cis with chromosome 6. So, unlike XCI, where Xist RNA associates with the Xi 

throughout all stages of development, ASAR6 RNA associates with chromosome 

6 at the very early stages of development and not in adult tissues. Of course, this 

is not the only function of the ASAR6 locus. This locus, through some unknown 

mechanism, also controls chromosome-wide DNA replication timing by promoting 

early DNA replication. This function is supported by data indicating that 

chromosomal deletions and translocations at this locus result in DRT/DMC [77, 

122].  

The DRT/DMC phenotype has been detected on chromosome 

rearrangements involving many different mammalian chromosomes [74, 77, 80, 

81, 122]. Therefore, it seems likely that all mammalian chromosomes contain loci 

that function to regulate chromosome-wide replication timing of individual 

chromosomes. Given the similarities in structure and function of the two loci 

characterized to date, Xist and ASAR6, I propose that all mammalian 

chromosomes contain ‘inactivation/stability centers’ that function to maintain 

proper replication timing, mitotic chromosome condensation, monoallelic gene 

expression and stability of individual chromosomes.  
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Materials and Methods 

 

Recombineering 

SW102 cells [191] were electroporated with 4 micrograms (µg) of purified 

BAC DNA (RP11-236M15 or RP11-767E7) at 1.35 kiloVolts (kV) and 600 ohms 

with a capacitance of 10 microFarad (µF) using a 0.1 cm gap cuvette. Cells were 

added to 1 mL Lysogeny Broth (LB), recovered for 1 hour at 30°Celsius (C), and 

plated on LB/agar plates containing 25 µg/ milliliter (mL) Chloramphenicol (Cam) 

and 12.5 µg/mL Tetracycline (Tet) for 48 hours at 30°C.  Clones were screened 

for the presence of an intact BAC by restriction enzyme digest and polymerase 

chain reaction (PCR) and positive clones were pooled (SW102 + BAC cells). To 

insert a Hygromycin B resistance gene (HygR) into our BAC, we used a counter-

selection modification strategy. SW102 cells are normally resistant to 

Streptomycin (Str). We first introduced DNA into the BAC that conferred Str 

sensitivity and Kanamycin (Kan) resistance to the cells and then replaced it with 

DNA containing HygR and an Ampicillan (Amp) resistance gene. Upon Amp 

resistance, the cells then revert back to Str resistance and Kan sensitivity. 25 mL 

of LB + 25 µg/mL Cam was inoculated with 500 µL of overnight starter culture 

containing SW102 + BAC cells and shaken at 30°C for 3 hours. Cells were 

induced by heat shock at 42°C for 15 min and put on ice. Cells were washed 

twice with ice-cold distilled H2O (dH2O) and resuspended in ∼400 µL dH2O. The 

PCR product used in the first recombineering step was generated by amplifying 
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rpsL-neo template DNA (GeneBridges, Dresden, Germany) with the rpsL-neo For 

(5´- CTTATCGATGATAAGCTGTCAAACATGAGAATTGATCCGGAACCCTTAA 

TGGCCTGGTGATGATGGCGGGATCG-3´) and rpsL-neo Rev (5´-CCGATGCAA 

GTGTGTCGCTGTCGACGGTGACCCTATAGTCGAGGGACCTATCAGAAGAAC

TCGTCAAGAAGGCG-3´) primers. This PCR product contains 50 base pairs (bp) 

of homology to the pBACe3.6 vector on each end. Prior to electroporation, the 

PCR product was digested with DpnI, phenol/chloroform extracted, ethanol 

precipitated and resuspended in 40 µL dH2O. 50 µL of induced cells were 

combined with 2 µL PCR product and electroporated as mentioned above. Cells 

were plated on LB/agar plates containing 25 µg/mL Cam and 15 µg/mL Kan. 

Cam + Kan resistant cells were selected for Str sensitivity and correct targeting 

was confirmed by restriction enzyme digestion and PCR. To replace the rpsL-neo 

DNA with our HygR gene, we used the protocol outlined above with some 

modifications. The PCR product used for recombination was generated by 

amplifying loxP-hygro-amp in pCR2.1 with Hyg For (5´-CCGATGCAAGTGTGTC 

GCTGTCGACGGTGACCCTATAGTCGAGGGACCTACAGGAAACAGCTATGAC

CATG-3´) and Hyg Rev (5´-CTTATCGATGATAAGCTGTCAAACATGAGAATTG 

ATCCGGAACCCTTAATTGTAAAACGACGGCCAGT-3´) primers. Before 

induction, cells were grown up in LB + 25 µg/mL Cam and 15 µg/mL Kan and 

following electroporation cells were plated on LB/agar plates containing 25 µg/mL 

Cam, 50 µg/mL Str and 25 µg/mL Amp. Correct targeting was confirmed by 

restriction enzyme digestion and PCR. This made the RP11-236M15+hyg and 

RP11-767E7+hyg BACs. 
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To make the 29kb deletion in RP11-767E7, we used a galactokinase 

(galK) selection method that has been described previously [191]. Briefly, the 

galK cassette was amplified with the primers galK For (5´-AAGTGTGCACATATG 

TGTTAGATGAAATATTGAGAAGGAACTTGAGTAAACCCTGTTGACAATTAAT 

CATCGGCA-3´) and galK Rev (5´-TCATAATATGCATGGTAGGAAGTCTCCAG 

GAACTGACCCGTATAACAGGATTCAGCACTGTCCTGCTCCTT-3´). We 

electroporated PCR product into SW102+RP11-767E7+Hyg cells using the 

protocol described above. Following electroporation, cells recovered for an hour 

at 30°C and were washed twice with minimal media (M9) and plated on M63 

plates. Cultures were left to grow at 32°C for 6-7 days. Correct targeting was 

confirmed by restriction enzyme digestion and PCR. This deletes chr6:96203250-

96232818 (NCBI GRCh37/hg19). 

 

PCR and Restriction Digest to Screen for Targeted Recombinants 

 BAC DNA was purified from bacteria and subjected to PCR in a 25-50 µl 

volume using 50-100 nanograms (ng) of DNA, 1x Standard Taq Buffer (New 

England Biolabs, Inc.), 200 microMolar (µM) each deoxynucleotide triphosphate, 

0.2 µM of each primer, and 3 units (U) of Taq DNA Polymerase (New England 

Biolabs, Inc.) under the following reaction conditions: 95°C for 2 min, followed by 

35 cycles of 95°C for 30 sec, 60°C for 45 sec, and 72°C for 1 min, with a final 

extension time of 10 min at 72°C. PCR products were separated on 1% agarose 

gels, stained with ethidium bromide, and photographed under ultraviolet light 

illumination. The new junctions formed by Hyg insertion in RP11-236M15+hyg 
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and RP11-767E7+hyg BACs were amplified using the following primers (used in 

Figure 2.2A):  

Junc. #1 For: 5´-GCATAACCAAGCCTATGCCTAC-3´ 

Junc. #1 Rev: 5´- GTTATCTACACGACGGGGAGTC-3´ 

Junc. #2 For: 5´- ATTGACATGTCGTCGTAACCTG-3´ 

Junc. #2 Rev: 5´- AATTCGCCAATGACAAGACG-3´ 

+ cont. For: 5´-	
  TCGAGATTTTCAGGAGCTAAGG-3´ 

+ cont. Rev: 5´-	
  TCATGGAAAACGGTGTAACAAG-3´ 

The primers used in Figure 2.6B for detection of 29kb deletion: 

New junc. For: 5´-AAAAATGTCCTGAAACAGAAAAGAA-3´ 

New junc. Rev: 5´-GCTGTCGCTGAACAATATGAAG-3´ 

Deleted region For: 5´-AAAGGCTAGTTTAGTAATTCAGACA-3´ 

Deleted region Rev: 5´-CTGGTCCTCATCCAGAGCTTAC-3´ 

 Restriction endonuclease digestion was performed according to 

manufacturer’s protocols (New England Biolabs, Inc.) and run on a 1% agarose 

gel overnight at low voltage, stained with ethidium bromide, and photographed 

under ultraviolet light illumination. 

 

Transfection of BAC DNA Into Cells 

BAC DNA was purified using the PrepEase BAC purification kit (Usb). 

Mouse C2C12 cells were plated in 6-well dishes to attain 90-95% confluence the 

following day.  On the day of transfection 100 µL of OPTIMEM (Gibco) was 

mixed with 1 µg uncut BAC DNA and another 100 µL OPTIMEM was mixed with 
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4 µL Lipofectamine 2000 (Invitrogen). Tubes were incubated at room 

temperature for 5 minutes, mixed together and incubated another 30 min.  2 mL 

of DMEM plus 10% fetal bovine serum (Hyclone) was added to each well in 

addition to the 200 µL of DNA:lipofectamine complexes. Cells were incubated at 

37°C and, 48-72 hours post-transfection, each well was split into a 15 cm dish 

containing DMEM + 10% serum + 100 µg/mL Hygromycin B (Calbiochem). 

Hygromycin resistant clones were isolated and screened for the presence of BAC 

DNA by PCR and DNA-FISH.  

 

DNA-FISH 

Trypsinized cells were centrifuged at 1,000 rpm for 10 minutes in a 

swinging bucket rotor. The cell pellet was re-suspended in 75 milliMolar (mM) 

potassium chloride for 15-30 minutes at 37°C, re-centrifuged at 1,000 rpm for 10 

minutes and fixed in 3:1 methanol:acetic acid. Fixed cells were added drop-wise 

to microscope slides to generate mitotic chromosome spreads using standard 

methods [192]. Slides with mitotic spreads were baked at 85°C for 20 minutes 

and then treated with 0.1 mg/ml RNAase for 1 hour at 37°C. After RNAase 

treatment, the slides were washed in 2xSSC (1xSSC is 150 mM NaCl and 15 

mM sodium citrate) with 3 changes for 3 minutes each and dehydrated in 70%, 

90%, and 100% ethanol for 3 minutes each. The slides were denatured in 70% 

formamide in 2xSSC at 70°C for 3 min followed by dehydration in ice cold 70%, 

90% and 100% ethanol.  
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 BAC and Fosmid probes: Mitotic chromosome spreads were prepared as 

described above. BAC and Fosmid (F-factor Cosmid cloning vectors) DNAs were 

nick-translated using standard protocols to incorporate biotin-11-dUTP or 

digoxigenin-dUTP (Invitrogen). BAC and Fosmid DNAs were directly labeled with 

Cy3-dUTP, FITC-dUTP, Spectrum Orange-dUTP or Spectrum Green-dUTP 

(Vysis, Abbott Laboratories) using nick-translation or random priming using 

standard protocols. Final probe concentrations varied from 40-60 ng/ul. BAC or 

Fosmid probes were denatured at 75OC for 10 minutes and prehybridized at 

37OC for 30 minutes. Probes were applied to slides and incubated overnight at 

37OC. Post-hybridization washes consisted of three 3-minute rinses in 50% 

formamide/2XSSC, three 3-minute rinses in 2XSSC, and finally three 3-minute 

rinses in PN buffer (0.1M Na2HPO4 + 0.0M NaH2PO4, ph 8.0, +2.5% Nonidet 

NP-40), all at 45OC. Slides were then counterstained with either propidium iodide 

(2.5ug/ml) or DAPI (15ug/ml) and viewed under UV fluorescence (Olympus). 

 

RNA/DNA-FISH 

Cells were plated on microscope slides treated with concanavalin A 

(Sigma) at ~50% confluence and incubated for 4 hours in complete media in a 

37oC humidified CO2 incubator. Slides were rinsed 1 time with sterile RNase free 

PBS. Slides were incubated for 30 seconds in CSK buffer (100mM NaCl, 300mM 

Sucrose, 3mM MgCl2,10mM Pipes, ph 6.8), 5 minutes in CSK buffer plus 0.1% 

Triton X-100, and then for an addition 30 seconds in CSK buffer at room 

temperature. Cells were fixed in 4% paraformaldehyde in PBS for 10 minutes at 
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room temperature. Slides were rinsed in 70% ETOH and stored in 70% ETOH at 

4° C until use. Just prior to use, slides were dehydrated through an ETOH series 

(70%, 90% and 100%) and allowed to air dry. Denatured probes were 

prehybridized with Cot-1 DNA at 37° C for 30min. Slides were hybridized at 37oC 

for 14-16 hours. Slides were washed as follows: 3 times in 50% 

formamide/2xSSC at 42° C for 5 minutes, 3 times in 2xSSC at 42° C for 5 

minutes, 3 times in 4xSSC/0.1% Tween 20 at room temperature for 3 minutes. 

Slides were then fixed in 4% paraformaldehyde in PBS for 5 minutes at room 

temperature, and briefly rinsed in 2xSSC at room temperature. The slides were 

then dehydrated in 70%, 90% and 100% ETOH, and then processed for DNA-

FISH, including the RNAase treatment step, as described above. Slides were 

then counterstained with either propidium iodide (2.5ug/ml) or DAPI (15ug/ml) 

and viewed under UV fluorescence (Olympus). Z-stack images were generated 

using a Cytovision workstation. 

 

Cot-1 RNA-FISH 

 Cot-1 RNA-FISH was carried out exactly as outlined in the above RNA-

FISH protocol except that the nick translation reaction was only allowed to go for 

90 minutes as opposed to the regular overnight incubation. Furthermore, the 

prehybridization step following probe denaturation was omitted. Denatured probe 

was directly added to slides.   
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Replication Timing Assay 

 The BrdU replication timing assay was performed on exponentially 

dividing cultures as follows: asynchronously growing C2C12 cells were exposed 

to 20 ug/ml of BrdU (Sigma) for 2, 2.5, or 3 hours [193]. Mitotic cells were 

harvested in the absence of colcemid, treated with 75 mM KCl for 15-30 minutes 

at 37°C, fixed in 3:1 methanol:acetic acid and dropped on wet, ice-cold slides. 

The chromosomes were denatured in 70% formamide in 2xSSC at 70°C for 3 

minutes and processed for DNA-FISH, as described above. The incorporated 

BrdU was then detected using a FITC-labeled anti-BrdU antibody (Becton 

Dickinson). Slides were stained with propidium iodide (0.3 mg/ml), cover slipped, 

and viewed under UV fluorescence. 

All images were captured with an Olympus BX Fluorescent Microscope 

using a 100X objective, automatic filter-wheel and Cytovision workstation. 

Individual chromosomes were identified by G-banding or hybridization with 

BACs. Utilizing the Cytovision workstation, each chromosome was isolated from 

the metaphase spread and a line drawn along the middle of the entire length of 

the chromosome. The Cytovision software was used to calculate the pixel area 

and intensity along each chromosome for each fluorochrome occupied by the 

DAPI and BrdU (FITC) signals. The total amount of fluorescent signal was 

calculated by multiplying the average pixel intensity by the area occupied by 

those pixels. 
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Figures 

 

 

 

 

Figure 2.1: Schematic representation of the ASAR6 BAC used for 

integration into mouse chromosomes. The approximate locations of the loxP 

integration sites (red triangles) in P175 cells, deletions [in kilobases (Δkb)], and 

the location of the ASAR6 BAC (RP11-767E7, green and red) are indicated. The 

ASAR6 BAC spans half of the ASAR6 gene and past the loxP-3´RT cassette. 

The ASAR6 BAC was modified by recombineering to contain a deletion of the 

~29 kb (red) critical region identified by the deletion analysis (BAC: RP11-767E7-

∆29kb BAC) [123]. Figure 2.1 is adapted from [123]. 
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Figure 2.2: Confirmation of Hyg insertion into BACs. A) Junction PCR for the 

detection of correct Hyg plasmid targeting. Non-recombined BAC DNA (RP11-

767E7) and recombined BAC DNA (RP11-767E7+hyg) were subjected to PCR 

with primers that amplify the two new junctions formed by targeted Hyg insertion 

(Junc. 1 and Junc. 2). A positive control was included that amplifies a region on 

the BAC vector backbone that was not affected by recombineering (+ cont). Note 

that only the recombined BAC contains the new junctions formed by Hyg 

insertion. The band in the RP11-767E7 lane for the Junc. 2 primer set is non-

specific amplification. B) Restriction endonuclease digestion of non-recombined 

RP11-767E7 and RP11-236M15 or recombined RP11-767E7+hyg and RP11-

236M15+hyg DNA. DNA was digested either with KpnI or XhoI. Digestion of 

recombined BACs with KpnI gives a band at 2.5 kb while non-recombined BACs 

do not have this band (lower blue arrow). Digestion of recombined BACs with 

XhoI gives a band at 8 kb while non-recombined BACs do not have this band 

(upper blue arrow). Marker (M) sizes are shown in kb to the left of the DNA 

ladder. Note that aside from the two new bands, the digestion pattern is identical 

between the recombined and non-recombined BACs, indicating that the 

recombined BACs have not undergone any further rearrangements. (Figure on 

next page). 
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Figure 2.2: Confirmation of Hyg insertion into BACs. 
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Figure 2.3: Diagram of ectopic integration experiment and BrdU terminal 

label assay. A) Before ectopic integration of BAC DNA into cells, the BAC (red 

ring) was first modified to contain a gene mediating resistance to Hygromycin B 

(hygro). Modified BAC DNA was purified and transfected into C2C12 cells by 

lipofection and DNA replication timing was analyzed. An example is shown of two 

homologous mouse chromosomes (blue), one containing an integration of the 

BAC DNA (red band) and one that has not been modified. B) BrdU terminal 

labeling procedure. Normal chromosomes (black line) replicate within the 

confines of S phase, while DRT/DMC chromosomes (red line) replicate later in 

the cell cycle. To analyze the replication timing difference, BrdU is added to the 

media of asynchronously growing cells for a specific amount of time (green 

arrow) and cultures are harvested for mitotic spreads and processed for DNA-

FISH and BrdU incorporation. All cells that are in mitosis at the time of harvest 

will have incorporated BrdU in late S phase and the differences in replication 

timing can be visualized by differences in BrdU staining. Panel B was adapted 

from [122]. (Figure on next page). 
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Figure 2.3: Diagram of ectopic integration experiment and BrdU terminal 

label assay. 
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Figure 2.4: Multi-copy ectopic integration of the control BAC does not delay 

DNA replication. Cells containing a multi-copy array of the control BAC 

integrated into mouse chromosome 10 were incubated with BrdU for 2 hours, 

harvested for mitotic cells, and processed for DNA-FISH using the control BAC 

(RP11-236M15) plus a mouse chromosome 10 BAC (RP24-61D2) as probes 

(both in red), and for BrdU incorporation using an antibody against BrdU (green). 

The DNA was stained with DAPI (blue). The chromosome 10s in panel A are 

indicated by arrows. B) The chromosome 10s from panel A were cut out and 

aligned with each color displayed separately or in combination. The top red 

signal is from the chromosome 10 BAC and the lower red signal from 

chromosome A is from the control BAC. C) Pixel intensity profiles of the BrdU 

incorporation (green), and DAPI (blue) staining along the chromosome 10s from 

panel B are shown. Pixel intensity is on the Y-axis while the X-axis denotes the 

distance along the chromosome, with the centromere at the beginning of the X-

axis and the telomere at the end of the X-axis. Note that both chromosomes 

contain comparable BrdU incorporation. D) Quantification of the BrdU 

incorporation in seven different cells. The blue bars represent the chromosome 

containing the control BAC and the red bars represent the normal chromosome 

10s. Some of the cells in this clone contained three chromosome 10s. The values 

represent the total number of pixels (area x intensity) x 1000. (Figure on next 

page). 
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Figure 2.4: Multi-copy ectopic integration of the control BAC does not delay 

DNA replication. 
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Figure 2.5: Multi-copy ectopic integration of ASAR6 results in delayed 

replication of mouse chromosomes. A-D) Cells containing a multi-copy array 

of the ASAR6 BAC integrated into mouse chromosome 3 were incubated with 

BrdU for 2.5 hours, harvested for mitotic cells, and processed for DNA-FISH 

using the ASAR6 BAC (RP11-767E7) plus a mouse chromosome 3 BAC (RP23-

430A13) as probes (both in red), and for BrdU incorporation using an antibody 

against BrdU (green). The DNA was stained with DAPI (blue). The chromosome 

3s in panel A are indicated by arrows. Panels A-D were adapted from [123]. B) 

The chromosome 3s from panel A were cut out and aligned with each color 

displayed separately or in combination. The top red signal on both chromosomes 

is from the chromosome 3 BAC and the lower red signal from one of the 

chromosomes is from the ASAR6 BAC.  C) Pixel intensity profiles of the BrdU 

incorporation (green), and DAPI (blue) staining along the chromosome 3s from 

panel B are shown. Pixel intensity is on the Y-axis while the X-axis denotes the 

distance along the chromosome, with the centromere at the beginning of the X-

axis and the telomere at the end of the X-axis. Note that the chromosome 3 with 

the multi-copy ASAR6 BAC integration contains much more BrdU incorporation, 

indicating that it displays delayed replication. D) Quantification of the BrdU 

incorporation in six different cells. The blue bars represent the chromosome 

containing the ASAR6 BAC and the red bars represent the normal chromosome 

3s. Most of the cells in this clone contained three chromosome 3s. The values 

represent the total number of pixels (area x intensity) x1000. E-H) Cells 

containing a single-copy of the ASAR6 BAC integrated into mouse chromosome 
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16 were incubated with BrdU for 2.5 hours, harvested for mitotic cells, and 

processed for DNA-FISH using the ASAR6 BAC as a probe (red), and for BrdU 

incorporation using an antibody against BrdU (green). The DNA was stained with 

DAPI (blue). The chromosome 16s in panel E are indicated by arrows. F) The 

chromosome 16s from panel E were cut out and aligned with each color 

displayed separately or in combination. Each chromosome 16 was identified by 

G-banding so no mouse chromosome 16 probe was needed. G) Pixel intensity 

profiles of the BrdU incorporation (green), and DAPI (blue) staining along the 

chromosome 16s from panel F are shown. Pixel intensity is on the Y-axis while 

the X-axis denotes the distance along the chromosome, with the centromere at 

the beginning of the X-axis and the telomere at the end of the X-axis. Note that 

both chromosome 16s contain comparable BrdU incorporation. H) Quantification 

of the BrdU incorporation in six different cells. The red bars represent the 

chromosome containing the ASAR6 BAC and the blue bars represent the normal 

chromosome 16. The values represent the total number of pixels (area x 

intensity) x1000. (Figure on next page).  

 

 

 

 

 

 



	
   95	
  

Figure 2.5: Multi-copy ectopic integration of ASAR6 results in delayed 

replication of mouse chromosomes. 
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Figure 2.6: Generation and ectopic integration of the ASAR6 deletion BAC. 

A) Restriction endonuclease digestion of the deletion BAC (RP11-767E7Δ29kb) 

and the non-deleted RP11-767E7+RpsL-neo. RP11-767E7+RpsL-neo is an 

intermediate BAC that was constructed before the RP11-767E7+hyg BAC (see 

methods). DNA was digested either with PmeI (first two lanes) or FspI (last two 

lanes). Digestion of the deleted BAC with PmeI gives a band at 4 kb while the 

non-deleted BAC does not have this band. Digestion of the deleted BAC with 

FspI gives a band at 6 kb and 2.5 kb while the non-deleted BAC does not have 

these bands. Marker (M) sizes are shown in kb to the left of the DNA ladder. 

Note that aside from the new bands, the digestion pattern is identical between 

the deleted and non-deleted BACs, indicating that the deleted BAC has not 

undergone any further rearrangements or truncations. B) Junction PCR for the 

detection of correctly targeted deletion. Non-deleted BAC DNA (RP11-

767E7+RpsL-neo) and deletion BAC DNA (RP11-767E7Δ29kb) were subject to 

PCR with primers that amplify the new junction formed by deletion of 29 kb from 

the BAC (New junc.). A negative control was included that amplifies a region 

within the 29 kb deletion (Deleted region). Note that only the deletion BAC 

contains the new junction formed by truncation. C-F) Cells containing a multi-

copy array of the ASAR6 BAC containing an ~29kb deletion (see Figure 2.1, 

RP11-767E7-Δ29 kb) integrated into mouse chromosome 1 were incubated with 

BrdU for 3.0 hours, harvested for mitotic cells, and processed for DNA-FISH 

using the ASAR6 BAC (RP11-767E7) plus a mouse chromosome 1 BAC (RP23-

34K7) as probes (both in red), and for BrdU incorporation using an antibody 
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against BrdU (green). The DNA was stained with DAPI (blue). The chromosome 

1s are indicated with arrows. D) The chromosome 1s from panel C, were cut out 

and aligned with each color displayed separately or in combination. The red 

signal near the centromere on both chromosomes is from the chromosome 1 

probe and the red signal near the telomere on one of the chromosomes is from 

the ASAR6 BAC E) Pixel intensity profiles of the BrdU incorporation (green), and 

DAPI (blue) staining along the chromosome 1s from panel D are shown. Pixel 

intensity is on the Y-axis while the X-axis denotes the distance along the 

chromosome, with the centromere at the beginning of the X-axis and the 

telomere at the end of the X-axis. Note that the chromosome 1 containing the 

ASAR6 deletion BAC shows similar BrdU incorporation as the normal 

chromosome 1. F) Quantification of the BrdU incorporation in six different cells. 

The blue bars represent the chromosome containing the ASAR6 deletion BAC 

and the red bars represent the normal chromosome 1s. The values represent the 

total number of pixels (area x intensity) x1000. Panels C-F were adapted from 

[123]. (Figure on next page).  

 

 

 

 

 

 

 



	
   98	
  

Figure 2.6: Generation and ectopic integration of the ASAR6 deletion BAC. 
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Figure 2.7: Ectopic integration of ASAR6 results in RNA accumulation 

around the integrated chromosome. A-B) RNA/DNA-FISH for expression of 

Xist or ASAR6. C2C12 cells (A) and peripheral blood lymphocytes (B) were 

subjected to RNA-FISH (green) using a cocktail of Xist fragments (provided by 

Dr. York Marahrens) (A) and a Fosmid probe that lies within ASAR6 

(G248P86031A6 in B). Slides were subsequently re-fixed and processed for 

DNA-FISH (red) using BAC RP23-95N14 located within the XIC (A) and a BAC 

near the ASAR6 locus (RP11-959I6 in B). Nuclear DNA was detected with DAPI 

(blue). Panel B was adapted from [123]. Note the differences in size of the RNA 

(green) signal in panels A and B. C-G) RNA/DNA-FISH for expression of ASAR6 

in C2C12 cells containing a multi-copy integration of the ASAR6 transgene into 

mouse chromosome 3. Cells were subjected to RNA-FISH (green) using Fosmid 

G248P83419A4 to detect ASAR6 RNA and subsequently re-fixed and processed 

for DNA-FISH (red) using BAC RP11-48G17 to detect the transgene. E) 

Magnified image from panel D with the ASAR6 RNA and DNA signals merged. F-

G) Same image as panel E but with either the ASAR6 RNA signal alone (F) or 

the DNA signal alone (G). H-J) RNA/RNA-FISH with the same probe used in 

panel A to detect Xist RNA (red) and the same probe in panel C to detect ASAR6 

RNA (green). The X chromosome is polyploid in these cells, which is why there 

are multiple Xist RNA signals. Note the similarities in size between the two RNA 

signals. (Figure on next page).        
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Figure 2.7: Ectopic integration of ASAR6 results in RNA accumulation 

around the integrated chromosome. 
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Figure 2.8: Deletion of 29kb surrounding the ASAR6 promoter inhibits RNA 

accumulation and cloud formation. A-D) RNA/DNA-FISH for expression of 

ASAR6 in C2C12 cells containing a multi-copy integration of the deleted ASAR6 

BAC (RP11-767E7-Δ29kb in Figure 2.1) in mouse chromosome 1. Cells were 

subjected to RNA-FISH (green) using Fosmid G248P83419A4 to detect ASAR6 

RNA and subsequently re-fixed and processed for DNA-FISH (purple) using BAC 

RP11-48G17 to detect the transgene. B) Magnified image from panel A with the 

ASAR6 RNA and DNA signals merged. C-D) Same image as panel B but with 

either the ASAR6 DNA signal alone (C) or the RNA signal alone (D). Note how 

the ASAR6 RNA signal is very small in size and does not accumulate at a 

specific site in the nucleus. We observed these small, focal signals in most cells; 

however, occasionally some cells would have a larger, “cloudlike” signal (arrow in 

panel A). E) Xist and ASAR6 expression in cells containing an ectopic integration 

of the deleted ASAR6 BAC. RNA/RNA-FISH with same probe used in Figure 

2.7A to detect Xist RNA (red) and the same probe in panel A to detect ASAR6 

RNA (green). Note the differences in size between the two RNA signals. F) Size 

of the Xist RNA signal in C2C12 cells (first bar), the ASAR6 RNA signal in C2C12 

cells containing a multi-copy integration of the intact ASAR6 BAC in mouse 

chromosome 3 (second bar), and the ASAR6 signal in C2C12 cells containing a 

multi-copy integration of the deleted ASAR6 BAC in mouse chromosome 1 (third 

bar). Fifty RNA signals were scored for each cell line and the average RNA 

signal area, in pixels, was calculated on the Y-axis. Note the difference in signal 



	
   102	
  

size of the deleted ASAR6 RNA signal compared to the intact ASAR6 RNA and 

Xist RNA signal. (Figure on next page).        
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Figure 2.8: Deletion of 29kb surrounding the ASAR6 promoter inhibits RNA 

accumulation and cloud formation. 
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Figure 2.9: Ectopic integration of ASAR6 induces transcriptional silencing 

of the integrated chromosome. A-I) RNA-FISH for expression of ASAR6 and 

Cot-1-containing RNA in C2C12 cells containing a multi-copy integration of the 

intact ASAR6 transgene in mouse chromosome 3. Cells were subjected to RNA-

FISH using Fosmid G248P83419A4 to detect ASAR6 RNA (red) and Cot-1 DNA 

(Invitrogen) to detect pre-mRNAs (green). The DNA was stained with DAPI 

(blue). A-D) Example of cells stained for ASAR6 (red), Cot-1 (green) and/or DAPI 

(blue). Notice that the areas containing ASAR6 RNA are depleted of Cot-1 RNA 

(two arrowheads). The chromosome 3 containing the ASAR6 transgene is 

duplicated in these two cells so there are two ASAR6 RNA signals instead of 

one. E-I) Example of a cell stained for ASAR6, Cot-1 and/or DAPI. A line was 

drawn through the area of the cell that contained an ASAR6 signal (a-b). I) 

Quantification of the intensity of the RNA signal for ASAR6 (red), Cot-1 (green) 

and DAPI (blue) along the white line from point a to point b. Signal intensity is on 

the Y-axis and distance along the line from a to b is labeled on the X-axis. Notice 

that the spike in intensity for ASAR6 coincides with a drop in intensity for Cot-1 

RNA. (Figure on next page).  
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Figure 2.9: Ectopic integration of ASAR6 induces transcriptional silencing 

of the integrated chromosome. 
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Figure 2.10: ASAR6 cloud formation is necessary for transcriptional 

silencing. A) RNA-FISH for expression of ASAR6 and Cot-1-containing RNA in 

C2C12 cells containing a multi-copy integration of the deleted ASAR6 BAC 

(RP11-767E7-Δ29kb) in mouse chromosome 1. Cells were subjected to RNA-

FISH using Fosmid G248P83419A4 to detect ASAR6 RNA (green) and Cot-1 

DNA (Invitrogen) to detect pre-mRNAs (red). The two cells (A and B) are 

indicated with arrows. B) Analysis of cells A and B from panel A. A line was 

drawn through the area of each cell that contained an ASAR6 signal (a-b). The 

RNA signal intensity was quantified for each cell along the white line from point a 

to point b and graphed below. Signal intensity is on the Y-axis and distance along 

the line from a to b is labeled on the X-axis. Notice that the spike in intensity for 

ASAR6 does not coincide with a drop in intensity for Cot-1 RNA. (Figure on next 

page). 
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Figure 2.10: ASAR6 cloud formation is necessary for transcriptional 

silencing. 
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Introduction 

 

The Thayer lab has developed a chromosome engineering system that 

allows for the systematic analysis of human chromosomes with DRT/DMC [75, 

77, 80, 122]. This system relies on site-specific recombinases to generate 

precise chromosomal rearrangements. Using this system, the lab previously 

identified four balanced translocations, each displaying DRT/DMC on one of the 

two derivative chromosomes (Figure 1.3) [77]. Subsequently, it was found that 

translocations or deletions at a discrete locus on human chromosome 6 resulted 

in DRT/DMC. The deletions that caused DRT/DMC on chromosome 6 disrupted 

a large intergenic ncRNA gene named ASAR6 [122]. Interestingly, a smaller 

deletion that did not disrupt ASAR6 did not cause DRT/DMC, indicating that 

ASAR6 may be playing a role in the acquisition of this phenotype [123]. 

Additionally, rearrangements at the ASAR6 locus resulted in chromosome 

structure instability and abnormal karyotypes [77, 122, 123]. 

ASAR6 is a monoallelically-expressed gene that displays asynchronous 

replication between alleles. One unique feature of the ASAR6 locus is its ability 

to control gene silencing in cis. Deletions in chromosome 6 that disrupt ASAR6 

and cause DRT/DMC also reactivate the previously silenced alleles of 

monoallelically-expressed genes [122]. Therefore, when ASAR6 is disrupted, 

monoallelically-expressed genes on chromosome 6 become biallelically 

expressed, indicating that ASAR6 can function to mediate gene silencing in cis. 

In addition, ectopic integration of an ASAR6-containing transgene results in the 
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chromosome-wide silencing of gene expression on the integrated chromosome, 

further establishing a link between ASAR6 expression and gene silencing 

(Chapter Two in this thesis).  

Interestingly, an ~21 kb deletion in the XIC on the X chromosome results 

in DRT. This deletion disrupts a monoallelically-expressed transcript called Xist. 

The Xist gene shares many physical and functional similarities with ASAR6, 

including: 1) they both display random monoallelic gene expression, 2) they both 

display asynchronous replication that is coordinated with other linked monoallelic 

genes, 3) disruption of either gene results in delayed replication timing and 

instability of entire chromosomes in cis, 4) disruption of either gene results in the 

transcriptional activation of the previously silent alleles of linked mono-allelic 

genes, and 5) both are expressed from the late-replicating allele [79, 81, 122, 

123, 176, 184]. 

 Existing data indicate that ASAR6 and Xist reside within loci that regulate 

DNA replication timing, mitotic chromosome condensation, monoallelic gene 

expression and stability of their respective chromosomes. This is evident by the 

DRT, DMC, disrupted monoallelic gene expression and chromosome instability 

that are observed when these loci are deleted or disrupted. The DRT/DMC 

phenotype has been detected on chromosome rearrangements involving many 

different human and mouse chromosomes [74, 77, 80, 81, 122]. Therefore, it 

seems likely that all mammalian chromosomes contain loci that function to 

regulate chromosome-wide replication timing of individual chromosomes. Given 

the similarities in structure and function of the two loci characterized to date, Xist 
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and ASAR6, I propose that all mammalian chromosomes contain 

‘inactivation/stability centers’ (I/S centers) that function to maintain proper 

replication timing, mitotic chromosome condensation, monoallelic gene 

expression and stability of individual chromosomes. 

 If the above hypothesis is correct, then every chromosome should contain 

at least one of these genetic elements. In this chapter, I describe my efforts to 

generate intrachromosomal deletions at four loci known to be involved in 

translocation-induced DRT/DMC in an attempt to identify additional I/S centers. I 

found that deletions and inversions at a locus on chromosome 15q24 result in 

DRT/DMC, identifying it as a novel I/S center. Gene expression analysis at this 

locus reveals biallelic expression of a protein-coding gene called SCAPER and a 

non-annotated ncRNA. Yet, despite being biallelically-expressed, this region is 

asynchronously replicated and high in LINE-1 repeat concentration, which is 

similar to the other I/S centers that have been identified to date.  
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Results 

 

Identification of Candidate I/S Centers on Other Chromosomes 

 In my attempt to identify new genomic regions that function similar to the 

ASAR6 and Xist loci, I focused on three P-lines that display translocation-induced 

DRT/DMC upon loxP recombination (P175 in Figure 1.4, P186 in Figure 3.1A, 

and P268 in Figure 3.1B) [77]. Because a translocation at these loxP sites 

induces DRT/DMC, I reasoned that at least one of the loxP sites must reside 

within or near an I/S center. Therefore, generating deletions at these loxP loci in 

the P-lines should induce DRT/DMC. Previous work in P175 cells indicated that 

nearly all deletions proximal from the loxP site on chromosome 6 resulted in 

DRT/DMC and all deletions distal from the loxP site on chromosome 6 did not 

result in DRT/DMC [122, 123]. Furthermore, unanalyzed deletions have been 

made on chromosome 3 (Smith, L.E., Thayer, M, unpublished data). Since 

deletions have been made on 2 of the 6 chromosomes in the three P-lines, I 

have made deletions in the remaining four chromosomes (Figure 3.2).  

 Before deletions were made, I attempted to identify the exact molecular 

insertion site of the loxP containing plasmid on each of the four chromosomes. 

The loxP cassette integration site in chromosome 13 was previously identified at 

position 46,138,582 base pairs (NCBI Build GRCh37/hg19) (Thayer, M, 

unpublished data) (Figure 3.3A). Interestingly, by Southern blot and PCR, it was 

determined that multiple loxP cassettes integrated into chromosome 13 in an 

inverted manner. This indicated that multiple loxP sites exist on this chromosome 
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in opposite orientations, which meant that deletions could be made in both 

orientations on chromosome 13. Inverse PCR was used to determine the plasmid 

integration sites in the three other chromosomes [194]. For this analysis, I used 

Southern blot hybridizations to characterize the plasmid-genome junctions of 

either the 5´AP-loxP cassette or the loxP-3´RT cassette, size selected restriction 

fragments, circularized the fragments with ligase, and used inverse PCR with 

nested primers directed to the vector sequences from the loxP cassettes (data 

not shown). Direct sequencing of the PCR products indicated that the 5´AP-loxP 

cassette integrated in chromosome 16 at position 54,407,235 base pairs (NCBI 

Build GRCh37/hg19) (Figure 3.3B) in the P268 cell line and the loxP-3´RT 

cassette integrated in chromosome 15 at position 76,858,743 base pairs (NCBI 

Build GRCh37/hg19) (Figure 3.3C) in the P268 cell line. The orientations of the 

loxP sites are such that deletions can be made proximal from the loxP site on 

chromosome 16 and distal from the loxP site on chromosome 15. Unfortunately, 

the loxP integration site on chromosome 10 in P175 cells could not be identified 

despite multiple attempts. Nevertheless, deletions were still made in 

chromosome 10, but the exact size of the deletions could not be determined.  

 

Deletions in Chromosomes 10 and 13 do not Cause DRT/DMC 

 Deletions were made in chromosomes 10, 13 and 16 using the strategy 

outlined in Figure 3.4. Briefly, P175, P186 or P268 cells were infected with a 

lentivirus containing a Blasticidin resistance gene (Blast), a loxP site and exons 

3, 4 and 5 of mouse APRT. Cells resistant to Blasticidin were pooled, transfected 
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with Cre recombinase, and selected for the reconstitution of APRT. Cells that 

contained intrachromosomal deletions on the targeted chromosomes were 

selected based on their sensitivity to Blasticidin. Individual clones that contained 

a deletion on the targeted chromosome were isolated and expanded for further 

analysis. Linear amplification-mediated PCR (LAM-PCR) [195] was used to clone 

and sequence the lentiviral integration sites in a subset of these deletion clones. 

LAM-PCR was performed using primers directed at the 5ʹ LTR, and was carried 

out at the Fred Hutchinson Cancer Research Center’s Clonal Analysis Core 

facility (http://www.fhcrc.org/science/shared_resources/cceh-clonal/index.html). 

Fifteen of the >50 lentiviral integrations in chromosomes 10, 13, and 16 were 

identified using this method. In addition, I have confirmed all 15 integration sites 

using PCR with primers directed at the lentiviral 5ʹLTR-genome junction sites 

(data not shown). Each deletion was also confirmed using multiple independent 

assays, including: Southern blot hybridizations, LOH analysis and DNA-FISH 

using BACs or Fosmids located within the deleted region (data not shown).      

 Multiple deletions in chromosome 10 were generated in P175 cells 

(∆175∆3´ cells, Table 3.1). DNA replication timing was assayed using a BrdU 

“terminal label” assay (Figure 2.3B). A comparison of the BrdU incorporation 

patterns between each chromosome 10 in ∆175∆3´-24a cells indicated that 

chromosome 10 deletions in P175 cells did not cause DRT (Figure 3.5A). Further 

analysis of three other clones that have deletions in chromosome 10 indicated 

that none displayed DRT/DMC (data not shown). This indicates that the loxP 

integration site in chromosome 10 plays no role in DRT/DMC and correlates with 
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data showing that new chromosomal translocations involving chromosome 10 in 

P175 cells did not cause DRT/DMC [122].  

 Multiple deletions in chromosome 13 were generated in P186 cells 

(∆186∆3´ cells, Table 3.2). A comparison of the BrdU incorporation patterns 

between each chromosome 13 in ∆186∆3´-6b cells indicated that chromosome 

13 deletions in P186 cells did not cause DRT (Figure 3.5B). Analysis of three 

other clones that have a deletion in chromosome 13 indicated that none 

displayed DRT/DMC (data not shown). This indicates that the loxP locus on 

chromosome 13 is not involved in the DRT/DMC phenotype.  

 Multiple deletions in chromosome 16 were generated in P268 cells 

(∆268∆3´ cells, Table 3.3). Despite confirming 3 lentiviral integrations by LAM-

PCR, LOH could not be detected in any of the clones. Due to these conflicting 

data, none of the clones were analyzed for DRT/DMC. Further screening will be 

needed to confirm that a deletion is present.   

 

Deletions and Inversions in Chromosome 15q24 Cause DRT/DMC 

 Deletions distal to the centromere from the loxP integration site were 

made in chromosome 15 using the strategy outlined in Figure 3.6. The strategy is 

similar to that used to make deletions in chromosomes 10, 13, and 16 and 

identical to the strategy used to make deletions in chromosome 6 [122]. 

Individual clones that contained a deletion were isolated and expanded for further 

analysis. For each clone, the exact lentiviral integration site was identified by 

LAM-PCR. Each deletion was characterized using multiple independent assays, 
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including: Southern blot hybridizations, junction PCR designed to span the loxP-

3´RT-genome junction to determine if loss-of-junction (LOJ) had occurred, LOH 

analysis and DNA-FISH using a BAC or Fosmid located within the deleted region 

(Figure 3.7 and data not shown). Using this strategy, I generated 11 different 

deletions distal from the loxP site in chromosome 15 ranging in size from ~2 kb to 

~23 Mb (Table 3.4 and Figure 3.8). 

 In addition to the distal deletions in chromosome 15, I also made deletions 

in the opposite orientation (proximal from the loxP site). To do this, I used a 

second site-specific recombinase system, flippase/flippase recognition target 

(FLP/Frt) [196], to engineer deletions anchored at the loxP-3´RT cassette and 

extending towards the centromere on chromosome 15 (Figure 3.9). Again, all 

deletions were confirmed by Southern blot hybridizations, junction PCR designed 

to span the loxP-3´RT-genome junction to determine if LOJ has occurred, LOH 

analysis and DNA-FISH using BACs or Fosmids located within the deleted region 

(data not shown). Using this strategy, I have generated three different deletions 

proximal from the loxP integration site in chromosome 15, and these deletions 

ranged in size from <126 Kb to >18 Mb (Table 3.4). 

 The deletion strategies not only allowed isolation of different-sized 

deletions, but also separate clonal isolates that have the same deletion. 

Therefore, it was possible to analyze the replication timing of clones that had 

different-sized deletions and clones that had the same deletion but grew 

separately from one another. Similar Southern banding patterns and the 
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presence of identical lentiviral integration sites allowed for the identification of  

clones that had identical deletions (Table 3.5). 

In addition to making deletions on chromosome 15, I also generated 

intrachromosomal inversions. To isolate cells that contained an inversion, I used 

the same strategy used to make deletions distal from the loxP site (Figure 3.6), 

only instead of isolating APRT+, Blast sensitive colonies, I isolated APRT+, Blast 

resistant colonies. Therefore, instead of isolating clones that had lost the Blast 

gene, clones were isolated that had undergone loxP recombination without a 

deletion. Blast resistant colonies could result from one of two processes, either 

an interchromosomal translocation or an intrachromosomal inversion. Lentiviral 

integration sites were identified by LAM-PCR and confirmed by PCRs identifying 

the new junctions formed by inversion. DNA-FISH was also used to confirm that 

a translocation involving chromosome 15 had not taken place (data not shown). 

This strategy allowed for the isolation of inversions in both orientations. Using 

this strategy, I isolated three different intrachromosomal inversions at this locus 

on chromosome 15, one extending proximal from the original loxP site and two 

extending distal (Table 3.6).  

  Before the replication timing of the deletions and inversions on 

chromosome 15 was analyzed, the replication timing of the chromosome 15s in 

the parental P268 cells was analyzed as a control. P268 is triploid for 

chromosome 15, which added another layer of complexity to the replication 

timing analysis. Nevertheless, the DNA replication timing of the three intact 

chromosome 15s in P268 showed synchronous replication timing and the 
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chromosomes displayed a banded pattern of BrdU incorporation that is 

consistent with the known replication timing for chromosome 15 (Figure 3.10). 

Thus, since the replication timing in the parent line is normal, any replication 

timing aberrations that are observed must be caused by the chromosome 

manipulations. Next, DNA replication timing was assayed using a BrdU “terminal 

label” assay (Figure 2.3B). Analysis of cells with an ~161 kb deletion indicated 

that some chromosome 15 deletions caused DRT (Figure 3.11A-D). 

Furthermore, DRT/DMC was observed in multiple other clones as well (Figure 

3.12). In all, eight rearrangement clones (6 deletions and 2 inversions) were 

identified that displayed DRT/DMC (Table 3.4 and Table 3.6), suggesting that 

this locus on chromosome 15q24 is a novel I/S center.     

Different than what was observed with the chromosome 6 deletions, 

where all deletions in one orientation resulted in DRT and all deletions in the 

other orientation did not result in DRT [122], the deletion analysis on 

chromosome 15 was not as precise. Examples of deletions in both orientations 

that did not display DRT/DMC were observed (Figure 3.13 and Table 3.4). 

Surprisingly, even some clones that had identical deletions gave opposite 

phenotypes. For instance, clone ∆268-4g had been shown to display DRT 

(Figure 3.11), while clone ∆268-4e had been shown to not display DRT (Figure 

3.13), even though these two clones had been identified as having the same 

deletion (Table 3.5). Therefore, despite having the same genetic deletion, one 

clone displayed the phenotype and one did not. There are many possibilities that 

could explain this lack of penetrance: 1) It is possible that trans-acting factors are 
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differentially regulated in these clones and this is having an effect on the 

phenotype, 2) I/S centers could be epigenetic features and it is possible that a 

new I/S center can form following the deletion of an existing one, and 3) The 

extreme genetic instability phenotype associated with chromosome 15 deletions 

(shown below) may be causing intrachromosomal rearrangements that influence 

the severity of the DRT/DMC phenotype.    

 

Disruption of the Chromosome 15 Locus in P268 Cells Results in Genomic 

Instability 

 Previous data from the Thayer lab showed that DRT/DMC results in CSIN 

and CIN [75, 77, 123]. During the replication analysis of deletions and inversions 

in chromosome 15, it became apparent that these clones had extremely 

abnormal karyotypes. Deletions and inversions in chromosome 15 resulted in 

multiple rearrangements involving chromosome 15 and aneuploidy (Figure 3.14 

and Figure 3.11E). This instability often caused complications in the DNA 

replication analysis, as some clones had no intact chromosome 15s and could 

not be analyzed (Table 3.4 and Table 3.6). Importantly, of the clones that could 

be analyzed, instability was generally only observed in those that displayed 

DRT/DMC. For example, 50% of the cells in clone Δ268-4f (which displays 

DRT/DMC) had at least one chromosomal translocation involving chromosome 

15, whereas only 3% of the cells in clone Δ268-4o (which has the same sized 

deletion as Δ268-4f but did not display DRT/DMC) had a chromosome 15 

translocation (data not shown). Therefore, this suggests that genomic instability 
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is a result of DRT/DMC and not the particular genetic rearrangement. There is 

also a distinct possibility that the clones that were too rearranged to be analyzed 

did display DRT/DMC at one point, which can explain the extreme karyotypic 

abnormalities. This analysis indicates that DRT/DMC on chromosome 15 in P268 

cells can result in genomic instability. 

 

Deletions and Translocations at 15q24 are Present in Tumor Cell Lines and 

Correlate with Chromosome 15 Mutagenesis 

 Deletion and/or translocation at the loxP-3´RT locus caused delayed 

replication, delayed condensation and genomic instability in P268 cells. The 

loxP-3´RT cassette in P268 cells integrated in the middle of an ~500 Kb gene 

called S phase cyclin A-associated protein in the ER (SCAPER). We next wanted 

to see whether disruption of the 15q24 (SCAPER) locus occurs in cancer 

development. The Wellcome Trust Sanger Institute has performed LOH analysis 

on ~800 tumor cell lines and made this information freely available for analysis 

[197]. A quick overview of these data indicated that all or part of SCAPER 

experienced LOH in 171 of 768 tumor cell lines (roughly 22%). Ten cell lines 

were also found that had a homozygous deletion in SCAPER. As expected, 

many of these tumor lines displayed LOH of large regions or the entirety of 

chromosome 15, but some had LOH concentrated at a small region within 

SCAPER. We acquired five of the cell lines used in the Sanger analysis that had 

a more localized disruption of the SCAPER gene and did a DNA replication 

timing analysis in conjunction with DNA-FISH. HCC1143, which has a breakpoint 
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junction right in the middle of SCAPER and LOH of most of the gene, was found 

to display replication delay on a chromosome 15 derivative (Figure 3.15). 

Replication delay was also observed in HCC1395, which has a small area of 

LOH encompassing SCAPER (Figure 3.16). As was evident from the Sanger 

SNP analysis, both of these cell lines had numerous rearrangements involving 

chromosome 15 and also displayed aneuploidy (Figure 3.15 and Figure 3.16). 

Although they had multiple chromosome 15 rearrangements, no overt replication 

delay on chromosome 15 was observed in HCC1569, K-562, or MCF7 cells. 

However, given the transient nature of this phenotype, it is possible that these 

cells did display DRT/DMC at some point in time during their history (see Chapter 

One). From these data, I conclude that SCAPER disruption is present in some 

tumor cell lines and correlates with DRT/DMC and numerous rearrangements 

affecting chromosome 15.    

 

The Chromosome 15q24 Locus Contains a High Concentration of LINE-1 

Repeats 

 Now that three loci (on chromosomes 6, 15, and X) had been implicated in 

the acquisition of DRT/DMC and genomic instability, a comparison could be 

made to identify unique molecular signatures that were common to all three [81, 

122]. One striking feature of the chromosome 6 (ASAR6) and X chromosome 

(Xist) loci is that they harbor an above average concentration of LINE-1 repeats. 

Where the genome average of LINE-1 repeats is ~17%, the ASAR6 and Xist loci 

contain ~45% and ~50%, respectively ([198] and unpublished analysis). 
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Expanding this analysis to 300 Kb surrounding the loxP cassette integration site 

in SCAPER indicates that this locus contains ~54% LINE-1 repeats (Figure 

3.3C). In contrast, the locus on chromosome 13 that was previously identified to 

not be involved in DRT/DMC contains ~15% LINE-1 sequence, similar to the 

genome average (Figure 3.3A). Therefore, all three I/S centers identified to date 

have a high LINE-1 density. 

 

Asynchronous Replication on Chromosome 15 

  Another hallmark of the ASAR6 and Xist loci is that they exhibit 

asynchronous DNA replication. To examine the DNA replication patterns of the 

SCAPER locus, we used a FISH-based assay. When hybridizing a probe to a 

particular site in S phase cells, some cells will display two probe signals, 

indicating that neither allele has replicated yet (SS pattern) and some cells will 

display four probe signals, indicating that both alleles have replicated (DD 

pattern). Some cells also display three probe signals, indicating that only one 

allele has replicated (SD pattern). If a locus is asynchronously replicating then it 

displays the SD pattern in ~30-50% of the cells, whereas synchronously 

replicating loci display the SD pattern in only ~10-20% of cells [170, 171, 199]. 

Using the “single-dot-double-dot” assay, the replication pattern of SCAPER was 

analyzed in human skin fibroblasts (HSFs). It was found that two different probes 

within SCAPER show the SD pattern in 35% and 47% of cells (Figure 3.17). 

Therefore, the SCAPER locus is asynchronously replicated.  
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Previous studies have shown that genes that are asynchronously 

replicated coordinate their DNA replication such that all early-replicating alleles 

reside on one homolog and all late-replicating alleles reside on the other 

homolog (cis coordination) [170, 171]. To determine if the asynchronous 

replication of the SCAPER locus was coordinated with other asynchronously 

replicating genes, three other asynchronously replicating genes on chromosome 

15 were identified based on their predicted monoallelic-expression status and 

replication analysis by the Thayer lab [162, 163] (Figure 3.17C). We then tested if 

these asynchronously replicating loci also displayed coordination in their 

asynchronous replication. The level of coordination was examined using a two-

color DNA-FISH assay and scoring cells that simultaneously displayed the SD 

signal for both loci [170, 171]. For this analysis, a BAC probe representing 

SCAPER was used in combination with probes representing MYO1E, PTPN9 

and PEAK1. It was found that the asynchronous replication of SCAPER was 

coordinated in cis with all three probes, indicating that asynchronously replicating 

genes on chromosome 15 are coordinated in cis (Figure 3.17C).   

One limitation of the “single dot-double dot” assay is that the 

asynchronous replication of loci greater than 50 Mb apart are difficult to score, as 

a signal coming from the paternal allele of one locus may be closer to the 

maternal allele of the other locus. Therefore, to assay the random asynchronous 

replication of chromosome 15 loci at the whole chromosome level, a second 

replication-timing assay known as Replication Timing-Specific Hybridization, or 

ReTiSH was used [166]. In the ReTiSH assay, cells are labeled with BrdU for 
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different times and then harvested during metaphase (Figure 3.18A). Regions of 

chromosomes that incorporate BrdU are visualized by a modification of 

Chromosome Orientation-Fluorescence In Situ Hybridization (CO-FISH), where 

the replicated regions (BrdU-labeled) are converted to single stranded DNA and 

then hybridized directly with specific probes [200]. Since metaphase 

chromosomes are analyzed for hybridization signals located on the same 

chromosome in metaphase spreads, the physical distance between the two loci 

is not a limitation of the ReTiSH assay [166]. One distant region on chromosome 

15 that is asynchronously replicated is the nucleolar-organizing region (NOR) on 

the P-arm. This region contains tandem copies of ribosomal DNA (rDNA) that are 

monoallelically expressed and asynchronously replicated [166]. To assay 

coordination of asynchronous replication in a second human cell type, primary 

blood lymphocytes (PBLs) were used for the ReTiSH analysis. PBLs were 

exposed to BrdU for either 5 or 14 hours, mitotic cells were harvested, processed 

for BrdU incorporation and subjected to ReTISH using an 18s rDNA probe, a 

chromosome-15 centromeric probe and a probe within SCAPER. It was found 

that the late-replicating alleles of SCAPER and rDNA were on the same 

chromosome, and therefore asynchronous replication of SCAPER and rDNA is 

coordinated in cis (Figure 3.18B-E and Figure 3.17C). Thus, SCAPER replication 

is coordinated with other asynchronously-replicating loci in cis, even loci that 

cross the centromere.   

 

 



	
   125	
  

Complex Expression Pattern at the SCAPER Locus 

 Asynchronous DNA replication is correlated with monoallelic gene 

expression [167]. One hallmark of the ASAR6 and Xist loci is that they exhibit 

monoallelic gene expression of nearby genes [122, 125]. The asynchronous 

replication of SCAPER and other nearby genes suggested that these genes 

might also be monoallelically expressed. Therefore, I assayed the expression 

pattern of SCAPER on chromosome 15 using reverse transcription-PCR (RT-

PCR). I analyzed expression from HTD114 (the parent cells of P268), P268 and 

two mouse mono-chromosomal hybrids (mouse L cells, each containing one or 

the other chromosome 15 from HTD114 cells). SCAPER expression was 

detected in all cell lines; however, it was found to be biallelic using multiple 

different assays (Figure 3.19A-B). For example, RT-PCR using primers that span 

heterozygous SNPs and other primers that span an intron (assayed in mono-

chromosomal hybrids) indicated that the spliced SCAPER transcript was 

biallelically expressed (Figure 3.19B). Therefore, it appears that the biallelic 

expression in this region comes from expression of the spliced, protein-coding 

gene SCAPER. However, it is also possible that there is transcription on the 

opposite strand in this region, so strand-specific RT-PCR was used to generate 

cDNA from either strand in HTD114 cells. Analysis of the strand-specific cDNA 

revealed transcription on both strands from within the SCAPER gene (Figure 

3.19C) and heterozygous SNP analysis indicated that both strands are 

biallelically expressed (data not shown). It is known that monoallelic expression 

can very widely between different cell types and even different clones of the 
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same cell type [163, 201]; therefore, SCAPER expression was assayed in clonal 

lymphoblastoid cell lines. Analysis of four clones revealed that SCAPER was 

biallelically expressed in each clone (data not shown).  

Due to the complex expression pattern observed within SCAPER (see 

above), I next determined if this region is transcribed by RNA Pol II by treating 

cells with α-amanitin, which is a selective inhibitor of this polymerase [202], and 

assaying expression of SCAPER RNA using a semi-quantitative RT-PCR assay. 

The results of this analysis are shown in Figure 3.20, and indicated that 

transcription in this region was indeed sensitive to α-amanitin. Similarly, RNA 

expressed from the protein-coding gene P300 was also sensitive to α-amanitin 

treatment. In contrast, expression of 45S RNA (an RNA Polymerase I product) 

and a tRNA gene (an RNA Polymerase III product) were not inhibited by α-

amanitin. 

 In an effort to characterize gene expression on this chromosome for future 

experiments, a gene expression analysis of an ~2 Mb region surrounding 

SCAPER was performed. As summarized in Table 3.7, while nearly every gene 

in this region was transcribed, there was no indication of monoallelic expression. 

This is surprising considering this region is asynchronously replicating and 3 

genes, PTPN9, ISL2 and PEAK1, have been shown to be or predicted to be 

monoallelically expressed [162, 163, 203]. I next asked whether we could detect 

monoallelic gene expression at distant sites on chromosome 15 by analyzing the 

expression of genes that were reported to be monoallelically expressed [163], 

asynchronously replicating [204], or within the imprinted Prader-Willi (PW) locus. 
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Most of these genes were either not expressed or biallelically expressed; 

however, as expected, RNAs within the PW locus and the FAM174b gene were 

found to be monoallelically expressed (Table 3.8). Expression analysis from the 

mono-chromosomal hybrids indicated that the imprinted gene in the PW locus 

was expressed from the same chromosome that contained the loxP-3´RT 

cassette in P268 and that FAM174b was expressed from the opposite allele 

(data not shown).       

From these analyses, I conclude that the SCAPER locus in P268 cells is 

transcribed by RNA Pol II and is characterized by the biallelic expression of both 

sense and antisense transcripts. In addition, this region is biallelically transcribed 

in multiple different cell types, despite being asynchronously replicated in PBLs 

and HSFs. In fact, no gene within a 2 Mb vicinity of this region is monoallelically 

expressed in P268 cells. Therefore, while the SCAPER locus displays both 

sense and antisense transcription by RNA Pol II and is asynchronously 

replicated, it does not display monoallelic gene expression.  
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Discussion 

 

The DRT/DMC phenotype has been detected on chromosome 

rearrangements involving many different human and mouse chromosomes [77, 

81, 205-207]. Therefore, it seems likely that all mammalian chromosomes 

contain loci that function to regulate chromosome-wide replication timing of 

individual chromosomes. Given the similarities in structure and function of the 

two loci characterized to date, Xist and ASAR6, I have proposed that all 

mammalian chromosomes contain ‘I/S centers’ that function to maintain proper 

replication timing, mitotic chromosome condensation, mono-allelic gene 

expression and stability of individual chromosomes. Under this scenario every 

mammalian chromosome contains four distinct types of cis-acting elements, 

origins of replication, centromeres, telomeres, and I/S centers, all functioning to 

ensure proper replication, segregation and stability of individual chromosomes. 

 To uncover I/S centers on other chromosomes, I have made deletions at 

loci that have been shown to be involved in translocation-induced DRT/DMC. 

During this analysis, I identified a region on chromosome 15 that, upon 

disruption, results in DRT/DMC. It should be noted that for the six chromosomes 

that the Thayer lab has made deletions in (Figure 3.2), deletions have only been 

made in both orientations for chromosomes 6, 13 and 15. Therefore, it is possible 

that deletions in the other orientation on chromosomes 3, 10 and 16 will display 

DRT/DMC as well, so these loci should not be ruled out as potential regulators of 

this phenotype. Furthermore, deletions on chromosomes 3 and 16 have still not 
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been analyzed for DRT/DMC. Thus, the purpose of this study was to identify 

novel I/S centers and not to rule out specific chromosomal loci. 

   While it is evident that many deletions in SCAPER on chromosome 15 

resulted in DRT/DMC, it is noteworthy that some did not. This was particularly 

surprising given the fact that the chromosome 6 deletion data in ASAR6 did not 

show this variability [122]. There are several explanations for this lack of 

penetrance: One is that the ploidy imbalance of chromosome 15 is affecting the 

phenotype in some way. One trend that we noticed is that deletion clones that 

remain mostly triploid for chromosome 15 tend to display DRT/DMC more often 

than deletion clones that are mostly tetraploid for chromosome 15. This is an 

intriguing possibility because deletion of both Xist alleles was shown to have a 

much more dramatic impact on DNA replication timing than deletion of just one 

allele, indicating there are trans-effects that affect the severity of the DRT/DMC 

phenotype on the X chromosome [79, 81]. Under this scenario, it would be 

hypothesized that the additional copy of chromosome 15 could rescue the 

phenotype through a trans-acting mechanism.  

Another possibility is that the generation of DRT/DMC might be via a cis-

acting epigenetic mechanism. The best evidence for this possibility is that I 

generated clones that have the exact same deletion in chromosome 15, yet 

some displayed DRT/DMC and some did not. Assuming these clones were 

genetically identical, the only possibility would be that an epigenetic mechanism 

was somehow differentially regulated in these clones. If this region harbors an 

epigenetic mark that regulates chromosome-wide replication timing, it is possible 
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that a new I/S center could arise de novo elsewhere on the chromosome in some 

cells following excision of the initial one. A similar phenomenon has been 

observed for another cis-acting chromosomal element, the centromere. 

Neocentromere formation has been documented in multiple organisms following 

excision of a centromere or the generation of an acentric translocation derivative 

[208]. Since the centromere is essentially an epigenetic structure [209], it 

appears capable of forming on any DNA sequence [210]. Another cis-acting 

chromosomal element, the DNA replication origin, has essentially no sequence 

specificity in higher eukaryotes [7]. Although the replication origin is technically a 

genetic element, the pre-RC is an epigenetic feature that forms on all origins and 

is essential for their function. New replication origins can also form upon the 

deletion of existing ones [7]. So it is formally possible that I/S centers represent 

epigenetic features of every chromosome and that new ones can arise following 

the loss of an existing one.  

A third possibility is that the instability associated with the chromosome 15 

deletions is somehow impacting the DRT/DMC phenotype. Previously, the 

Thayer lab has found that once the DRT/DMC chromosome had experienced 

secondary translocations, it often ceased to display DRT/DMC [74, 77]. 

Therefore, it is possible that some of the clones that did not display DRT/DMC 

had undergone chromosomal rearrangements that, in effect, rescued the 

phenotype. In our DNA replication timing analysis, only chromosome 15s that 

had not undergone an interchromosomal translocation were analyzed. However, 

from our DNA-FISH analysis it was difficult to determine if any intrachromosomal 
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events have occurred. Therefore, it is possible that some clones have had their 

delayed chromosomes rescued by intrachromosomal events. Since the 

chromosome 15-deletions are much more unstable than the chromosome 6-

deletions, this possibility could explain why the deletion analysis on chromosome 

6 was not as complicated. This could also explain the differences in phenotype 

between clones that have the same deletion. Since these clones grew 

independently of one another, they may have accumulated different 

rearrangements that could potentially impact replication timing differentially.    

 Aside from identifying a novel I/S center, another contribution of this work 

is the demonstration that intrachromosomal inversions can cause DRT/DMC. It is 

now known that a translocation, deletion, and inversion at specific loci are all 

sufficient to cause DRT/DMC. Inversions are interesting because, unlike 

translocations and deletions, the derivative chromosome retains all the same 

genetic information in cis. The inversion chromosomes may prove valuable for 

future studies aimed at identifying the molecular mechanism responsible for 

DRT/DMC.  

 The Thayer lab has now characterized several common features of the 

Xist, ASAR6 and SCAPER loci: 1) disruption of these loci results in delayed 

replication timing of entire chromosomes in cis, 2) disruption of all three loci 

results in dramatic instability of the affected chromosome, 3) all three loci have a 

high LINE-1 content, and 4) each locus displays asynchronous replication that is 

coordinated with other linked asynchronously replicated loci. Surprisingly, 

SCAPER was biallelically expressed in all cell types examined. However, given 
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the variability observed with many monoallelic genes [163], it is possible that 

SCAPER is monoallelically expressed in some tissues and biallelically expressed 

in HTD114 cells and lymphoblastoid cells.  

Random monoallelic expression is regulated differentially in different cell 

types [163, 165]. On the other hand, asynchronous DNA replication is a much 

more consistent chromosomal feature. Therefore, it is possible that 

asynchronous DNA replication is the more critical feature of these loci and 

monoallelic gene expression is more of a by-product of differential replication 

timing. However, we know that the monoallelically-expressed Xist gene, and 

possibly the ASAR6 gene, is essential for allelic inactivation of the silent alleles of 

linked monoallelically-expressed genes. As mentioned in Chapter Two, it is 

possible that these loci have dual functions: one being transcript-independent 

and controlling DNA replication timing and chromosome stability and the other 

one being transcript-dependent and controlling allelic inactivation. It is possible 

that the SCAPER locus only has the transcript-independent function and does 

not control allelic inactivation in cis. Unfortunately, we have not assayed whether 

chromosome 15 deletions cause reactivation of previously silenced alleles of 

monoallelically-expressed genes, as is the case for deletions in chromosomes 6 

and X. This experiment may shed light on the function of this region. Regardless, 

this study has identified a new I/S center on chromosome 15 and supports my 

hypothesis that all chromosomes contain at least one of these centers. 
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Materials and Methods 

 

Cell Culture 

Low passage primary human skin fibroblasts were obtained from ATCC 

and cultured in DMEM plus 10% fetal bovine serum (Hyclone). Primary blood 

lymphocytes were isolated after venipuncture into a Vacutainer CPT (Becton 

Dickinson, Franklin Lakes, NJ) per the manufacturer’s recommendations and 

grown in 5 mL RPMI 1640 (Life Technologies) supplemented with 10% fetal 

bovine serum (Hyclone) and 1% phytohemagglutinin (Life Technologies). P268 

cells are a human APRT deficient cell line derived from the HT-1080 

fibrosarcoma [211], and were grown in DMEM (Gibco) supplemented with 10% 

fetal bovine serum (Hyclone). P268 derivatives were grown as above with the 

addition of 500 mg/ml Geneticin (Gibco), 200 mg/ml Hygromycin B (Calbiochem), 

and/or 10 ug/ml Blasticidin S HCl (Invitrogen). The deletion-line derivatives were 

grown in DMEM supplemented with 10% dialyzed fetal bovine serum (Hyclone), 

10 mg/ml azaserine (Sigma) and 10 mg/ml adenine (Sigma) to facilitate selection 

of APRT-expressing cells. All cells were grown in a humidified incubator at 37°C 

in a 5% carbon dioxide atmosphere.  

 

DNA-FISH 

Trypsinized cells were centrifuged at 1,000 rpm for 10 minutes in a 

swinging bucket rotor. The cell pellet was re-suspended in 75 mM potassium 

chloride for 15-30 minutes at 37°C, re-centrifuged at 1,000 rpm for 10 minutes 
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and fixed in 3:1 methanol:acetic acid. Fixed cells were added drop-wise to 

microscope slides to generate mitotic chromosome spreads using standard 

methods [192]. Slides with mitotic spreads were baked at 85°C for 20 minutes 

and then treated with 0.1 mg/ml RNAase for 1 hour at 37°C. After RNAase 

treatment, the slides were washed in 2xSSC (1xSSC is 150 mM NaCl and 15 

mM sodium citrate) with 3 changes for 3 minutes each and dehydrated in 70%, 

90%, and 100% ethanol for 3 minutes each. The slides were denatured in 70% 

formamide in 2xSSC at 70°C for 3 min and whole chromosome paints were used 

according to the manufacturer’s recommendations and hybridization solutions 

(American Laboratory Technologies and Vysis). Detection of digoxigenin-dUTP 

probes utilized a three-step incubation of slides with sheep FITC-conjugated anti-

digoxigenin antibodies (Roche) followed by rabbit FITC-conjugated anti-sheep 

antibodies (Roche) followed by goat FITC-conjugated anti-rabbit antibodies 

(Jackson Laboratories). Slides were stained with DAPI (12.5 mg/ml) or propidium 

iodide (0.3 mg/ml), cover slipped, and viewed under UV fluorescence with 

appropriate filters (Olympus). 

 Centromeric, BAC, and Fosmid probes: Mitotic chromosome spreads were 

prepared as described above. Slides were treated with RNase at 100ug/ml for 1h 

at 37OC and washed in 2xSSC and dehydrated in 70%, 90% and 100% ethanol. 

Chromosomal DNA was denatured at 75OC for 3 minutes in 70% 

formamaide/2XSSC, followed by dehydration in ice cold 70%, 90% and 100% 

ethanol. BAC and Fosmid DNAs were nick-translated using standard protocols to 

incorporate biotin-11-dUTP or digoxigenin-dUTP (Invitrogen). BAC and Fosmid 
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DNAs were directly labeled with Cy3-dUTP, FITC-dUTP, Spectrum Orange-

dUTP or Spectrum Green_dUTP (Vysis, Abbott Laboratories) using nick-

translation or random priming using standard protocols. Final probe 

concentrations varied from 40-60 ng/ul. Centromeric probe cocktails (Vysis) plus 

BAC or Fosmid DNAs were denatured at 75OC for 10 minutes and prehybridized 

at 37OC for 30 minutes. Probes were applied to slides and incubated overnight at 

37OC. Post-hybridization washes consisted of three 3-minute rinses in 50% 

formamide/2XSSC, three 3-minute rinses in 2XSSC, and finally three 3-minute 

rinses in PN buffer (0.1M Na2HPO4 + 0.0M NaH2PO4, ph 8.0, +2.5% Nonidet 

NP-40), all at 45OC. Signal detection was carried out as described [212]. 

Amplification of biotinylated probe signal utilized alternating incubations of slides 

with anti-avidin (Vector) and FITC-Extravidin (Sigma). Slides were then 

counterstained with either propidium iodide (2.5ug/ml) or DAPI (15ug/ml) and 

viewed under UV fluorescence (Olympus). 

 

Replication Timing Assay 

The BrdU replication timing assay was performed on exponentially 

dividing cultures as follows: asynchronously growing cells were exposed to 20 

ug/ml of BrdU (Sigma) for 2-9 hours [213]. Mitotic cells were harvested in the 

absence of colcemid, treated with 75 mM KCl for 15-30 minutes at 37°C, fixed in 

3:1 methanol:acetic acid and dropped on wet ice cold slides. The chromosomes 

were denatured in 70% formamide in 2xSSC at 70°C for 3 minutes and 

processed for DNA FISH, as described above. The incorporated BrdU was then 



	
   136	
  

detected using a FITC-labeled anti-BrdU antibody (Becton Dickinson). Slides 

were stained with propidium iodide (0.3 mg/ml), cover slipped, and viewed under 

UV fluorescence. 

All images were captured with an Olympus BX Fluorescent Microscope 

using a 100X objective, automatic filter-wheel and Cytovision workstation. 

Individual chromosomes were identified with either chromosome-specific paints 

or centromeric probes in combination with BACs from the deleted regions. 

Utilizing the Cytovision workstation, each chromosome was isolated from the 

metaphase spread and a line drawn along the middle of the entire length of the 

chromosome. The Cytovision software was used to calculate the pixel area and 

intensity along each chromosome for each fluorochrome occupied by the DAPI 

and BrdU (FITC) signals. The total amount of fluorescent signal was calculated 

by multiplying the average pixel intensity by the area occupied by those pixels. 

 

ReTiSH 

We used the ReTiSH assay essentially as described [166]. Briefly, 

unsynchronized, exponentially growing cells were treated with 30µM BrdU 

(Sigma) for 5 and 14 hours. Colcemid (Sigma) was added to a final concentration 

of 0.1 µg/mL for 1 h at 37°C. Cells were trypsinized, centrifuged at 1,000 rpm, 

and resuspended in prewarmed hypotonic KCl solution (0.075 M) for 40 min at 

37°C. Cells were pelleted by centrifugation and fixed with methanol-glacial acetic 

acid (3:1). Fixed cells were drop gently onto wet, cold slides and allowed to air-

dry. Slides were treated with 100µg/ml RNAse A at 37°C for 10 min. Slides were 
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rinsed briefly in d2H20 followed by fixation in 4% formaldehyde at room 

temperature for 10 minutes. Slides were incubated with pepsin (1 mg/mL in 2N 

HCl) for 10 min at 37°C, and then rinsed again with d2H20 and stained with 0.5 

µg/µL Hoechst 33258 (Sigma) for 15 minutes. Slides were flooded with 200µl 

2xSSC, coverslipped and exposed to 365-nm UV light for 30 min using a UV 

Stratalinker 2400 transilluminator (Stratagene). Slides were rinsed with d2H20 

and drained. Slides were incubated with 100µl of 3U/µl of ExoIII (Fermentas) in 

ExoIII buffer for 15 min at 37°C. The slides were then processed directly for DNA 

FISH as described above, except with the absence of a denaturation step. 

 

Semi-quantitative RT-PCR 

 Total RNA was extracted using Trizol (Invitrogen) reagent. Total RNA was 

subjected to reverse transcriptase reactions using Superscript III (Invitrogen) 

according to the manufacturers instructions. PCRs were carried out with a first 

cycle of 2 minutes at 95°C, 45 seconds at 60°C and 1 minute at 72°C followed by 

35-42 cycles of 30 seconds at 95°C, 45 seconds at 60°C and 1 minute at 72 °C. 

The conditions were chosen so that none of the PCRs reached a plateau at the 

end of the amplification protocol, i.e. they were in the exponential phase of 

amplification. Each set of reactions always included a genomic DNA positive 

control, and a no sample and a no reverse transcriptase negative controls. The 

PCR products were resolved on 1% agarose gels and stained with ethidium 

bromide. The gels were photographed under UV illumination, and the resulting 

image was inverted using Photoshop (Adobe). 



	
   138	
  

Strand-specific RT-PCR 

 Total RNA was extracted from HTD114 cells using Trizol (Invitrogen) 

reagent. Total RNA was subjected to reverse transcriptase reactions using 

Superscript III (Invitrogen) according to the manufacturers instructions. A primer 

was included in the mix that amplified SNP rs12916573 on the antisense strand: 

5´- TAATACGACTCACTATAGGGGCATACTCTTTGGCCTTTTGAG-3´  

SNP rs12916573 on the sense strand: 

5´- TAATACGACTCACTATAGGGTGTCAGCCCTAAAGTTGATCTG-3´ 

SNP rs2468125 on the antisense strand: 

5´- TAATACGACTCACTATAGGGAACACGAGGGAATAAAAACTAGC-3´ 

and SNP rs2468125 on the sense strand: 

5´- TAATACGACTCACTATAGGGGGACCTCAAATATCCTTTGTTATATGG-3´ 

Each primer was included in tubes with or without reverse transcriptase. A tube 

without any primer was also included as a control. Random-primed cDNA was 

made using the same protocol but with random hexamers instead of gene-

specific primers. Each cDNA primer has a T7 (5´-TAATACGACTCACTATAGGG-

3´) tag on the 5´ end to ensure specific amplification. Each cDNA reaction was 

amplified by 35 rounds of PCR at a 62ºC annealing temp. with: 

T7 and 5´-TGTCAGCCCTAAAGTTGATCTG-3´ for antisense rs12916573 

T7 and 5´- GCATACTCTTTGGCCTTTTGAG-3´ for sense rs12916573 

T7 and 5´- TAAACAACTTTCCCAAAACAAAAAG-3´ for antisense rs2468125 

T7 and 5´- AACACGAGGGAATAAAAACTAGC-3´ for sense rs2468125 

The reaction was nested with the same conditions for 30 more cycles with: 
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T7 and 5´- TGTACCATCATCTCCCCAAGTAG-3´ for antisense rs12916573 

T7 and 5´- AAGAAGCCATTGCCTAAAATCC-3´ for sense rs12916573 

T7 and 5´- AAAGACAGCTGAATTCTCACAGC-3´ for antisense rs2468125 

T7 and 5´- AGATTCCTCCCCTAAAACCAAG-3´ for sense rs2468125 

 

PCR and Southern Blotting to Screen for Deletions 

 DNA was isolated from cells and subjected to PCR in a 25-50 µl volume 

using 50-100 nanograms (ng) of DNA, 1x Standard Taq Buffer (New 

England Biolabs, Inc.), 200 µM each deoxynucleotide triphosphate, 0.2 µM of 

each primer, and 3 U of Taq DNA Polymerase (New England Biolabs, Inc.) under 

the following reaction conditions: 95°C for 2 min, followed by 35 cycles of 95°C 

for 30 sec, 60°C for 45 sec, and 72°C for 1 min, with a final extension time of 10 

min at 72°C. PCR products were separated on 1% agarose gels, stained with 

ethidium bromide, and photographed under ultraviolet light illumination.  

 BclI endonuclease digestion was performed according to the 

manufacturer’s protocols (Fermentas) and digested DNA was run on a 0.7% 

agarose gel overnight at low voltage and subjected to Southern blotting using 

standard protocols. Blots were exposed to film for 10-30 hours at -80ºC. 
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Figures and Tables 

 

Figure 3.1: Schematic representation of chromosomes in the P186/R186 

and P268/R268 cell lines. A) The P186 cell line contains a loxP site in one allele 

of chromosome 3 and one allele of chromosome 13. Following transient Cre 

expression in P186, R186 was generated which contains a balanced 3;13 

translocation. In R186, both translocation derivatives display DRT/DMC while all 

the other chromosomes in the cell do not display DRT/DMC. B) The P268 cell 

line contains a loxP site in one allele of chromosome 15 and one allele of 

chromosome 16. No other chromosomes in this cell line have been manipulated. 

Following transient Cre expression in P268, R268 was generated which contains 

a balanced 15;16 translocation. In R268, the chromosome-15-centromere 

derivative displays DRT/DMC while the chromosome-16-centromere derivative 

and all the other chromosomes in the cell do not display DRT/DMC. Figure 3.1 is 

adapted from [122]. (Figure on next page). 
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Figure 3.1: Schematic representation of chromosomes in the P186/R186 

and P268/R268 cell lines. 
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Figure 3.2: Illustration of chromosomes that will undergo deletion analysis. 

The chromosome number is indicated below each chromosome in the P175, 

P186 and P268 cell lines. Deletions have previously been made in chromosomes 

6 and 3 (circled in blue). In this chapter, intrachromosomal deletions will be 

generated in chromosomes 10, 13, 15 and 16 (circled in red).  

 

 

P268 P186 P175 
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Figure 3.3: Location of the original loxP cassette integration sites in 

chromosomes 13, 16 and 15. Shown is a screenshot of the UCSC Genome 

Browser for the loxP-integrated regions of chromosome 13 in P186 (A), 

chromosome 16 in P268 (B), and chromosome 15 in P268 (C). The exact loxP 

integration site is indicated by a blue triangle (note that chromosome 13 has 

multiple loxP sites in an inverted orientation) and the locations of annotated 

Refseq genes [214] and repetitive sequence elements [215] are shown in each 

screenshot. Base positions are from NCBI Build GRCh37/hg19.    
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Figure 3.4: Strategy used to make deletions in chromosome 10. In the top 

left corner is a depiction of chromosomes 6 (red) and 10 (green) in the P175 cell 

line. For visualization purposes, chromosome 10 has been enlarged and flipped 

on its side. Step 1) The original 5´AP-loxP integration site is indicated in a 

magnified view of chromosome 10 in P175. P175 cells were infected with a 

lentivirus containing a Blasticidin resistance gene (Blast), a loxP site (blue 

triangle) and exons 3, 4 and 5 of mouse APRT. Step 2) Infected clones were 

pooled and transfected with Cre recombinase. Step 3) Following loxP 

recombination, APRT was reconstituted. If an intrachromosomal deletion 

occurred, Blast will be removed from the genome along with the deleted region, 

resulting in sensitivity to Blasticidin. Therefore, clones that were APRT positive 

and Blast sensitive were isolated and expanded for further screening. This 

strategy was also used to make deletions in chromosome 13 in P186 cells and 

chromosome 16 in P268 cells. (Figure on next page). 

 

 

 

 

 

 

 

 

 



	
   145	
  

Figure 3.4: Strategy used to make deletions in chromosome 10. 
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Table 3.1: Chromosome 10 deletion clones. The 21 clones with a deletion 

distal from the loxP site on chromosome 10 (∆175∆3´ clones) are listed on the 

left of the table. Multiple clones exist for those with an asterisk (*) next to their 

name. The exact viral integration sites were identified for some of the clones 

based off LAM-PCR data. Because the original 5´AP-loxP cassette integration 

site is unknown in these clones, an exact deletion size could not be determined. 

Relative deletion size was estimated based on LOH analysis. The heterozygous 

SNP closest to the centromere on the q arm of chromosome 10 (rs4275553) was 

assayed for LOH, and those clones that did not lose heterozygosity were put in 

the “smallest” category. To the right is a summary of the screening methods that 

have been performed (Y) or not performed (N) for each clone as well as which 

have been analyzed for DRT/DMC. Bp positions are from the NCBI Build 

GRCh37/hg19. (Table on next page). 
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Table 3.1: Chromosome 10 deletion clones. 

 

 

 

 

 

 

 

 

 

 

 

 

 

      Screened by Analyzed
Clone Integration Site (bp) Proximal Distal Southern BAC-FISH for DRT/DMC

5'AP-loxP unknown N/A N/A N/A N/A N/A
!175!3'-4c 42,543,719 N/A smallest (no LOH) Y N Y
!175!3'-6a unknown N/A smallest (no LOH) Y N N
!175!3'-7a unknown N/A smallest (no LOH) Y N N
!175!3'-17c unknown N/A smallest (no LOH) Y N N
!175!3'-17d unknown N/A smallest (no LOH) Y N N
!175!3'-21a unknown N/A smallest (no LOH) Y N N
!175!3'-22a unknown N/A smallest (no LOH) Y N N
!175!3'-24b unknown N/A smallest (no LOH) Y N N
!175!3'-24c unknown N/A smallest (no LOH) Y N N
!175!3'-2b 43,123,687 N/A small (LOH at rs4275553) Y N N
!175!3'-17a unknown N/A small (LOH at rs4275553) Y N N
!175!3'-19a unknown N/A small (LOH at rs4275553) Y N N
!175!3'-24d* unknown N/A small (LOH at rs4275553) Y N N
!175!3'-15a unknown N/A mid-small (LOH at rs4948975) Y N N
!175!3'-17b unknown N/A mid-small (LOH at rs4948975) Y N N
!175!3'-24a unknown N/A mid (LOH at rs10857619) Y Y Y
!175!3'-6c 55,485,838 N/A mid-large (LOH at rs11003227) Y Y Y
!175!3'-20b unknown N/A mid-large (LOH at rs11003227) Y N N
!175!3'-4b 56,292,927 N/A large (LOH at rs7896552) Y Y Y
!175!3'-20a unknown N/A large (LOH at rs7896552) Y N N
!175!3'-15b unknown N/A largest (LOH at rs1336194) Y N N

  Chromosome 10 Lentiviral
   Integration Sites in P175   Deletion Size (relative)
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Figure 3.5: Deletions in chromosomes 10 and 13 do not cause DRT/DMC.  

A) ∆175∆3´-24a cells were incubated with BrdU for 5 hours, harvested for mitotic 

cells, processed for DNA-FISH using a chromosome-10 telomeric probe (red 

signal near the telomere) and a BAC probe (RP11-35B22) that maps to the 

deleted region (red signal near the centromere), and for BrdU incorporation using 

an antibody against BrdU (green). The DNA was stained with DAPI (blue). The 

two chromosome 10s in the top left panel are indicated by arrows. The 

chromosomes from the top left panel were cut out and aligned with each color 

displayed separately or in combination below. The chromosome 10 with only one 

red signal (A) is the chromosome that contains the deletion. On the right, pixel 

intensity profiles of the BrdU incorporation (green), and DAPI (blue) staining 

along the two chromosome 10s (A and B). Pixel intensity is on the Y-axis while 

the X-axis denotes the distance along the chromosome. The similar amount of 

BrdU incorporation in the two chromosomes indicated that these cells did not 

display DRT B) ∆186∆3´-6b cells were incubated with BrdU for 4.5 hours, 

harvested for mitotic cells, processed for DNA-FISH using a BAC probe (RP11-

274P12) near the chromosome 13 centromere (red signal near the centromere) 

and a BAC probe (CTD-3195C8) that maps to the deleted region (red signal 

slightly lower on the q arm), and for BrdU incorporation using an antibody against 

BrdU (green). The DNA was stained with DAPI (blue). The two chromosome 13s 

in the top left panel are indicated by arrows. The chromosomes from the top left 

panel were cut out and aligned with each color displayed separately or in 

combination below. The chromosome 13 with only one red signal (A) is the 
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chromosome that contains the deletion. On the right, pixel intensity profiles of the 

BrdU incorporation (green), and DAPI (blue) staining along the two chromosome 

13s (A and B). Pixel intensity is on the Y-axis while the X-axis denotes the 

distance along the chromosome. The similar amount of BrdU incorporation in the 

two chromosomes indicated that these cells did not display DRT (Figure on next 

page). 
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Figure 3.5: Deletions in chromosomes 10 and 13 do not cause DRT/DMC. 
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Table 3.2: Chromosome 13 deletion clones. The 21 clones with a deletion 

distal or proximal from the loxP site on chromosome 13 (∆186∆3´ clones) are 

listed on the left of the table. Multiple clones exist for those with an asterisk (*) 

next to their name. The exact viral integration sites were identified for some of 

the clones based off LAM-PCR data. The deletion size is the difference between 

the original 5´AP-loxP integration site and the viral integration site. Note how 

some clones harbor a distal deletion, some contain a proximal deletion and one 

contains a deletion in both orientations on the same chromosome. To the right is 

a summary of the screening methods that have been performed (Y) or not 

performed (N) for each clone as well as which have been analyzed for 

DRT/DMC. Bp positions are from the NCBI Build GRCh37/hg19. (Table on next 

page). 
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Table 3.2: Chromosome 13 deletion clones. 

 

 

 

 

 

 

 

 

 

 

 

 

 

      Screened by Analyzed
Clone Integration Site (bp) Proximal Distal Southern BAC-FISH for DRT/DMC

!186!3'-5a 45,788,690 349,892 N/A Y Y Y
!186!3'-1c* 45,860,823 2,778 N/A Y Y Y
5'AP-loxP 46,138,582 N/A N/A N/A N/A N/A
!186!3'-4a* 46,155,178 N/A 16,596 Y N N
!186!3'-5c 46,583,938 N/A 445,356 Y Y Y
!186!3'-4b 46,850,932 N/A 712,350 Y N N
!186!3'-6b 47,002,920 N/A 864,338 Y Y Y
!186!3'-4d 55,976,429 N/A 9,837,847 Y N N
!186!3'-3a 45,812,118 + one addl. 326,464 > 12,361 Y N N
!186!3'-3d unknown ? ? Y N N
!186!3'-3b unknown ? ? Y N N
!186!3'-2d unknown ? ? Y N N
!186!3'-3c unknown ? ? Y N N
!186!3'-2b unknown ? ? Y N N
!186!3'-5b unknown ? ? Y N N
!186!3'-2a unknown ? ? Y N N
!186!3'-6a unknown ? ? Y N N
!186!3'-1e unknown ? ? Y N N
!186!3'-6c unknown ? ? Y N N
!186!3'-6d unknown ? ? Y N N
!186!3'-6e unknown ? ? Y N N
!186!3'-1a unknown ? ? Y N N

  Chromosome 13 Lentiviral
   Integration Sites in P186   Deletion Size (in bp)
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Table 3.3: Chromosome 16 deletion clones. The 9 clones with a deletion 

proximal from the loxP site on chromosome 16 (∆268∆3´ clones) are listed on the 

left of the table. The exact viral integration sites were identified for some of the 

clones based off LAM-PCR data. The deletion size is the difference between the 

original 5´AP-loxP integration site and the viral integration site. To the right is a 

summary of the screening methods that have been performed (Y) or not 

performed (N) for each clone as well as which have been analyzed for 

DRT/DMC. Bp positions are from the NCBI Build GRCh37/hg19.  

 

 

 

 

 

 

 

 

      Screened by Analyzed
Clone Integration Site (bp) Proximal Distal Southern BAC-FISH for DRT/DMC

!268!3'-2e 47,231,746 7,175,489 N/A Y N N
!268!3'-2b unknown ? N/A Y N N
!268!3'-2d unknown ? N/A Y N N
!268!3'-2c 47,338,650 7,068,585 N/A Y N N
!268!3'-5a unknown ? N/A Y N N
!268!3'-5b unknown ? N/A Y N N
!268!3'-5c unknown ? N/A Y N N
!268!3'-6a 53,878,215 529,020 N/A Y N N
!268!3'-6c unknown ? N/A Y N N
5'AP-loxP 54,407,235 N/A N/A N/A N/A N/A

  Chromosome 16 Lentiviral
   Integration Sites in P268   Deletion Size (in bp)
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Figure 3.6: Strategy used to make deletions in chromosome 15. In the top 

left corner is a depiction of chromosomes 15 (red) and 16 (green) in the P268 cell 

line. For visualization purposes, chromosome 15 has been enlarged and flipped 

on its side. Step 1) The original loxP-3´RT integration site is indicated in a 

magnified view of chromosome 15 in P268 (this cassette integrated in an 

antisense orientation). P268 cells were infected with a lentivirus containing a 

Blasticidin resistance gene (Blast), a loxP site (blue triangle) and exons 1 and 2 

of mouse APRT. Step 2) Infected clones were pooled and transfected with Cre 

recombinase. Step 3) Following loxP recombination, APRT was reconstituted. If 

an intrachromosomal deletion occurred, Blast will be removed from the genome 

along with the deleted region, resulting in sensitivity to Blasticidin. Therefore, 

clones that were APRT positive and Blast sensitive were isolated and expanded 

for further screening. (Figure on next page). 
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Figure 3.6: Strategy used to make deletions in chromosome 15. 
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Figure 3.7: Deletion confirmation for ∆268 clones. A) Junction PCR to detect 

the loss of one loxP-3´RT-genome junction. ∆268 clones were subjected to PCR 

with primers that amplified the centromeric junction of the original loxP-3´RT 

integration site in P268 (Junc. #1) or the telomeric junction (Junc. #2). All of the 

deletion clones have lost the telomeric junction indicating that a deletion distal 

from the loxP site was made. B) LOH in deletion clones. Sequence trace for SNP 

rs2881582 (indicated by arrow) indicated that P268 contains both a T and C at 

this position while a deletion clone has lost the T allele. C) Southern blot of 

deletion clones, P268 and R268. Genomic DNA was digested with BclI and run 

on a gel with a DNA ladder (right lane, labeled in Kb). The top blot was probed 

with exons 3, 4, and 5 of mouse APRT (RT) and the bottom blot was probed with 

exons 1 and 2 of APRT (AP). Note how the size of the RT band has shifted in 

size compared to P268, indicating a rearrangement took place at this locus. Also, 

each clone has at least two AP bands (the original on chromosome 10 and a new 

one from the lentiviral infection. (Figure on next page). 
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Figure 3.7: Deletion confirmation for ∆268 clones. 
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Table 3.4: Deletion size and DRT/DMC status of chromosome 15 deletion 

clones. Positions are listed for the original loxP-3´RT integration site in P268 and 

lentiviral integrations in each deletion clone. ∆268F clones have a deletion 

proximal from the loxP site and ∆268 clones have a deletion distal from the loxP 

site. Specific integration sites were determined by LAM-PCR and predicted 

integration sites were estimated by LOH analysis. The deletion size is the 

difference between the original loxP-3´RT integration site and the lentiviral 

integration site. On the right is a summary of how many clones exhibited 

DRT/DMC (positive), did not display DRT/DMC (negative), or were too unstable 

to analyze (unstable). Each deletion clone listed on the left represents one of 

many clones with the same deletion; therefore multiple clones were analyzed for 

DRT/DMC for each deletion size. Bp positions are from the NCBI Build 

GRCh37/hg19. 

 

  Chromosome 15 Lentiviral 
   Integration Sites in P268   Deletion Size (base pairs)   DRT/DMC

Clone Integration Site Proximal Distal positive negative unstable
!268F-6a btw cen-58,733,512 >18,125,231 0 1 0
!268F-5a btw 76,732,559-76,791,779 btw 66,964-126,184 0 3 0
!268F-6b btw 76,732,559-76,791,780 btw 66,964-126,184 0 3 0
loxP-3'RT 76,858,743-76,858,758 N/A N/A N/A
!268-15a 76,860,843 2,085 0 2 0
!268-18a 76,982,805 124,047 0 4 0
!268-4c 76,994,171 135,413 3 3 0
!268-4a 77,020,070 161,312 2 4 1
!268-18t 77,113,970 255,212 0 2 0
!268-6e btw 77,451,350-tel >592,592 0 1 0
!268-1c btw 77,451,350-tel >592,592 0 0 1
!268-3g btw 77,451,350-tel >592,592 0 0 1
!268-5c 82,480,936 5,622,178 0 0 2
!268-4d 89,692,218 12,833,460 1 0 0
!268-18b 100,154,623 23,295,865 0 2 0

  Chromosome 15 Lentiviral 
   Integration Sites in P268   Inversion Size (base pairs)   DRT/DMC

Clone Integration Site Proximal Distal positive negative unstable
Inv268-3c 74,775,308 2,083,435 1 0 0
loxP-3'RT 76,858,743-76,858,758 N/A N/A N/A
Inv268-3a 77,502,462 643,704 0 0 1
Inv268-6c 77,643,709 784,951 1 0 0
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Figure 3.8: Chromosome 15 distal deletions. Diagram of chromosome 15 

showing the orientation and integration site of the original loxP-3´RT cassette 

(RT+purple triangle), the 5´AP-loxP lentivirus (green) and the locations of the 

genomic integrations of the virus (arrows). The loxP-3´RT integration site is 

magnified to show the locations and orientations of the genes: SCAPER (red), 

RCN2, PSTPIP1, TSPAN3 and PEAK1. The BAC used for deletion analysis is 

shown in blue.  
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Figure 3.9: Strategy to make deletions proximal from the loxP integration 

site in chromosome 15 in P268. Schematic diagram of the mouse APRT gene, 

the location and orientation of the original loxP-3´RT site, the ‘integration’ plasmid 

(containing a loxP site, an AP-Frt cassette and an Frt-RT cassette), the lentiviral 

vector (L6-AP-Frt-Blast), and FLP-mediated deletion and reconstitution of APRT. 

P268 cells were transfected with the integration plasmid and Cre then selected 

for the presence of the APRT gene. Cells were transfected with FLP, selected for 

the absence of APRT, and infected with the 5´AP lentivirus. Blast-resistant cells 

were transfected with FLP and selected for the presence of APRT and Blast 

sensitivity. Individual clones were isolated, expanded and screened for deletion. 

This strategy resulted in a deletion of genomic material between the loxP-3´RT 

cassette and the centromere. Figure 3.9 adapted from [122]. (Figure on next 

page). 

 

 

 

 

 

 

 

 

 

 



	
   161	
  

 

Figure 3.9: Strategy to make deletions proximal from the loxP integration 

site in chromosome 15 in P268. 

 

 

 

 

loxP 
Mouse APRT 

Frt 

APRT- 

P268 
Chr. 15 cen tel 

Cre 

tel cen 

FLP 

tel cen 

APRT+ 

BLAST 

tel cen 

APRT- 

BLAST 

Blast+ 
APRT- 

cen 
APRT+ 

tel 

FLP 

Blast- 

Integration 
Plasmid 

Chr. 15 deletion  



	
   162	
  

 

 

 

 

Table 3.5: List of chromosome 15 deletion clones with identical deletions. 

The deletion clones in Table 3.4 that contain the same deletion as at least one 

other clone are listed on the left. The names of the identical clones are listed on 

the right.  

 

 

 

 

 

 

 

Chromosome 15 Identical Clones
Clone Same As

!268-4c 4f, 4k, 4n, 4o, 4q, 4r, 4u
!268-4a 4e, 4g, 4m, 4p, 4s, 4t
!268-3g 3e, 3f, 3h
!268-5c 5d
!268-15a 15c, 15d, 15f
!268-18b 18e, 18f, 18g, 18h
!268-18t 18x
!268-18a 18c, 18d, 18m, 18n, 18p, 18r, 18s, 18w 
!268F-5a 5b, 5c, 5d, 5e, 5f, 5g, 5h, 5i, 5k, 5m, 5n, 5o

5p, 5q, 5r, 5s, 5t, 5u, 5z
!268F-6b 6c, 6d, 6e, 6f
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Table 3.6: Inversion size and DRT/DMC status of chromosome 15 inversion 

clones. Positions are listed for the original loxP-3´RT integration site in P268 and 

lentiviral integrations in each inversion clone. Inv268-3c contains an inversion 

proximal from the loxP site and Inv268-3a and -6c contain an inversion distal 

from the loxP site. Integration sites were determined by LAM-PCR. The inversion 

size is the difference between the original loxP-3´RT integration site and the 

lentiviral integration site. On the right is a summary of how many clones exhibited 

DRT/DMC (positive), did not exhibit DRT/DMC (negative), or were too unstable 

to analyze (unstable). Bp positions are from the NCBI Build GRCh37/hg19. 

 

 

 

 

 

 

 

 

  Chromosome 15 Lentiviral 
   Integration Sites in P268   Deletion Size (base pairs)   DRT/DMC

Clone Integration Site Proximal Distal positive negative unstable
!268F-6a btw cen-58,733,512 >18,125,231 0 1 0
!268F-5a btw 76,732,559-76,791,779 btw 66,964-126,184 0 3 0
!268F-6b btw 76,732,559-76,791,780 btw 66,964-126,184 0 3 0
loxP-3'RT 76,858,743-76,858,758 N/A N/A N/A
!268-15a 76,860,843 2,085 0 2 0
!268-18a 76,982,805 124,047 0 4 0
!268-4c 76,994,171 135,413 3 3 0
!268-4a 77,020,070 161,312 2 4 1
!268-18t 77,113,970 255,212 0 2 0
!268-6e btw 77,451,350-tel >592,592 0 1 0
!268-1c btw 77,451,350-tel >592,592 0 0 1
!268-3g btw 77,451,350-tel >592,592 0 0 1
!268-5c 82,480,936 5,622,178 0 0 2
!268-4d 89,692,218 12,833,460 1 0 0
!268-18b 100,154,623 23,295,865 0 2 0

  Chromosome 15 Lentiviral 
   Integration Sites in P268   Inversion Size (base pairs)   DRT/DMC

Clone Integration Site Proximal Distal positive negative unstable
Inv268-3c 74,775,308 2,083,435 1 0 0
loxP-3'RT 76,858,743-76,858,758 N/A N/A N/A
Inv268-3a 77,502,462 643,704 0 0 1
Inv268-6c 77,643,709 784,951 1 0 0
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Figure 3.10: Chromosome 15 replicates normally in P268 cells. P268 cells 

were incubated with BrdU, harvested for mitotic cells, processed for DNA-FISH 

using a whole-chromosome-15 paint (red), and for BrdU incorporation using an 

antibody against BrdU (green). The DNA was stained with DAPI (blue). A) Mitotic 

chromosome spread with DNA stained with DAPI. B) The spread from panel A 

stained for chromosome 15, BrdU and DAPI. Each chromosome 15 is labeled A, 

B or C (note that chromosome 15 is triploid in P268 cells). C) Chromosomes A, B 

and C from panel B were cut out and aligned with each color displayed 

separately or in combination. Note the comparable BrdU staining between the 

three chromosomes. D) Quantification of the BrdU incorporation in seven 

different cells. The red bars represent each chromosome 15 in each cell. 

The y-axis values represent the total number of pixels (area x intensity) x 1000. A 

comparison of the three 15s in each cell reveals similar amounts of BrdU 

incorporation, indicating that chromosome 15 replicates synchronously in P268 

cells. (Figure on next page). 
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Figure 3.10: Chromosome 15 replicates normally in P268 cells. 
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Figure 3.11: Delayed replication timing on an ~161 Kb deletion. ∆268-4g 

cells were incubated with BrdU, harvested for mitotic cells, processed for DNA-

FISH using a chromosome-15 centromeric probe (red) and a BAC that lies within 

the deleted region of SCAPER (red), and for BrdU incorporation using an 

antibody against BrdU (green). The DNA was stained with DAPI (blue). A) Mitotic 

spread of a cell containing an ~161 kb deletion distal from the loxP site on 

chromosome 15 stained with DAPI, and both probes. The three chromosome 15s 

are labeled i, ii and iii (arrows). B) Same spread in panel A with BrdU staining. C) 

The three chromosome 15s from panel B were cut out and aligned. The deleted 

chromosome 15 (top chromosome with no SCAPER BAC signal) is indicated by 

an asterisk. Pixel-intensity profiles of BrdU incorporation (green line) and DAPI 

staining (blue line) along the three chromosome 15s from the left panel. The 

lower right table shows the pixel-intensity (area x average intensity) for each 

chromosome showing the total amount of BrdU incorporation or DAPI staining. 

D) Quantification of the BrdU incorporation in seven different cells. The blue bars 

represent the intact chromosome 15s and the red bar represents the deleted 

chromosome 15. The y-axis values represent the total number of pixels (area x 

intensity) x 1000. Note how the deleted chromosome contains much more BrdU 

incorporation in late S phase than the other homologs. E) Chromosome 15 

deletions led to multiple translocation events involving chromosome 15. ∆268-4g 

cells were subjected to DNA-FISH using a whole-chromosome-15 paint (red). 

Arrows point to all regions of hybridization to the 15-paint. (Figure on next page). 
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Figure 3.11: Delayed replication timing on an ~161 Kb deletion.  
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Figure 3.12: Chromosome 15 deletions cause DRT/DMC. A) ∆268-4c cells 

were incubated with BrdU, harvested for mitotic cells, processed for DNA-FISH 

using a chromosome-15 centromeric probe (red) and a BAC that lies within the 

deleted region (red), and for BrdU incorporation using an antibody against BrdU 

(green). The DNA was stained with DAPI (blue). Note how a chromosome-15 

derivative displayed DRT and DMC. B) ∆268-4f cells were incubated with BrdU, 

harvested for mitotic cells, processed for DNA-FISH using a whole-chromosome-

15 paint (red), and for BrdU incorporation using an antibody against BrdU 

(green). The DNA was stained with DAPI (blue). Note how a chromosome-15 

derivative displayed extremely late replication. C) ∆268-5c cells were incubated 

with BrdU, harvested for mitotic cells, processed for DNA-FISH using a 

chromosome-15 centromeric probe (red) and a BAC that lies within the deleted 

region (red), and for BrdU incorporation using an antibody against BrdU (green). 

The DNA was stained with DAPI (blue). Note how a chromosome-15 derivative 

displayed DRT and DMC. (Figure on next page). 
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Figure 3.12: Chromosome 15 deletions cause DRT/DMC. 
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Figure 3.13: Some chromosome 15 deletions do not cause DRT/DMC. A) 

∆268-4e cells were incubated with BrdU, harvested for mitotic cells, processed 

for DNA-FISH using a chromosome-15 centromeric probe (red) and for BrdU 

incorporation using an antibody against BrdU (green). The DNA was stained with 

DAPI (blue). B) The three chromosome 15s from panel A were cut out and 

aligned with each color displayed separately or in combination. Note the 

comparable BrdU staining between the three chromosomes. C) Quantification of 

the BrdU incorporation in seven different cells. The red bars represent each 

chromosome 15 in each cell. The y-axis values represent the total number of 

pixels (area x intensity) x 1000. A comparison of the three 15s in each cell 

revealed similar amounts of BrdU incorporation, indicating that chromosome 15 

replicated synchronously in ∆268-4e cells. D) Box plot representing 

chromosome-15 replication asynchrony in P268, ∆268-4e and ∆268-4d cells. For 

each mitotic spread, a ratio was calculated for the total BrdU signal present on 

two of the chromosome 15s. A ratio of 1 indicates that the two chromosomes are 

at the exact same stage of replication and a ratio of <1 indicates replication 

asynchrony. Seven mitotic spreads were scored for each of the three cell lines 

and the mean ratios are labeled in each box. P-values were calculated using the 

Mann-Whitney U test. ∆268-4e did not display a significant replication delay on 

the deleted chromosome 15 (p=0.44) and ∆268-4d did (p=0.003) when compared 

to the parental cell line. (Figure on next page). 

 

 



	
   171	
  

Figure 3.13: Some chromosome 15 deletions do not cause DRT/DMC.  
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Figure 3.14: Chromosome 15 rearrangements induce abnormal karyotypes. 

A) ∆268-4f mitotic cells were harvested and processed for DNA-FISH using a 

whole-chromosome-15 paint (red). The DNA was stained with DAPI (blue). 

Despite having three intact chromosome 15s before an ~135 kb deletion, this cell 

now has four intact chromosome 15s (asterisks) and multiple chromosome 15 

rearrangements (arrows). B-C) Inv268-6c mitotic cells were harvested and 

processed for DNA-FISH using a whole-chromosome-15 paint (red). The DNA 

was stained with DAPI (blue). This inversion on chromosome 15 has induced 

multiple chromosome 15 rearrangements and resulted in an increased number of 

chromosomes. D) Chromosome structure abnormalities observed in clones that 

displayed DRT. Inversion or deletion clones that displayed DRT or were too 

unstable to analyze for DRT were assayed for new translocations involving 

chromosome 15. One hundred cells for each clone were scored for whether they 

exhibited at least one new translocation involving chromosome 15. The 

percentage of cells that were translocation-positive for each clone is indicated on 

the right. Some clones had very few cells that had three intact 15s and, therefore, 

could not be analyzed for DRT (too unstable). Data on P268 new translocations 

was taken from [77]. (Figure on next page).        
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Figure 3.14: Chromosome 15 rearrangements induce abnormal karyotypes. 
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Figure 3.15: Delayed replication and abnormal karyotype in HCC1143. A) 

Track from the Sanger Cancer Genome Project website showing LOH and copy 

number data for chromosome 15 in the HCC1143 cell line. The upper (dark blue) 

line indicates total copy number (on the y-axis) and the lower (light blue) line 

indicates minor allele copy number. When the light blue line drops to zero, there 

has been LOH at that region. The location of SCAPER is indicated with an arrow 

and a black line. B) Magnified image from panel A showing the location of 

SCAPER and the two BACs used in the analysis in panel C. C) DNA-FISH 

analysis of HCC1143 cells probed for BAC #1 (red) and BAC #2 (green). 

Although some chromosomes have co-localization of the two BACs (arrows), 

some have either only green or only red signals (#), indicating that a 

translocation event(s) took place between the two BACs. D-G) Replication-timing 

analysis of HCC1143. HCC1143 cells were incubated with BrdU, harvested for 

mitotic cells, processed for DNA-FISH using a whole-chromosome-15 paint (red) 

and for BrdU incorporation using an antibody against BrdU (green). The DNA 

was stained with DAPI (blue). Each color is displayed separately or in 

combination. Arrows point to the chromosome 15 derivatives and asterisks (*) 

denote the two late replicating chromosomes. Note that there were two regions of 

extremely late replication in this cell: one was a chromosome 15 derivative and 

the other was from unknown origin. (Figure on next page).   
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Figure 3.15: Delayed replication and abnormal karyotype in HCC1143. 
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Figure 3.16: Delayed replication and abnormal karyotype in HCC1395. A) 

Track from the Sanger Cancer Genome Project website showing LOH and copy 

number data for chromosome 15 in the HCC1395 cell line. The upper (dark blue) 

line indicates total copy number (on the y-axis) and the lower (light blue) line 

indicates minor allele copy number. When the light blue line drops to zero, there 

has been LOH at that region. The location of SCAPER is indicated with an arrow 

and a black line. B) Magnified image from panel A showing the location of 

SCAPER and the two BACs used in the analysis in panel C. C) DNA-FISH 

analysis of HCC1395 cells probed for BAC #1 (green) and BAC #2 (red). 

Although some chromosomes have co-localization of the two BACs (arrows), one 

has only a green signal (*), indicating that a translocation or deletion event took 

place between the two BACs. D-G) Replication-timing analysis of HCC1395. 

HCC1395 cells were incubated with BrdU, harvested for mitotic cells, processed 

for DNA-FISH using a whole-chromosome-15 paint (red) and for BrdU 

incorporation using an antibody against BrdU (green). The DNA was stained with 

DAPI (blue). Each color is displayed separately or in combination. An arrow 

points to a chromosome 15 derivative that displayed late replication. (Figure on 

next page). 
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Figure 3.16: Delayed replication and abnormal karyotype in HCC1395. 
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Figure 3.17: Replication asynchrony and coordination on chromosome 15. 

A-B) HSFs were incubated with BrdU, harvested for mitotic cells, processed for 

DNA-FISH using a BAC within SCAPER (CTD-2299E17, red) and for BrdU 

incorporation using an antibody against BrdU (green). The DNA was stained with 

DAPI (blue). Only BrdU-positive cells were used in the SD assay. In these two 

cells, SCAPER has been replicated on one allele (D) and not the other (S), which 

indicates replication asynchrony. C) Table outlining coordination of replication 

asynchrony. Each locus on the left was scored for the percentage of BrdU-

positive cells that displayed an SD pattern. The data on synchronously-

replicating loci, PTK6, LARP and C9orf43, was taken from [122]. On the right 

shows the percentage of cells that display replication coordination with BAC 

CTD-2299E17. (Figure on next page). 
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Figure 3.17: Replication asynchrony and coordination on chromosome 15. 
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Table 2. FISH analysis of human loci.

cis trans
NOR* 18s rDNA 15p N/A 85% 15%

MYO1E RP11-1089J12 15q22.2 40 72% 28%
PTPN9 CTD-2323K18 15q24.2 48 71% 29%

SCAPER CTD-2117F7 15q24.3 35 89% 11%
SCAPER CTD-2299E17 15q24.3 47 N/A N/A
PEAK1 RP11-94P14 15q24.3 35 74% 26%

PTK6 RP11-95N13 20q13.3 19 N/A N/A
LARP CTD-2546N4 5q33.2 24 N/A N/A

C9orf43 CTD-2167I10 9q32 19 N/A N/A

The percentage of the single-double (%SD) pattern was determined using FISH. 
Coordinated asynchronous replication was scored against BAC CTD-2299E17.
* indicates coordination measured by Re-TISH

Coordination
Locus Probe Position %SD

S

S

D

D
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Figure 3.18: Replication coordination between SCAPER and the NOR on 

chromosome 15. A) Outline of the ReTISH assay. PBLs were pulsed with BrdU 

for the entirety of S-phase and G2 (14 hours) or just late S-phase and G2 (5 

hours) and harvested for mitotics. The 5-hour timepoint identifies which allele is 

the late-replicating allele for any asynchronously-replicating gene. The 

combination of multiple probes can uncover if the late-replicating alleles of 

multiple genes are on the same chromosome. Panel A was adapted from [123]. 

B-E) Mitotic spreads were hybridized with three different FISH probes. First, the 

ReTiSH assay included a centromeric probe on chromosome 15 (the two larger 

green signals). Each assay also included BAC probes representing the 18s rDNA 

in the NOR (red) and SCAPER (RP11-356A10, smaller green signal). The NOR 

exists on 5 different chromosomes (13, 14, 15, 21 and 22). Both 15s were 

labeled along with the 13, 14, 21 and 22 alleles that had late-replicating NORs. 

The chromosome 15 that had the late-replicating NOR is the same one that 

contained the late-replicating SCAPER. Data are summarized in Figure 3.17C. 

(Figure on next page). 
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Figure 3.18: Replication coordination between SCAPER and the NOR on 

chromosome 15. 
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Figure 3.19: Biallelic expression of SCAPER. A) DNA sequencing traces from 

PCRs designed to detect SNP rs12916573. PCRs were carried out on genomic 

DNA isolated from P268 (top), cDNA from P268 RNA (2nd from the top) and two 

mono-chromosomal hybrids containing the two different chromosome 15s from 

HTD114 [L(P268hy)A4 contains the loxP-3ʹRT integrated chromosome 15, and 

L(P177hy)P5 contains the other chromosome 15] (bottom two). The arrows mark 

the location of the SNP. B) Biallelic expression of SCAPER in monochromosomal 

hybrids and in P268. RT-PCRs were carried out on RNA isolated from P268, 

L(P268hy)A4, L(P177hy)P5, and L cells (mouse cells used in hybrid generation). 

Genomic DNAs from each cell line served as positive controls. PCRs were 

carried out using primers designed to detect SNP rs28641730 and rs8038119. 

An additional primer set was used to detect spliced SCAPER by spanning the 

intron between exons 4-5 of RefSeq SCAPER. Sequencing of the PCR products 

confirmed that all primers amplified the correct chromosome position (data not 

shown). C) Strand-specific RT-PCR of SCAPER. First strand cDNA was 

synthesized from sense or antisense SCAPER RNA in HTD114 cells with (+RT) 

or without (-RT) reverse transcriptase and without cDNA primer (- primer). cDNA 

was also made with random hexamers with (random +RT) or without (random –

RT) reverse transcriptase. Strand-specific primers had a T7 primer tag on the 

end to ensure specific amplification. cDNA was amplified with T7 and a genomic 

primer to detect expression of two SNPs (rs12916573 and rs2468125) within 

SCAPER. Rs2468125 is homozygous in HTD114 cells so allelic expression could 

not be identified from that SNP. Rs12916573 is heterozygous in HTD114 cells 



	
   183	
  

and sequencing indicated that both the sense and antisense transcripts were 

biallelically expressed in HTD114 cells (data not shown). (Figure on next page).   
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Figure 3.19: Biallelic expression of SCAPER. 
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Figure 3.20: SCAPER is transcribed by RNA Pol II. P175 cells were exposed 

to 20 ug/mL of α-amanitin for 0, 5, and 10 hours. Total RNA was subjected to 

reverse transcriptase reactions (RT) in the presence (+) or absence (-) of reverse 

transcriptase followed by semi-quantitative PCR using primers to 45S RNA, a 

tRNA gene, P300, a SNP within SCAPER and primers spanning exons 4-5 of 

SCAPER. Note that SCAPER expression decreased at 5 hours of treatment and 

was not detectable after 10 hours of treatment. Figure 3.20 is adapted from [123]. 

The same cDNA preps used to detect expression of 45S, tRNA and P300 in 

[123] were used to assay SCAPER expression. 
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Table 3.7: Expression of genes surrounding the loxP-3´RT integration site 

in P268 cells. Gene expression on chromosome 15 with primers that amplify a 

heterozygous SNP, a homozygous SNP, or span an intron. For each gene, it is 

indicated whether or not the DNA feature is expressed (+) or not expressed (-). If 

the SNP was heterozygous, it was sequenced and the expression pattern was 

indicated as biallelically expressed (B). Assays used to determine biallelic 

expression are as follows: r (RT-PCR), h (RT-PCR in hybrid cell lines), s (RT-

PCR and sequencing) and as (allele-specific RT-PCR). Bp positions are from the 

NCBI Build GRCh37/hg19. (Table on next page). 
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Table 3.7: Expression of genes surrounding the loxP-3´RT integration site 

in P268 cells.  

 

 

 

 

 

 

 P268 L(P268hy)A4 L(P177hy)P5
DNA Feature Location on Chr 15 Gene Expressed Pattern Expressed Expressed Assay(s)

rs8028182 75718669 SIN3A + B r,s
exons 5-8 75782603-75809701 PTPN9 + + + r,h
rs4322627 75810659 PTPN9 + + + r,h

rs55720833 75899640 SNUPN + + + r,h
rs28412110 75907636 SNUPN + + + r,h
rs4073214 75948671 SNX33 + B r,s
rs10163112 76015397 intergenic + B r,s
rs4503758 76017172 ODF3L1 + B r,s
rs2655129 76103729 intergenic - r
rs963249 76179923 UBE2Q2 + + + r,h

rs7172445 76373545 C15orf27 + B r,s
exons 5-8 76566756-76578783 ETFA + + + r,h
rs1801591 76578762 ETFA + + + r,h
exons 1-4 76629242-76632855 ISL2 + + + r,h
exons 3-4 76630664-76632855 ISL2 + + + r,h
rs874224 76631797 ISL2 + + + r,h

rs4886801 76701353 SCAPER + B r,as,s
rs17363364 76732559 SCAPER + B r,s
rs12916573 76791779 SCAPER + B + + r,s,h
rs8038119 76914528 SCAPER + + + r,h
exons 4-5 77096875-77134266 SCAPER + + + r,h

rs28641730 77175727 SCAPER + + + r,h
rs28405838 77226053 RCN2 + + + r,h
rs4886509 77354847 TSPAN3 + + + r,h

rs17466989 77416549 PEAK1 + B r,ss
exons 3-4 77450856-77471334 PEAK1 + + + r,h

rs12910419 77451350 PEAK1 + B r,as,s
rs11856513 77471105 PEAK1 + B r,s
rs2100054 77506427 PEAK1 + B r,s

rs16968730 77535785 PEAK1 + B + + r,s,h
rs7182221 77589535 PEAK1 + B r,s

rs17384809 77622006 PEAK1 + B r,s
rs17470228 77660345 PEAK1 + B r,s
rs10519167 77723027 HMG20A + B r,s
rs17471697 77762493 HMG20A + B r,s
rs12917175 77818193 intergenic + B r,s
rs12916515 77818518 intergenic + B r,s
rs12901471 77818992 intergenic + B r,s
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Table 3.8: Expression status of predicted or known monoallelically-

expressed genes on chromosome 15. Heterozygous SNPs in P268 cells were 

amplified by RT-PCR and expressed genes were sequenced to determine 

expression pattern (biallelic=B and monoallelic=M). Monoallelic expression of 

SNPs rs2739835 and rs9972374 was also confirmed in monochromosomal 

hybrids (data not shown). 

 

 

 

 

 

P268 
SNP Location Gene Expressed Pattern

rs11634496 25139203 SNRPN -
rs4243769 25140684 SNRPN -
rs2201839 25145346 SNRPN -
rs2739835 25415168 intergenic + M
rs2014053 25964045 ATP10A -
rs3930739 28040342 OCA2 + B
rs11071087 54843022 UNC13C -
rs166362 58733512 LIPC -

rs7174277 59442589 MYO1E + B
rs12594481 59567137 MYO1E + B
rs11631030 68595801 ITGA11 + B
rs2114716 80454745 FAH + B
rs2665118 82396347 intergenic + B
rs9972374 93182422 FAM174b + M

rs12443091 93193012 FAM174b -
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Introduction 

  

The Thayer lab has developed a chromosome engineering system that 

allows for the systematic analysis of human chromosomes with DRT/DMC [75, 

77, 80, 122]. To engineer such chromosomes, the lab employed a strategy using 

the Cre/loxP recombinase system. This strategy, as outlined in Figure 1.2, 

generated random interchromosomal translocations (ICTs) via Cre/loxP-

mediated, site-specific recombination [77]. Using this system, the Thayer lab 

previously identified four balanced translocations, each displaying DRT/DMC on 

one of the two derivative chromosomes (Figure 1.3) [77].   

These data led the lab to propose two models for how ICTs can cause 

DRT/DMC: 1) the ICT could delete or disrupt a cis-acting genetic element that 

acts to ensure proper DNA replication timing, mitotic chromosome condensation, 

and chromosome stability (loss-of-function model, Figure 4.1A) or 2) the ICT 

could generate a dominant interfering element that disrupts DNA replication 

timing, mitotic chromosome condensation, and chromosome stability (gain-of-

function model, Figure 4.1B) [74, 77].  

The identification of specific chromosomal loci that are involved in the 

acquisition of DRT/DMC allowed for the first genetic characterization of this 

phenotype. The P175 cell line was used for further characterization (Figure 1.4). 

P175 contains a loxP site in one allele of chromosome 6 and 10 [77]. Following 

loxP recombination, a balanced translocation, t(6;10)(q14-15;q11.2), was 

generated that displays DRT/DMC [77]. To identify which loxP integration site 
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was responsible for the acquisition of DRT/DMC (the chromosome 10 locus, the 

chromosome 6 locus, or both), the Thayer lab generated alternative translocation 

partners and found that DRT/DMC segregated with the chromosome 6 loxP 

integration site [122]. This indicated that the chromosome 6 locus was required 

for generating the DRT/DMC phenotype in P175 and the chromosome 10 locus 

was playing a passive role. 

Subsequently, intrachromosomal deletions (ICDs) were made on 

chromosome 6 using two different methods. One generated deletions anchored 

at the loxP site and extending towards the chromosome 6 centromere (proximal 

deletions) and the other generated deletions anchored at the loxP site and 

extending towards the q-arm telomere (distal deletions). Deletions of many 

different sizes were made in each direction and it was found that distal deletions 

never displayed DRT/DMC, whereas proximal deletions almost always displayed 

DRT/DMC (Figure 1.5) [122, 123]. All of the proximal deletions that caused 

DRT/DMC disrupted a monoallelically-expressed ncRNA gene called ASAR6 

[122]. It is currently unknown whether the disruption of the ASAR6 RNA is 

necessary for this phenotype. 

Therefore, the Thayer lab has generated 4 different ICTs (from the 

alternative partner analysis) and >15 ICDs involving chromosome 6 that cause 

the DRT/DMC phenotype in cis [77, 122]. The Thayer lab has taken the deletion 

data to support the loss-of-function model (Figure 4.1A) because the loss of 

genomic information triggers the DRT/DMC phenotype. However, the gain-of-

function model has not yet been ruled out (Figure 4.1B) because it is possible 
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that all of the deletions and translocations were producing interfering elements 

that dominantly disrupted replication timing by juxtaposing incompatible domains. 

Furthermore, during the deletion and translocation analysis, it became clear that 

the chromosomal derivatives that displayed DRT/DMC always contained the 

distal portion of chromosome 6 (Figure 4.2).  Therefore, the DRT/DMC 

phenotype always segregated with the distal portion of chromosome 6. This 

observation supports the gain-of-function model because the phenotype would 

always occur on the chromosome-derivative containing the interfering element 

(which would be present on the distal portion of chromosome 6) (Figure 4.1B).  

As a result, it is currently unknown whether DRT/DMC is caused by the 

loss-of-function of a timing element or the gain-of-function of an interfering 

element or a combination of both. Without this basic knowledge, it will be 

impossible to gain a greater understanding of the mechanism that governs this 

process. In this chapter, we provide data to support the interfering element (gain-

of-function) model. By making both proximal and distal deletions on the same 

chromosome, we show that distal deletions negated the effects of a subsequent 

proximal deletion on chromosome 6. Highlighting the complexity of this process, 

we show that a distal deletion, followed by the original 6;10 translocation in R175, 

resulted in the opposite chromosome derivative displaying DRT (the 6-

centromere derivative instead of the 10-centromere derivative). These data 

uncover a previously unappreciated aspect of DRT/DMC and open up new 

avenues for the study of this phenotype.  
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Results 

 

A Distal Deletion in Chromosome 6 Negates the Effects of a Proximal 

Deletion 

As mentioned in the introduction, the Thayer lab had generated 4 

interchromosomal translocations and >15 intrachromosomal deletions involving 

chromosome 6 that caused the DRT/DMC phenotype in cis [77, 122]. During this 

analysis, it became clear that the chromosomal derivative displaying DRT/DMC 

always contained the distal portion of chromosome 6 (Figure 4.2). This raises the 

possibility that the distal region of chromosome 6 can dominantly disrupt 

replication timing when put in a non-native chromosomal context. In this 

scenario, the region on the other side of the loxP integration site (proximal to the 

centromere) would be functioning perhaps as an “insulating element,” separating 

the distal portion of chromosome 6 (interfering element) from other regions of the 

chromosome (Figure 4.1B). On the other hand, it is also possible that these 

deletions and translocations disrupt a timing element that functions to promote 

the normal replication-timing program (Figure 4.1A).  

To test these two possibilities, I engineered proximal deletions in three 

different cell lines that already contained distal deletions on chromosome 6 

(Δ175F-7a, Δ175F-8a, and Δ175F-12a) (Figure 4.3). The strategy used to 

generate these “double deletions” is outlined in Figure 4.4. In effect, this strategy 

generated derivative chromosomes that underwent an ICD distal from the loxP 

site in chromosome 6 followed by an ICD proximal from the loxP site (referred to 
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as double-deletion derivatives). If DRT/DMC is caused by a dominant interfering 

activity of the distal portion of chromosome 6, perhaps by removing it from an 

“insulating element” (gain-of-function model), then I expect the double-deletion 

derivatives to not display the phenotype. This is because the first deletion distal 

from the original loxP site should delete the region that is causing the gain-of-

function phenotype; thereby, negating any effect of the second deletion proximal 

from the loxP site. If the simple loss-of-function model is correct, then I expect 

the double-deletion derivatives to display the DRT/DMC phenotype because the 

proximal deletion would disrupt the timing element, regardless of the presence of 

a distal deletion (Figure 4.5). 

 I have generated double-deletion derivatives in the Δ175F-7a, Δ175F-8a 

and Δ175F-12a cell lines. All deletions were confirmed using Southern blot 

hybridizations, junction PCR with primers spanning the loxP-genome junction 

and LOH analysis (Figure 4.6 and data not shown). The size of the distal 

deletions in each cell line had been determined previously to be 18 Kb, 150 Kb, 

and 1.3 Mb in the Δ175F-7a, Δ175F-12a, and Δ175F-8a cell lines, respectively 

[122] (Figure 4.3). Loss of heterozygosity (LOH) analysis was used to estimate 

the size of the proximal deletions in each clone (Table 4.1).  

 The replication timing of the chromosome 6s were then analyzed in 

double-deletion derivative clones from each cell line (Δ7aΔ3a, Δ8aΔ4c and 

Δ12aΔ4a). Cultures were incubated with BrdU and mitotic cells were harvested, 

processed for BrdU incorporation and subjected to DNA-FISH using a whole-

chromosome-6 paint. Interestingly, DRT/DMC was not detected in any of the 
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double-deletion derivatives (Figure 4.7). These results suggest that the proximal 

deletions (removing ASAR6) on chromosome 6 are sufficient to induce 

DRT/DMC only when the distal portion of the chromosome is intact. This is the 

first example of disruption of ASAR6 not causing DRT/DMC on chromosome 6. I 

take these data to support the gain-of-function model. 

 

A Distal Deletion in Chromosome 6 Alters the Effects of the Original t(6;10) 

The surprising result that a distal deletion on chromosome 6 negated the 

effects of a proximal deletion led us to ask whether a distal deletion would have a 

similar effect on translocation-induced replication delay. From previous studies it 

was known that a balanced t(6;10) generated in the R175 cell line displayed 

DRT/DMC on the chromosome 10-centromere derivative (Figure 1.4). Therefore, 

I induced the t(6;10) in cells that contained distal deletions on chromosome 6, 

thereby generating chromosomes that have undergone a distal deletion followed 

by a translocation (deletion-translocation derivatives).  

Again, I used the Δ175F-7a, Δ175F-8a, and Δ175F-12a cell lines to 

induce the t(6;10) as outlined in Figure 4.8. Despite multiple attempts, I was 

unable to isolate translocation clones from the Δ175F-8a and Δ175F-12a cell 

lines. Regardless, two clones were isolated from the Δ175F-7a cell line that 

contained deletion-translocations (R7a-1a and R7a-1b). The t(6;10) was 

confirmed using Southern blot hybridizations, junction PCR with primers 

spanning the loxP-genome junction and DNA-FISH using whole-chromosome 6 

and 10 paints (data not shown).  
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The replication timing of the derivative chromosomes was analyzed in the 

two deletion-translocation derivative clones. Interestingly, DNA replication delay 

was detected on one translocation derivative, as was the case in R175; however, 

the translocation derivative that displayed DRT was the 6-centromere derivative, 

opposite of what is seen in R175 cells (Figure 4.9). This result is an unexpected 

observation and highlights the complicated nature of the ASAR6 locus and the 

DRT/DMC phenotype. 
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Discussion 

 

Mammalian cells replicate their genomes every cell cycle during a defined 

replication-timing program. It is clear that the determinants of replication timing 

are not encoded within the sequence of the origins of replication, but rather the 

timing of origin firing is dictated by chromosomal location [10, 189]. Recent 

studies indicate that at least half of the genome is subject to changes in the 

temporal sequence of DNA replication during development [15]. The current 

thinking is that replication timing is directly linked to complex higher-order 

features of chromosome architecture [13, 190]. However, both the mechanisms 

and the significance of this temporal replication program remain poorly defined. 

Experiments were designed to test the two models that the Thayer lab 

previously put forth to explain how ICDs and ICTs can cause DRT/DMC. By 

generating double-deletion and deletion-translocation derivative chromosomes, I 

have concluded that neither model alone can explain the chromosome-wide 

replication delay. Although the double-deletion data supports the gain-of-function 

model, the deletion-translocation data likely reflects the complexity of the 

mechanisms involved and new models will need to be developed that can explain 

these observations. 

 The double-deletion and deletion-translocation data identified the region 

distal from the loxP site on chromosome 6 as playing a vital role in the acquisition 

of DRT/DMC. Surprisingly, a distal deletion of only 18 kb in the Δ175F-7a cell line 

was able to negate the effects of a proximal deletion. Due to the small size of this 
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deletion, the expectation was that this distal deletion would have no effect on 

subsequent proximal deletions, and the larger distal deletions in Δ175F-12a, and 

Δ175F-8a cells (150 Kb, and 1.3 Mb) may or may not effect subsequent proximal 

deletions. Regardless, these data have identified an ~18 kb region on 

chromosome 6 that has a “dominant interfering” function on replication timing. It 

is currently unclear how this element may be functioning. Therefore, further 

experiments to study the activity of this region are warranted. For example, the 

ASAR6 transgene used in the experiments in Chapter Two of this thesis contain 

this 18 kb region. It would be interesting to determine if a BAC that does not 

contain this 18 kb or a transgene that only contains this 18 kb region could 

induce DRT/DMC when ectopically integrated into a chromosome.   

 As mentioned in the Chapter Two discussion, I propose the possibility that 

the chromosome 6 locus has dual functions. One function would be ASAR6-

transcript-dependent and promote late replication via ASAR6 RNA coating and 

gene silencing. The other function of this locus would be transcript-independent 

and promote early DNA replication via an unknown mechanism. I believe the 

data presented in this chapter support this model. The double-deletion 

derivatives are the first example of chromosomes that have disrupted ASAR6 

expression and do not display DRT/DMC. Furthermore, the deletion-translocation 

derivatives that display replication delay (6-centromere derivatives) have an 

intact, expressed ASAR6 gene. This suggests that the ASAR6 RNA is not 

involved in the acquisition of the DRT/DMC phenotype and that something else 

within this locus is the main driver. Since this is the first time that DRT/DMC has 
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been decoupled from ASAR6 disruption on chromosome 6, it provides a unique 

opportunity to investigate the transcript-dependent function of this locus, which 

may be transcriptional silencing. If the dual function hypothesis is correct, then 

the double-deletion derivatives should have reactivation of the previously 

silenced alleles of monoallelically-expressed genes on chromosome 6 even 

though they do not display DRT/DMC. The idea being that if ASAR6 is disrupted, 

as it is in the double-deletion derivatives, then the transcript-dependent function 

of this locus would be disrupted as well and the silenced alleles of 

monoallelically-expressed genes would be reactivated.  

Importantly, these data do not directly conflict with the ‘inactivation/stability 

center’ (I/S center) model mentioned in Chapters One, Two and Three. However, 

the genetics of the I/S center are likely to be complicated and, therefore, require 

a more in-depth analysis. 
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Materials and Methods 

 

Development of Double-deletion Derivative Cell Lines 

 A plasmid with a pCR2.1 backbone containing an Frt site, HygR gene, loxP 

site, and exons 3,4 and 5 of the mouse APRT gene was generated using 

common molecular techniques (Frt-hygro-loxP-RT in pCR2.1). This plasmid was 

co-transfected with a Flippase (Flp) expression plasmid into Δ175F-7a, Δ175F-

8a, and Δ175F-12a cells [122] with Lipofectamine™ 2000 (Invitrogen) using the 

manufacturer’s protocol. Cells recovered for 48 hours and were subsequently put 

in media containing 100µg/mL Hygromycin B and 80µg/mL 2,6-diaminopurine 

(DAP) until single clones could be isolated and expanded. These clones (distal 

deletion+vector clones) were screened for proper vector integration by PCR and 

Southern blotting. Distal deletion+vector clones were infected with pL6-frt-5´AP-

frt-lox lentivirus at a multiplicity of infection (MOI) of <0.05, allowed to recover for 

48 hours and cultured in media containing 7µg/mL Blasticidin S HCL (Invitrogen). 

Infected clones were pooled and transfected with a Cre recombinase expression 

plasmid (pBS185 Gibco) and a green fluorescence protein (GFP) expression 

plasmid with Lipofectamine™ 2000 (Invitrogen) using the manufacturer’s 

protocol. Cells recovered for 48 hours and were subsequently selected for 

reconstitution of APRT by culturing in media containing 10µg/mL Azaserine and 

10µg/mL Adenine. APRT+ clones were isolated and expanded. Clones were 

screened for proximal deletions by PCR, Southern blotting and LOH analysis. 
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Development of Deletion-translocation Derivative Cell Lines 

 Distal deletion+vector clones (described in previous section) were 

transfected with a Cre recombinase expression plasmid (pBS185 Gibco) and a 

green fluorescence protein (GFP) expression plasmid with Lipofectamine™ 2000 

(Invitrogen) using the manufacturer’s protocol. Cells recovered for 48 hours and 

were subsequently selected for reconstitution of APRT by culturing in media 

containing 10µg/mL Azaserine and 10µg/mL Adenine. APRT+ clones were 

isolated and expanded. Clones were screened for the 6;10 translocation by PCR, 

Southern blotting and DNA-FISH. 

 

PCR and Southern Blotting to Screen for Targeted Recombinants 

 DNA was isolated from cells and subjected to PCR in a 25-50 µl volume 

using 50-100 nanograms (ng) of DNA, 1x Standard Taq Buffer (New 

England Biolabs, Inc.), 200 µM each deoxynucleotide triphosphate, 0.2 µM of 

each primer, and 3 U of Taq DNA Polymerase (New England Biolabs, Inc.) under 

the following reaction conditions: 95°C for 2 min, followed by 35 cycles of 95°C 

for 30 sec, 60°C for 45 sec, and 72°C for 1 min, with a final extension time of 10 

min at 72°C. PCR products were separated on 1% agarose gels, stained with 

ethidium bromide, and photographed under ultraviolet light illumination. 

Heterozygous SNPs used for LOH analysis (Table 4.1) were rs6904580 (~20 Mb 

away), rs4296866 (~10 Mb away), rs806272 (~5 Mb away), rs9353921 (~3 Mb 

away), rs2750030 (~1 Mb away), and rs9482760 (~138 Kb away).  
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 BclI endonuclease digestion was performed according to the 

manufacturer’s protocols (Fermentas) and digested DNA was run on a 0.7% 

agarose gel overnight at low voltage and subjected to Southern blotting using 

standard protocols. Blots were exposed to film for 10-30 hours at -80ºC. 

 

DNA-FISH 

Trypsinized cells were centrifuged at 1,000 rpm for 10 minutes in a 

swinging bucket rotor. The cell pellet was re-suspended in 75 milliMolar (mM) 

potassium chloride for 15-30 minutes at 37°C, re-centrifuged at 1,000 rpm for 10 

minutes and fixed in 3:1 methanol:acetic acid. Fixed cells were added drop-wise 

to microscope slides to generate mitotic chromosome spreads using standard 

methods [192]. Slides with mitotic spreads were baked at 85°C for 20 minutes 

and then treated with 0.1 mg/ml RNAase for 1 hour at 37°C. After RNAase 

treatment, the slides were washed in 2xSSC (1xSSC is 150 mM NaCl and 15 

mM sodium citrate) with 3 changes for 3 minutes each and dehydrated in 70%, 

90%, and 100% ethanol for 3 minutes each. The slides were denatured in 70% 

formamide in 2xSSC at 70°C for 3 min followed by dehydration in ice cold 70%, 

90% and 100% ethanol.  

Centromeric probe (CEP) cocktails (Vysis) and whole-chromosome-paints 

(WCPs) (MetaSystems) were denatured at 75OC for 10 minutes and 

prehybridized at 37OC for 30 minutes. Probes were applied to slides and 

incubated overnight at 37OC. Post-hybridization washes consisted of three 3-

minute rinses in 50% formamide/2XSSC, three 3-minute rinses in 2XSSC, and 
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finally three 3-minute rinses in PN buffer (0.1M Na2HPO4 + 0.0M NaH2PO4, ph 

8.0, +2.5% Nonidet NP-40), all at 45OC. Slides were then counterstained with 

either propidium iodide (2.5ug/ml) or DAPI (15ug/ml) and viewed under UV 

fluorescence (Olympus). 

 

Replication Timing Assay 

 The BrdU replication timing assay was performed on exponentially 

dividing cultures as follows: asynchronously growing cells were exposed to 20 

ug/ml of BrdU (Sigma) for 5, 5.5 or 6 hours [193]. Mitotic cells were harvested in 

the absence of colcemid, treated with 75 mM KCl for 15-30 minutes at 37°C, 

fixed in 3:1 methanol:acetic acid and dropped on wet, ice-cold slides. The 

chromosomes were denatured in 70% formamide in 2xSSC at 70°C for 3 minutes 

and processed for DNA-FISH, as described above. The incorporated BrdU was 

then detected using a FITC-labeled anti-BrdU antibody (Becton Dickinson). 

Slides were stained with propidium iodide (0.3 mg/ml), cover slipped, and viewed 

under UV fluorescence. 

All images were captured with an Olympus BX Fluorescent Microscope 

using a 100X objective, automatic filter-wheel and Cytovision workstation. 

Individual chromosomes were identified by hybridization with WCPs or CEPs. 

Utilizing the Cytovision workstation, each chromosome was isolated from the 

metaphase spread and a line drawn along the middle of the entire length of the 

chromosome. The Cytovision software was used to calculate the pixel area and 

intensity along each chromosome for each fluorochrome occupied by the DAPI 
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and BrdU (FITC) signals. The total amount of fluorescent signal was calculated 

by multiplying the average pixel intensity by the area occupied by those pixels. 
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Figures and Tables 

 

Figure 4.1: Two models for how interchromosomal translocations and 

intrachromosomal deletions can cause DRT/DMC. A) Loss-of-function model. 

This model assumes that every chromosome contains a “timing element” that 

functions to promote the normal DNA replication-timing program in cis. In the 

P175 cell line, the loxP site (blue triangle) on chromosome 6 (red chromosome) 

would be within or adjacent to the chromosome 6 timing element (yellow 

rectangle) while the chromosome 10 (green chromosome) loxP site would be 

distant from the chromosome 10 timing element. Following a 6;10 translocation 

(R175) or a chromosome 6 deletion (not shown), the chromosome 6 timing 

element would be disrupted resulting in one derivative chromosome displaying 

DRT/DMC. Therefore, the loss-of-function of a timing element would result in 

DRT/DMC. B) Gain-of-function model. This model assumes that some, possibly 

all, chromosomes contain an “interfering element” (black rectangle). Normally this 

interfering element resides adjacent to an insulating element (purple rectangle) 

and has no negative impact on chromosome function. In the P175 cell line, the 

loxP site on chromosome 6 would lie between an interfering element and its 

insulator. Following a 6;10 translocation (R175) or a chromosome 6 deletion (not 

shown), the interfering element becomes detached from its insulator and 

dominantly interferes with the replication timing of one derivative chromosome 

(red x). Therefore, the gain-of-function of the aberrant interfering-element activity 

disrupts DNA replication and results in DRT/DMC. (Figure on next page). 
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Figure 4.1: Two models for how interchromosomal translocations and 

intrachromosomal deletions can cause DRT/DMC. 

 

 

Loss-of-function model 

Gain-of-function model 

A 

B 



	
   207	
  

Figure 4.2: Schematic representation of chromosomes that display 

DRT/DMC in multiple different cell lines. A) Cells that have undergone a 6;10 

translocation display DRT on the 10-centromere derivative (arrow) [122]. B) Cells 

that have undergone a 6;7 translocation display DRT on the 7-centromere 

derivative (arrow) [122]. C) Cells that have undergone a 6;9 translocation display 

DRT on the 9-centromere derivative (arrow) [122]. D) Cells that have undergone 

a 6;17 translocation display DRT on the 17-centromere derivative (arrow) [122]. 

E) Cells that have a chromosome 6 deletion proximal from the loxP site display 

DRT on the derivative chromosome (arrow) [122]. F) Cells that have a 

chromosome 6 deletion distal from the loxP site do not display DRT on the 

derivative chromosome. A-F) A black rectangle was added to the distal portion of 

chromosome 6 on each derivative chromosome for ease of visualization. The 

distal portion of chromosome 6 is where an interfering element would reside if the 

gain-of-function model were correct (Figure 4.1B). Note that every derivative 

chromosome that contains a black rectangle displays DRT and that all of the 

derivative chromosomes that do not contain a black rectangle do not display 

DRT. This indicates that the DRT phenotype always segregates with the distal 

portion of chromosome 6. (Figure on next page). 
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Figure 4.2: Schematic representation of chromosomes that display 

DRT/DMC in multiple different cell lines. 
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Figure 4.3: Visual representation of chromosome 6 in Δ175F-7a, Δ175F-8a, 

and Δ175F-12a cells. The Δ175F-7a, Δ175F-8a, and Δ175F-12a cells [122] 

each have a distal deletion anchored at the loxP site (blue triangle) on 

chromosome 6 (red chromosome) and extending towards the q-arm telomere. 

The relative deletion size is represented with a black line above the chromosome 

for each cell line. The Δ175F-7a cell line harbors an ~18 kb distal deletion on 

chromosome 6, the Δ175F-12a line harbors an ~150 kb distal deletion, and the 

Δ175F-8a line harbors an ~1.3 Mb distal deletion. Note that the black lines are 

not drawn to scale.  
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Figure 4.4: Strategy used to generate double-deletion derivatives. A) The 

chromosome 6 locus in Δ175F-7a, Δ175F-8a, and Δ175F-12a cells contains 

exons 1 and 2 of mouse APRT (AP), an Frt site (green triangle), exons 3,4 and 5 

of mouse APRT (RT), and a loxP site (purple triangle) in an antisense orientation 

between the ASAR6 (light blue rectangle) and FUT9 (dark blue rectangle) genes. 

These sequences are remnants that were leftover from generating the distal 

deletions on chromosome 6 (red) [122]. Δ175F-7a, Δ175F-8a, and Δ175F-12a 

cells are APRT+, Blasticidin (Blas) sensitive and Hyg sensitive. An integration 

plasmid containing an Frt site, a HygR gene (orange rectangle), a loxP site and 

RT was introduced into Δ175F-7a, Δ175F-8a, and Δ175F-12a cells along with 

flippase (Flp). B) HygR clones were isolated that underwent recombination 

between the two Frt sites followed by plasmid integration into chromosome 6. 

Plasmid integration also disrupted the APRT gene that was present in Δ175F-7a, 

Δ175F-8a, and Δ175F-12a cells. Therefore, this step produced cells that were 

APRT-, Blas sensitive, and HygR. C) Cells from step B were infected with a 

lentivirus containing AP, a loxP site, and BlasR and selected in media containing 

Blasticidin. APRT-, BlasR and HygR cells were then transfected with Cre to 

generate D) double-deletion derivatives that are APRT+, Blas sensitive and Hyg 

sensitive. This leaves an intact APRT transgene with a loxP site in the middle 

and a leftover AP-Frt fragment. Double-deletion derivatives were screened to 

make sure a proximal deletion occurred on chromosome 6. Note that the 

proximal deletion generated by this method deletes or disrupts the ASAR6 gene. 

Image adapted from [216]. (Figure on next page). 
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Figure 4.4: Strategy used to generate double-deletion derivatives. 

 

 

 

 

 

 

 

 

 

 



	
   212	
  

Figure 4.5: Schematic representation of chromosome 6 following a distal 

and proximal deletion. A hypothetical timing element (yellow rectangle) and 

interfering element (black rectangle) are aligned on chromosome 6 (red 

chromosome) in relation to the loxP site (blue triangle) that is present in the P175 

cell line (Figure 1.4). Step 1) Deletions distal from the loxP site on chromosome 

6 were made in P175 cells to generate the Δ175F-7a, Δ175F-8a, and Δ175F-12a 

cell lines. These distal deletions would remove the interfering element if one were 

to exist. Step 2) We know from [122] that the distal deletions in the Δ175F-7a, 

Δ175F-8a, and Δ175F-12a cell lines do not cause DRT. Step 3) In this study, we 

inserted another loxP site into chromosome 6 and made deletions proximal from 

the loxP site in the Δ175F-7a, Δ175F-8a, and Δ175F-12a cell lines. Step 4) 

These double-deletion derivatives will be analyzed for DRT. (Figure on next 

page). 
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Figure 4.5: Schematic representation of chromosome 6 following a distal 

and proximal deletion.  
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Figure 4.6: Molecular confirmation of double-deletion clones. A) Diagnostic 

PCR on five double-deletion derivatives derived from the Δ175F-12a cell line. 

The cen. junc is the junction that will be deleted following a proximal deletion and 

the + cont is the junction that was formed following the distal deletion. Note how 

all five clones have lost the cen. junc, indicating they harbor a proximal deletion 

on chromosome 6. B) SNP rs2750030 that is heterozygous in the P175 parent 

line was assayed in the double-deletion derivative clone Δ12Δ4a. This SNP lies 

~1Mb proximal to the centromere from the chromosome 6 loxP site. The P175 

cell line and the Δ175F-12a cell line harbor both an A and T residue at this 

position (bottom arrow) while Δ12Δ4a cell line has lost the A allele (top arrow) 

indicating that Δ12Δ4a cells have a proximal deletion that is larger than 1 Mb.  

C) The same five double-deletion clones in panel A were digested with BclI and 

Southern blotting was performed with a probe to exons 1 and 2 of mouse APRT 

(AP, top blot) or exons 3,4 and 5 of mouse APRT (RT, bottom blot). The size of 

the marker in kb is indicated on the left. Note that the Δ175F-12a cell line has two 

AP bands, the top one is the AP fragment at the chromosome 6 locus (Figure 4.4 

A) and the bottom one is the AP fragment on chromosome 10 in these cells. The 

double-deletion derivatives gained an AP fragment during the lentiviral infection 

(see Figure 4.4). This new AP fragment co-migrates with the new RT fragment 

that is generated following the proximal deletion. (Figure on next page).  
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Figure 4.6: Molecular confirmation of double-deletion clones. 
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Table 4.1: Deletion sizes of double-deletion derivative clones. Clones whose 

name begins with Δ7a were derived from the Δ175F-7a cell line, Δ8a clones 

were derived from the Δ175F-8a cell line and Δ12a clones were derived from 

Δ175F-12a cells. The size of the proximal deletion in each clone was estimated 

by LOH analysis. Multiple clones exist for those with an asterisk (*) next to their 

name. Bp positions are from the NCBI Build GRCh37/hg19. 

 

 

 

Clone Lentiviral Integration Size of proximal Size of distal
Name  Site (proximal) in bp Deletion in bp Deletion in bp
!7a!1a btw 91,204,215-96,279,600 <5,075,385 18,525
!7a!2a btw 91,204,215-96,279,600 <5,075,385 18,525
!7a!2b btw 91,204,215-96,279,600 <5,075,385 18,525
!7a!2c btw cen-76,114,316 >20,165,284 18,525
!7a!2d * btw cen-76,114,316 >20,165,284 18,525
!7a!3a * btw 95,278,533-96,141,384 btw 138,216-1,001,067 18,525
!7a!4a * btw 95,278,533-96,141,384 btw 138,216-1,001,067 18,525
!7a!4b btw 91,204,215-96,279,600 <5,075,385 18,525
!7a!4c * btw 95,278,533-96,141,384 btw 138,216-1,001,067 18,525
!7a!4d * btw 95,278,533-96,141,384 btw 138,216-1,001,067 18,525

!8a!1a * btw 86,279,737-91,204,215 btw 5,075,385-9,999,863 1,371,246
!8a!1d btw 76,114,316-86,279,737 btw 9,999,863-20,165,284 1,371,246
!8a!2a btw 91,204,215-96,279,600 <5,075,385 1,371,246
!8a!2b btw 91,204,215-96,279,600 <5,075,385 1,371,246
!8a!2c btw 91,204,215-96,279,600 <5,075,385 1,371,246
!8a!3a * btw 91,204,215-96,279,600 <5,075,385 1,371,246
!8a!3b btw 91,204,215-96,279,600 <5,075,385 1,371,246
!8a!3c * btw 76,114,316-86,279,737 btw 9,999,863-20,165,284 1,371,246
!8a!4a * btw 76,114,316-86,279,737 btw 9,999,863-20,165,284 1,371,246
!8a!4b * btw 91,204,215-96,279,600 <5,075,385 1,371,246
!8a!4c * btw 93,259,842-95,278,533 btw 1,001,067-3,019,758 1,371,246

!12a!4a * btw 93,259,842-95,278,533 btw 1,001,067-3,019,758 152,786
!12a!4d btw 91,204,215-96,279,600 <5,075,385 152,786
!12a!4e btw 91,204,215-96,279,600 <5,075,385 152,786
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Figure 4.7: Double-deletion derivatives do not display DRT/DMC. A-C) The 

Δ7aΔ3a (A), Δ8aΔ4c (B) and Δ12aΔ4a (C) cell lines were incubated with BrdU 

for 6 hours, harvested for mitotic cells, and processed for DNA-FISH using a 

whole-chromosome-6 paint as a probe (red) and for BrdU incorporation using an 

antibody against BrdU (green). The DNA was stained with DAPI (blue). The 

chromosome 6s (A and B) from each spread (small panel on top) were cut out 

and aligned with each color displayed separately or in combination. The graphs 

on the right measure quantification of the BrdU incorporation in six different cells. 

The blue bars represent the intact chromosome 6 and the red bars represent the 

truncated chromosome 6. The values represent the total number of pixels (area x 

intensity) x1000. Note how both chromosome 6s contain comparable amounts of 

BrdU incorporation in each cell, indicating there is no replication delay. (Figure on 

next page). 
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Figure 4.7: Double-deletion derivatives do not display DRT/DMC. 
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Figure 4.8: Strategy used to generate deletion-translocation derivatives. A) 

The chromosome 6 locus in Δ175F-7a, Δ175F-8a, and Δ175F-12a cells contains 

exons 1 and 2 of mouse APRT (AP), an Frt site (green triangle), exons 3,4 and 5 

of mouse APRT (RT), and a loxP site (purple triangle) in an antisense orientation 

between the ASAR6 (light blue rectangle) and FUT9 (dark blue rectangle) genes. 

These sequences are remnants that were leftover from generating the distal 

deletions on chromosome 6 (red) [122]. Δ175F-7a, Δ175F-8a, and Δ175F-12a 

cells are APRT+ and Hyg sensitive. An integration plasmid containing an Frt site, 

a HygR gene (orange rectangle), a loxP site and RT was introduced into Δ175F-

7a, Δ175F-8a, and Δ175F-12a cells along with flippase (Flp). B) HygR clones 

were isolated that underwent recombination between the two Frt sites followed 

by plasmid integration into chromosome 6. Plasmid integration also disrupted the 

APRT gene that was present in Δ175F-7a, Δ175F-8a, and Δ175F-12a cells. 

Therefore, this step produced cells that were APRT- and HygR. C) Cells from 

step B were transfected with Cre recombinase and selected for loxP 

recombination. Since there were three loxP sites in these cells, two in 

chromosome 6 and one in chromosome 10 (green), recombination floxed out 

HygR, FRT and RT and mediated a translocation between chromosome 6 and 

10. This produced D) Deletion-translocation derivatives that are APRT+ and Hyg 

sensitive. This leaves an intact APRT transgene with a loxP site in the middle 

and a leftover AP-Frt fragment. Deletion-translocation derivatives were screened 

to ensure the 6;10 translocation occurred. Image adapted from [216]. (Figure on 

next page). 
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Figure 4.8: Strategy used to generate deletion-translocation derivatives. 
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Figure 4.9: Deletion-translocation derivatives display DRT on the 6-

centromere derivative. R7a-1b cells were incubated with BrdU for 5 hours, 

harvested for mitotic cells, processed for DNA-FISH using a whole-chromosome-

6 paint (red) and a chromosome-10-centromere probe (purple), and for BrdU 

incorporation using an antibody against BrdU (green). The DNA was stained with 

DAPI (blue). The two translocation-derivatives and the intact chromosome 6 and 

10 in panel A are indicated by arrows. B) The chromosomes from panel A were 

cut out and aligned with each color displayed separately or in combination. 

Chromosome 6 (top) is labeled 6q on the right, the chromosome-6-centromere 

derivative (2nd from the top) is labeled 10q* on the right, chromosome 10 (3rd 

from the top) is labeled 10q on the right and the chromosome-10-centromere 

derivative (bottom) is labeled 6q* on the right. In order to compare the BrdU 

incorporation between the translocation derivatives and the intact chromosome 6 

and 10, we only analyzed BrdU incorporation on the q arms of each chromosome 

(last three images in each row). The BrdU incorporation in 6q from the intact 

chromosome 6 was compared with the BrdU incorporation in 6q from the 

chromosome-10-centromere derivative (6q and 6q*). The BrdU incorporation in 

10q from the intact chromosome 10 was compared with the BrdU incorporation in 

10q from the chromosome-6-centromere derivative (10q and 10q*). C) Pixel 

intensity profiles of the BrdU incorporation (green), and DAPI (blue) staining 

along the four q arms from panel B are shown. Pixel intensity is on the Y-axis 

while the X-axis denotes the distance along the chromosome fragment. D) 

Quantification of the BrdU incorporation in six different cells. The blue bars 
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represent the q arm of the intact chromosome and the red bars represent the q 

arm of the derivative chromosome. The values represent the total number of 

pixels (area x intensity) x 1000. A comparison of Chr 6q and t(6delq;10q)(10cen) 

6q reveals similar amounts of BrdU incorporation while a comparison of Chr 10q 

and t(6delq;10q)(6cen) 10q reveals more BrdU incorporation in the derivative 

chromosome, indicating that the 6-centromere-derivative displays DRT. This is 

opposite of what is seen in R175 (Figure 1.4) where the 10-centromere-derivative 

displays DRT. (Figure on next page). 
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Figure 4.9: Deletion-translocation derivatives display DRT on the 6-

centromere derivative. 
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Chapter Two 

 

In this chapter, I show that, like Xist, ectopic integration of ASAR6 into an 

autosome caused a chromosome-wide delay in DNA replication. Similar to what 

was observed with Xist transgenes, this effect was only observed when ASAR6 

was integrated in multi-copy arrays. ASAR6 also formed an RNA “cloud” and 

silenced transcription on the integrated autosome, indicating that ASAR6 RNA 

coated the integrated chromosome in cis and resulted in silencing of gene 

expression. When this transgene lacked the 29 kb region encompassing the 

promoter and 5´ portion of ASAR6, it could no longer induce these changes. This 

is the first demonstration of an autosomal transcript exhibiting functions that were 

thought to be associated only with Xist. This indicates that human chromosome 6 

harbors an Xist-like gene that functions to regulate DNA replication timing and 

monoallelic expression in cis.   

 One interesting aspect of ASAR6 and Xist is that the loss-of-function and 

gain-of-function both give the same phenotype. Deletions at the native loci cause 

DRT and ectopic integrations on different chromosomes also cause DRT [79, 81, 

122, 152]. I believe these data suggest that these loci are multi-functional. For 

example, on the X chromosome, it is known that a small deletion at the Xist locus 

causes chromosome-wide DRT, indicating that the Xist locus functions to 

promote early replication of the X chromosome [79, 81]. However, it is also 

known that expression of Xist causes chromosome-wide silencing and late 

replication [138]. Interestingly, a deletion at the Xist locus on the Xa (the X 
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chromosome that does not express Xist) causes DRT, suggesting that the Xist 

transcript is not involved in promoting early transcription [79]. Therefore, it is 

possible that one function of the Xist locus is to produce the Xist transcript, which 

silences gene expression and delays DNA replication, while another function of 

this locus is to promote early DNA replication through a transcript-independent 

mechanism. Thus, the default state of the X chromosome would be to replicate 

early (what we would call normal replication timing) and this could be dominantly 

interfered with via Xist transcription. This idea would be the same for the ASAR6 

locus. The ASAR6 locus may function in a transcript-dependent manner to 

silence expression of one allele of random monoallelically-expressed genes on 

chromosome 6 during the process of random autosomal inactivation (random AI) 

and promote late-replication of these loci. The other function of this locus would 

be transcript-independent and promote early replication-timing via an unknown 

mechanism. 

Previous studies have indicated that ASAR6 does not coat chromosome 6 

in differentiated lymphocytes or fibroblasts [122, 123]. In this study, it was found 

that ectopic integration of an ASAR6 transgene resulted in ASAR6 RNA cloud 

formation in the nucleus and accumulation of the transcript around the integrated 

chromosome. These data indicate that ASAR6 RNA has the ability to coat 

chromosomes, much like the Xist transcript, only it does not do so in at least two 

differentiated cell types. But why would ASAR6 RNA retain this activity if it does 

not use it? I believe that ASAR6 RNA does coat chromosome 6 at some point 

early in development. In the case of X-inactivation, Xist begins to coat the 
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chromosome around the time that pluripotent cells within the inner cell mass of 

the blastocyst differentiate, which initiates gene inactivation of ~90% of the genes 

on the future inactive X chromosome. This process could be the same for 

chromosome 6, and every autosome for that matter. In this scenario, ASAR6 

RNA would coat one allele of chromosome 6 around the time of pluripotent stem 

cell differentiation, when random AI is being established. This would induce 

silencing of random monoallelically-expressed genes on one allele of 

chromosome 6 (~5-10% of genes on chromosome 6). Then, unlike Xist, ASAR6 

RNA would no longer associate with the chromosome once autosomal 

inactivation had been established. Recently, a novel long ncRNA was found to 

coat the active X chromosome only during ESC differentiation and dissociate 

shortly after [217]. This study lacked any functional analysis of this transcript but, 

nevertheless, set the precedent that RNA coating can be a transient, 

developmentally-regulated event. One piece of evidence that goes against this 

theory is the fact that random monoallelic gene expression is not coordinated at 

the whole-chromosome level [163]. Therefore, if one function of ASAR6 is to 

silence gene expression in cis, it would only be to silence one allele of some of 

the monoallelically-expressed genes on chromosome 6. The ASAR6 counterpart 

on the other chromosome 6 allele would be responsible to silence expression of 

the remaining monoallelically-expressed genes on chromosome 6.   

The demonstration that ASAR6 has the ability to silence gene transcription 

in cis correlates with previous observations that deletion of ASAR6 results in the 

activation of previously silent alleles of linked monoallelically-expressed genes 
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[122]. Therefore, I suggest that ASAR6 normally functions to silence gene 

expression of random monoallelically-expressed genes on chromosome 6. This 

process would begin early in development, and would result in ASAR6 RNA 

coating chromosome 6 and initiating silencing of random monoallelically-

expressed genes. Following differentiation, once silencing of one allele is 

established, ASAR6 RNA would no longer associate in cis with chromosome 6. 

So, unlike XCI, where Xist associates with the Xi throughout all stages of 

development, ASAR6 RNA associates with chromosome 6 at the early stages of 

development and not in adult tissues. Of course, this is not the only function of 

the ASAR6 locus. This locus, through some unknown mechanism, also controls 

chromosome-wide DNA replication timing by promoting early DNA replication. 

This function is supported by data indicating that chromosomal deletions and 

translocations at this locus result in DRT/DMC [77, 122]. 

 

Chapter Three 

 

In this chapter, I generated intrachromosomal deletions at four loci known 

to be involved in translocation-induced DRT/DMC in an attempt to identify other 

“inactivation/stability” (I/S) centers. Deletions and inversions at a locus on 

chromosome 15q24 resulted in DRT/DMC, identifying it as a novel I/S center. 

Gene expression analysis at this locus revealed biallelic expression of a protein-

coding gene called SCAPER. Yet, despite being biallelically-transcribed from 

both sense and antisense strands, this locus was asynchronously replicated and 
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enriched for LINE-1 repeats, similar to the other I/S centers that have been 

identified to date.  

  This study has identified a new I/S center on human chromosome 15 and 

supports my hypothesis that all chromosomes contain at least one of these 

centers. While it is evident that many deletions in SCAPER caused DRT/DMC, it 

is noteworthy that some did not. There are several explanations for this lack of 

penetrance: One is that the ploidy imbalance of chromosome 15 is affecting the 

phenotype in some way. One trend we have noticed is that deletion clones that 

remain mostly triploid for chromosome 15 tend to display DRT/DMC more often 

than deletion clones that are mostly tetraploid for chromosome 15. This is an 

intriguing possibility because deletion of both Xist alleles was shown to have a 

much more dramatic impact on DNA replication timing than deletion of just one 

allele, indicating there are trans-effects that affect the severity of the DRT/DMC 

phenotype on the X chromosome [79, 81]. Under this scenario, it would be 

hypothesized that the additional copy of chromosome 15 can rescue the 

phenotype through a trans-acting mechanism. However, it should be noted that 

this trend with chromosome 15 ploidy and DRT/DMC was not observed in every 

clone. Furthermore, the existence of genetically identical deletion clones that 

have different phenotypes does not support this model. 

Another possibility is that the generation of DRT/DMC might be via a cis-

acting epigenetic mechanism. The best evidence for this possibility is that I 

generated clones that have the exact same deletion in chromosome 15, yet 

some displayed DRT/DMC and some did not. Assuming these clones are 
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genetically identical, the only possibility would be that an epigenetic mechanism 

is somehow differentially regulated in these clones. If this region harbors an 

epigenetic mark that regulates chromosome-wide replication timing, it is possible 

that a new I/S center could arise de novo elsewhere on the chromosome in some 

cells following the excision of an existing one. A similar phenomenon has been 

observed for another cis-acting chromosomal element, the centromere. 

Neocentromere formation has been documented in multiple organisms following 

excision of a centromere or the generation of an acentric translocation derivative 

[208]. Since the centromere is essentially an epigenetic structure [209], it 

appears capable of forming on any DNA sequence [210]. Another cis-acting 

chromosomal element, the DNA replication origin, has essentially no sequence 

specificity in higher eukaryotes [7]. Although the replication origin is technically a 

genetic element, the pre-RC is an epigenetic feature that forms on all origins and 

is essential for their function. New replication origins can also form upon the 

deletion of existing ones [7]. So it is formally possible that I/S centers represent 

an epigenetic feature of every chromosome and that new ones can arise 

following the loss of an existing one. One piece of evidence against the 

epigenetic model is that in Chapter Two it was demonstrated that ectopic 

integration of multiple copies of BAC DNA could dominantly disrupt DNA 

replication of the integrated autosome. Since BAC DNA contains no proteins, this 

would argue that the DNA sequence itself is the important functional mediator of 

chromosome-wide replication timing.  

A third possibility is that the instability associated with the chromosome 15 
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deletions is somehow impacting the DRT/DMC phenotype. The Thayer lab has 

observed that once the DRT/DMC chromosome has experienced secondary 

translocations, it often ceases to display DRT/DMC [74, 77]. Therefore, it is 

possible that some of the clones that do not display DRT/DMC have undergone 

chromosomal rearrangements that have, in effect, rescued the phenotype. For 

the DNA replication timing analysis, only chromosome 15s that had not 

undergone an interchromosomal translocation were analyzed. However, from the 

DNA-FISH analysis, it was impossible to determine if intrachromosomal events 

have occurred. Therefore, it is possible that some clones have had their delayed 

chromosomes rescued by intrachromosomal events. Because the chromosome 

15 deletions are much more unstable than the chromosome 6 deletions, this 

possibility could explain why the deletion analysis on chromosome 6 was not as 

complicated. This could also explain the differences in phenotype between 

clones that have the same deletion. Since these clones grew independently of 

one another, they were able to accumulate different rearrangements that could 

impact replication delay differently.    

The Thayer lab has characterized many common features of the Xist, 

ASAR6 and SCAPER loci: 1) disruption of these loci results in delayed replication 

timing of entire chromosomes in cis, 2) disruption of all three loci results in 

dramatic instability of the affected chromosome, 3) all three loci have a high 

LINE-1 content, and 4) each locus displays asynchronous replication that is 

coordinated with other linked asynchronously replicated loci. Surprisingly, 

SCAPER was biallelically expressed in all cell types examined. However, given 
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the variability observed with many monoallelic genes [163], it is possible that 

SCAPER is monoallelically expressed in some tissues and biallelically expressed 

in HTD114 cells and lymphoblastoid cells. 

Random monoallelic expression is regulated differently in different cell 

types [163, 165]. On the other hand, asynchronous DNA replication is a much 

more consistent chromosomal feature. Therefore, it is possible that 

asynchronous DNA replication is the more important feature of these loci and 

monoallelic gene expression is a by-product of differential replication timing. 

However, it is known that the monoallelically-expressed Xist gene, and possibly 

the ASAR6 gene, is essential for allelic inactivation of the silent alleles of linked 

monoallelically-expressed genes. As mentioned in Chapter Two, it is possible 

that these regions have dual functions: one being transcript-independent and 

controlling DNA replication timing and chromosome stability and the other one 

being transcript-dependent and controlling allelic inactivation. It is possible that 

the SCAPER locus only has the transcript-independent function and does not 

control allelic inactivation in cis. 

  

Chapter Four 

 

The Thayer lab has proposed two models for how ICTs can cause 

DRT/DMC: 1) the ICT could delete or disrupt a cis-acting genetic element that 

acts to ensure proper DNA replication timing, mitotic chromosome condensation, 

and chromosome stability (loss-of-function model, Figure 4.1A) or 2) the ICT 
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could generate a dominant interfering element that disrupts DNA replication 

timing, mitotic chromosome condensation, and chromosome stability (gain-of-

function model, Figure 4.1B) [74, 77]. In this chapter, evidence is provided to 

support the interfering element (gain-of-function) model. By making both proximal 

and distal deletions on the same chromosome it was shown that a distal deletion 

negated the effects of a subsequent proximal deletion. Highlighting the 

complexity of this process, it was shown that generating a distal deletion followed 

by the original t(6;10) translocation resulted in DRT on the opposite chromosome 

derivative (the 6-centromere derivative instead of the 10-centromere derivative). 

By generating double-deletion and deletion-translocation derivative 

chromosomes, I have concluded that neither model alone can explain the 

DRT/DMC phenotype. Although the double-deletion derivative data support the 

gain-of-function model, the deletion-translocation derivative data does not 

support either and suggests a more complicated mechanism. Furthermore, 

because the data presented in Chapter Four does not represent an exhaustive 

analysis of double-deletion or deletion-translocation clones, these conclusions 

should be taken as preliminary. 

This analysis identified the region distal from the loxP site on chromosome 

6 as playing a vital role in the acquisition of DRT/DMC. Surprisingly, a distal 

deletion of only 18 kb in the Δ175F-7a cell line was able to negate the effects of a 

proximal deletion. Due to the small size of this deletion, the expectation was that 

this distal deletion would have no effect on subsequent proximal deletions, and 

the larger distal deletions in Δ175F-12a, and Δ175F-8a cells (150 Kb, and 1.3 
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Mb) may or may not effect subsequent proximal deletions. Regardless, these 

data identify an ~18 kb region on chromosome 6 that has a “dominant interfering” 

function on replication timing. It is currently unclear how this element may be 

functioning. Therefore, further experiments to study the activity of this region are 

warranted. 

As mentioned in the Chapter Two discussion, I propose the possibility that 

the chromosome 6 locus has dual functions. One function would be ASAR6-

transcript-dependent and promote late replication via ASAR6 coating and gene 

silencing. The other function of this locus would be transcript-independent and 

promote early DNA replication via an unknown mechanism. I believe the data 

presented in this chapter support this model. The double-deletion derivatives are 

the first example of chromosomes that have disrupted ASAR6 expression and do 

not display DRT/DMC. Furthermore, the deletion-translocation derivatives that 

display replication delay (6-centromere derivatives) have an intact, expressed 

ASAR6 gene. This suggests that the ASAR6 RNA is not involved in the 

acquisition of the DRT/DMC phenotype and that something else within this locus 

is the main driver.   

Importantly, these data do not conflict with the ‘inactivation/stability center’ 

model that our lab has proposed. However, the genetics of the 

‘inactivation/stability center’ are likely to be complicated and, therefore, require a 

more in-depth analysis. 
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Overall Conclusions 

 

The data presented in this thesis support the proposal that all mammalian 

chromosomes contain I/S centers that function to maintain proper replication 

timing, mitotic chromosome condensation, monoallelic gene expression and 

stability of individual chromosomes. Under this scenario every mammalian 

chromosome contains four distinct types of cis-acting elements, origins of 

replication, centromeres, telomeres, and I/S centers, all functioning to ensure 

proper replication, segregation and stability of individual chromosomes.  

With a new locus indentified on chromosome 15, I believe it is only a 

matter of time before at least one of these regions has been identified on every 

human chromosome. Furthermore, it is known that mouse and hamster 

chromosomes can also display DRT/DMC [80, 82]. Therefore, it is possible that 

all mammalian chromosomes, and perhaps all eukaryotic chromosomes, contain 

similarly functioning regions. It appears that the reason each chromosome 

contains an I/S center is to ensure that chromosome replication is synchronized 

during S phase, because when one of these regions is disrupted, that 

chromosome no longer replicates in synch with its homolog. This would indicate 

that each chromosome regulates its replication independently of one another, not 

just at the origin level, but also at the whole chromosome level. This is in contrast 

to the classical model of chromosomal replication being dictated solely by origin 

licensing and activation by S-phase cyclin/CDK complexes [3]. These data 

indicate that this process is more complex and involves multiple facets of 
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chromosomal function. Whether the underlying mechanism of these I/S centers is 

epigenetic or genetic in nature still remains an unanswered question. Like most 

processes, however, it is likely to involve both genetic and epigenetic regulation.  

The data provided in this thesis reveal a complex mechanism that governs 

chromosome-wide DNA replication timing. The two models that the Thayer lab 

has proposed previously can no longer explain all of the data. Therefore, I 

propose a new model that can explain nearly every one of our observations 

(Figure 5.1). This model assumes that the loxP locus on chromosome 6 contains 

two functional domains: the 29 kb region that spans the ASAR6 promoter (region 

A) and the 18 kb region distal from the loxP site (region B). Region A has dual 

functions: one, mediated by ASAR6 RNA, is to promote the late replication and 

gene inactivation of individual loci that are subject to random AI (function 1) and 

the other is to promote chromosome-wide early replication (function 2). Region B 

functions to inhibit early DNA replication along the entire chromosome. These 

functions have a hierarchy, whereby function 1 of region A is dominant to 

function 2, and function 2 of region A is dominant to the function of region B.  

Normally, the inhibitory function of region B is suppressed by function 2 of 

region A and random AI is initiated and maintained by function 1 of region A. 

Upon deletion of region A or separation of the two regions by a chromosomal 

translocation, region B inhibits early replication of the derivative chromosome and 

causes DRT. Upon deletion of region B, no replication timing phenotype is 

displayed. Ectopic integration of a single-copy BAC that spans both of these 

regions does not cause any replication timing defects; however, a multi-copy 
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integration can cause chromosome-wide gene silencing, ASAR6 RNA coating 

and DRT. This is due to the dominant activity of function 1 of region A. Normally 

this function is tightly regulated to only allow late replication and gene inactivation 

of specific loci in cis, however, when this region is amplified by multi-copy 

integration, a threshold is reached thereby deregulating function 1 of region A 

and promoting late-replication and gene silencing of the entire chromosome.  

The strength of this model is that it can explain why the gain-of-function 

and the loss-of-function of this region result in similar, but distinct, phenotypes. 

As mentioned before, the gain or loss of the ASAR6 locus results in 

chromosome-wide delayed replication. However, the gain of the ASAR6 locus 

results in chromosome-wide gene silencing while the loss of ASAR6 results in 

the activation of some genes [122]. Accordingly, this model proposes that the 

gain or loss of the ASAR6 locus results in chromosome-wide replication delay via 

two completely different mechanisms: 1) The loss of ASAR6 results in the 

activation of region B, which inhibits early DNA replication. The loss of ASAR6 

also results in the activation of silent alleles of random monoallelic genes. 2) The 

gain of ASAR6 results in the deregulation of region A resulting in late replication 

and gene inactivation of the entire chromosome (Figure 5.1). Although these two 

regions are well mapped in the ASAR6 locus, it is too early to tell exactly where 

they exist within the chromosome 15 locus. 

The severity of the genomic instability observed on chromosome 15 

deletions and inversions underscores just how essential these regions are to 

normal chromosomal function. Where P53 has been called “the guardian of the 
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genome,” I/S centers appear to be “the guardians of individual chromosomes.” 

The chromosome 15 analysis supports the observation that DRT/DMC leads to 

chromosome number imbalances and chromosome structure instability [75, 80]. 

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 a limited number of cell 

divisions, which eventually 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. 

Historically, cancer has been thought to develop according to a stepwise 

equilibrium, where mutations accumulate gradually over time. However, recent 

karyotypic analysis and whole-genome sequencing of tumor samples has 

indicated that the stepwise equilibrium of tumorigenesis may be punctuated by 

short events of increased mutagenesis [218]. This is called the punctuated 

equilibrium model and it has been used to explain the existence of catastrophic, 

single events that have impacted the genome in some cancers [115, 116]. I 

believe that DRT/DMC is one such process that is responsible for punctuated 

mutagenesis in cancer. It is known that DRT/DMC chromosomes are present in 

primary tumor cells [74] and that DRT/DMC can produce an abundance of 

mutational events in a very short period of time. I, therefore, propose that altered 

replication timing and chromosome condensation plays an important role in the 

acquisition of genetic aberrations in the development of human cancer. 
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Figures 

 

Figure 5.1: Model for cis control of chromosome-wide replication timing 

and random monoallelic gene expression. In normal cells, function 2 of region 

A suppresses the inhibitory function of region B, thereby resulting in the early 

replication of one allele of chromosome 6. Function 1 of region A dominantly 

disrupts the early replication program only at loci that are subject to random AI, 

resulting in the gene inactivation and late replication at those specific loci. 

Following the separation of region A from region B, the function of region B 

inhibits early replication of one allele of chromosome 6, resulting in the late 

replication of the entire chromosome. The loss of region A also results in the 

reactivation of previously silent alleles of genes subject to random AI. Following 

the amplification of both regions, function 1 of region A becomes deregulated and 

promotes late replication and gene inactivation of the entire chromosome instead 

of just at specific loci. (Figure on next page). 
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Figure 5.1: Model for cis control of chromosome-wide replication timing 

and random monoallelic gene expression.  
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CHAPTER SIX 

 

 

Future Directions 
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Genetic Analysis of the ASAR6 Locus 

 

Ectopic Integration 

 One contribution of this work is the development of a gain-of-function 

assay to detect DRT/DMC. Ectopic integrations of Xist transgenes have been 

vital in identifying the many different domains that give this gene its unique 

function [152]. I believe that this ectopic integration assay will be just as integral 

in identifying the different functional domains within I/S centers. The ASAR6 

locus has been mapped via random intrachromosomal deletions, but there is only 

so much information that can be learned from generating random-sized 

deletions. The Thayer lab has been successful in using a recombinant adeno-

associated virus (rAAV) to make targeted deletions [123], however, this method 

is very inefficient and deletions still have to be anchored at the original loxP site, 

limiting the range of genetic manipulations that can be achieved. A gain-of-

function assay, like ectopic integration, will allow us to make specific genetic 

manipulations to the DNA that we are integrating—something that is currently not 

possible with our loss-of-function assay.  

Another contribution of this work is the identification of two separate 

functional domains at the ASAR6 locus on chromosome 6. The first was 

identified initially by the deletion analysis and confirmed using the ectopic 

integration assay (the ~29kb region around the ASAR6 promoter). The second is 

the ~18 kb region identified in chapter 4 that, upon deletion, negated the effects 

of ASAR6 deletion on DNA replication timing (Figure 6.1). The RP11-767E7 BAC 
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that was used in the ectopic integration assay happened to contain both of these 

regions. The ectopic integration assay would be a great way to test the function 

of different transgenes containing various combinations of the genetic material at 

this locus. I have successfully used recombineering to insert a selectable marker 

in two other BACs and three other fosmids (Figure 6.1). These BACs and 

fosmids have been transfected into C2C12 cells and clones have been isolated 

that have ectopic integrations. These clones have not yet been analyzed for 

DRT. 

 

Rescue of DRT/DMC 

 Although ectopic integration has its benefits, it also has significant 

downsides. The phenotype of transgene integrations can be prone to position 

and copy-number effects that are not fully understood at this point. Therefore an 

alternate genetic analysis is warranted. One experiment that has not been 

performed yet is a genetic rescue experiment. This is the gold standard for any 

genetic analysis but, due to the nature of these studies, it is a difficult experiment 

to perform. Our lab has developed two strategies to rescue the DRT/DMC 

phenotype. The first is a straightforward rescue. It involves transfecting the 

RP11-767E7+hyg BAC into cells that contain an ~76 kb proximal deletion in 

chromosome 6 (∆175-23a cells [122]) along with Cre recombinase (Figure 6.2). 

This would answer an important question, which is: once DRT/DMC is 

established, can it be reversed?  
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 The problem with the above strategy is that once the DRT/DMC 

phenotype is established, the chromosome becomes very unstable. So, by the 

time we get around to integrating the BAC for rescue, the chromosome may have 

already undergone multiple rearrangements. To get around this problem, we 

have come up with a second strategy that involves duplicating this region before 

making the deletion (Figure 6.3). This would get around the instability effects of 

DRT/DMC and also answer the question: does a duplication of this region result 

in any replication timing defects? I have attempted the first strategy multiple 

times and have not been able to isolate clones that have the targeted BAC 

integration. My guess is that getting a BAC and Cre into the same cell and having 

recombination occur will be an extremely rare event, so it may just take many 

more times of trying until targeted BAC integration is possible. For the second 

strategy, I have successfully made the integration plasmid (rescue backbone 

e3.6) that needs to be integrated into the BAC via recombineering. Once the 

rescue backbone is integrated into the BAC to make the BAC integration plasmid 

then the strategy can be carried out according to Figure 6.3.  
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Inactivation/Stability Center Regulation During Development 

 

 One conclusion of this work is that ASAR6 RNA has chromosomal coating 

function and the ability to silence gene expression. However, ASAR6 RNA 

localization in differentiated cells does not reveal any evidence that ASAR6 RNA 

coats chromosome 6. It is my belief that ASAR6 RNA does, in fact, utilize its 

chromosomal coating and silencing function early in development. One way to 

confirm this hypothesis is to analyze ASAR6 RNA expression in human ESCs 

pre- and post-differentiation. Our expectation is that ASAR6 RNA would either be 

biallelically expressed or not expressed in ESCs. Expression would then become 

monoallelic and ASAR6 RNA would begin to cover chromosome 6 upon 

differentiation. Eventually the cloud would dissipate and expression would be 

similar to what we have observed in our differentiated cells. Since I believe this 

process to take place at the same time as X inactivation, using human ESC lines 

may be problematic for our analysis because the XCI status is questionable in 

many of these lines. Some culturing conditions have been established that keep 

cells in an X-inactivation-free state [219, 220], however, the random AI state of 

these cells is unknown (i.e. are random monoallelically-expressed genes that 

exist on autosomes biallelically expressed or not).  

The difficulty surrounding these studies in human would not be present in 

mouse. True mouse ESCs can be easily isolated from developing embryos and 

analyzed. Unfortunately the mouse Asar4 locus (the ASAR6 locus exists on 

mouse chromosome 4) has not been characterized yet and it is unclear whether 
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deletions at the mouse locus would phenocopy those at the human locus. 

Looking to the future, the mouse Asar4 locus needs to be characterized because 

it would make the genetic analysis so much easier and would allow us to perform 

experiments that are extremely hard to do in human cells. One assay to see if the 

mouse locus functions in a similar manner to the human locus is to ectopically 

integrate a mouse Asar4 transgene into an autosome and see if it disrupts DNA 

replication timing. I have used recombineering to put a hyg cassette into a mouse 

BAC (RP23-117E19) that corresponds to the human ASAR6 locus and this BAC 

just needs to be put into cells and the integrated chromosomes analyzed for 

DRT. I have also helped our collaborators make targeting constructs to generate 

transgenic mice that have a deletion within the mouse Asar4 locus. 
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Instability Signature of DRT/DMC 

 

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 

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 
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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 replication 

restart using short stretches of homology [119]. Furthermore, stalled DNA 

replication forks can also be resolved into DSBs providing a substrate that can be 

repaired by NHEJ [120]. 

Thus, if multiple stalled replication forks form on a single chromosome and 

are resolved via MMBIR, FoSTeS, or strand breakage followed by NHEJ, it would 

leave the chromothripsis and kataegis instability signatures. One possibility is 

that DRT/DMC is responsible for the formation of multiple stalled replication forks 

on a single chromosome. As mentioned in Chapter One, there are two models for 

how DRT/DMC can induce CSIN. One is that 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 [85]. This would 

generate multiple stalled replication forks on a single chromosome and lead to 

multiple rearrangements generated at the stalled replication forks via NHEJ, 

MMBIR, and/or FoSTeS type mechanisms. The other way DRT/DMC can induce 

CSIN is by delaying mitotic spindle attachment, which can lead to chromosome 

mis-segregation and the formation of micronuclei [85]. Interestingly, it has been 

found that inducing micronuclei by nocodazole treatment can lead to extreme 
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fragmentation of single chromosomes [84]. Therefore, DRT/DMC is not only 

present in some cancer cells but it can also explain certain unique instability 

signatures that are present in some cancer cells.  

The data presented here confirms our belief that DRT/DMC is one 

possible mechanism responsible for chromothripsis and/or kataegis. The 

instability associated with the chromosome 15 deletions is even more severe 

than that of the chromosome 6 deletions. Cytogenetically, all of our data suggest 

that DRT/DMC causes chromosome shattering. However, since chromothripsis 

and kataegis were discovered and characterized by their molecular signatures, 

we need to do the same analysis on our cells. To detect the intrachromosomal 

events that are hard to see by DNA-FISH, the Thayer lab hopes to perform 

whole-genome sequencing on some of the chromosome 15 deletion clones to 

identify whether the breakpoints cluster on a single chromosome and what the 

breakpoint junctions look like. Once we have a better idea of the molecular 

impact of DRT/DMC, we should be able to confirm whether these cells have a 

chromothripsis-like signature or whether DRT/DMC results in another instability 

signature.  
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Figures 

 

Figure 6.1: Positions of recently generated transgenes. The ASAR6 locus is 

depicted with the location and orientation of the loxP-3´RT integration and three 

genes, MANEA, ASAR6 and FUT9. The 29 kb region identified in Chapter Two 

(green) and the 18 kb region identified in Chapter Four (purple) are indicated 

above. The RP11-767E7 BAC (B-E7) that was used in the experiments in 

Chapter Two spans both regions. BACs and fosmids that contain a Hyg 

resistance gene are listed below: RP11-374I15 (B-I15), RP11-48G17 (B-G17) 

G248P83419A4 (F-A4), G248P86031E7 (F-E7) and G248P86150G12 (F-G12). 

B-E7 and B-I15 contain the entire 29 kb region and B-E7, B-G17 and F-G12 

contain the entire 18 kb region. All have been integrated into C2C12 cells and 

are awaiting analysis. (Figure on next page). 
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Figure 6.1: Positions of recently generated transgenes. 
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Figure 6.2: Rescue strategy number one. Strategy to integrate BAC into 

deleted locus. 1) ∆175-23a cells that have a 76 kb deletion in chromosome 6 and 

display DRT contain an intact mouse APRT transgene with a loxP site (blue 

triangle) in the middle of it at the deleted locus [122]. A BAC that spans the 

deleted locus (RP11-767E7+hyg, green) is transfected into cells along with Cre 

recombinase. Cre mediates recombination between the loxP site on the BAC and 

the loxP site in chromosome 6. Cells are cultured in media containing 

Hygromycin B and DAP to select Hyg resistant APRT- cells. 
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Figure 6.3: Rescue strategy number two. First, an integration plasmid (rescue 

backbone e3.6) is inserted into the BAC RP11-767E7 (BAC7E7) to generate the 

BAC integration plasmid. The BAC integration plasmid contains a Hygromycin 

resistance gene, a 3ʹRT cassette, and the 5ʹAP cassette and will integrate at the 

original loxP-3ʹRT integration site on chromosome 6 in P175 cells via Cre-

mediated recombination. The resulting cells will be both APRT+ and Hyg+. The 

integration plasmid also contains rox (region of x-over) sites that flank the 5ʹAP 

cassette. These rox sites are 32 bp recognition sequences for the site-specific 

recombinase Dre (D6 recombinase) [221, 222]. Following transfection with Dre, 

the 5ʹAP cassette gets excised, disrupting the APRT gene. APRT- cells are 

infected with a lentivirus containing the 5ʹAP cassette and an FRT site. Blast-

positive cells are transfected with FLP recombinase. Proximal deletions on 

chromosome 6 result in reconstitution of the APRT selectable marker as well as 

Blast and Hyg sensitivity. These deletions excise various lengths of DNA on 

chromosome 6, proximal to the original loxP-3ʹRT integration site, and will 

include part of or all of the smallest deletion (~76 kb) that displays DRT/DMC. 

However, chromosome 6 will still contain slightly more than that smallest ~76 kb 

region of DNA from the integrated BAC7E7. In this way, the proximal deletions 

that result in DRT/DMC will be remade, but the minimal deleted region known to 

cause DRT/DMC will be provided on the BAC to see whether it is capable of 

rescuing the phenotype. Figure adapted from [216]. (Figure on next page). 
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Figure 6.3: Rescue strategy number two. 
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Abstract 

 

Normal cellular division requires that the genome be faithfully replicated to 

ensure that unaltered genomic information is passed from one generation to the 

next. DNA replication initiates from thousands of origins scattered throughout the 

genome every cell cycle; however, not all origins initiate replication at the same 

time. A vast amount of work over the years indicates that different origins along 

each eukaryotic chromosome are activated in early, middle or late S phase. This 

temporal control of DNA replication is referred to as the replication-timing 

program. The replication-timing program represents a very stable epigenetic 

feature of chromosomes. Recent evidence has indicated that the replication-

timing program can influence the spatial distribution of mutagenic events such 

that certain regions of the genome experience increased spontaneous 

mutagenesis compared to surrounding regions. This influence has helped shape 

the genomes of humans and other multicellular organisms and can affect the 

distribution of mutations in somatic cells. It is also becoming clear that the 

replication-timing program is deregulated in many disease states, including 

cancer. Aberrant DNA replication timing is associated with changes in gene 

expression, changes in epigenetic modifications and an increased frequency of 

structural rearrangements. Furthermore, certain replication timing changes can 

directly lead to overt genomic instability and may explain unique mutational 

signatures that are present in cells that have undergone the recently described 

processes of “chromothripsis” and “kataegis”. In this review, we will discuss how 
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the normal replication timing program, as well as how alterations to this program, 

can contribute to the evolution of the genomic landscape in normal and 

cancerous cells.  
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Introduction 

  

In order to divide, a eukaryotic cell must undergo precise DNA replication 

to ensure that an exact copy of its genetic content is passed on to its daughter 

cells. This process occurs during S phase and proceeds via the coordinated 

initiation of DNA replication at hundreds of replication origins scattered 

throughout the length of each chromosome [223]. Interestingly, the cell begins 

preparation for DNA synthesis in telophase of the prior cell cycle [5]. This is when 

the pre-replicative complex (pre-RC) begins to form on each potential origin of 

replication. However, 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]. The addition of other replication factors to a subset of the pre-RCs 

transforms them into pre-initiation complexes (pre-ICs) [224]. Shortly after the 

pre-IC is formed, DNA polymerase and primase are recruited to each 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 can initiate from any active origin within a given S-

phase, the timing at which initiation takes place can vary widely between origins. 

Adjacent origins tend to initiate DNA replication at the same time resulting in 

large, synchronously replicating chromosomal domains called “replicon clusters” 

[9, 10]. Some replicon clusters begin replication at the onset of S-phase while 
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others 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 the 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]. 

 The replication-timing program is mitotically stable, heritable and subject 

to differential regulation during differentiation and development, making it a 

robust epigenetic feature of all eukaryotic chromosomes [31]. The biological 

significance of this replication-timing program is currently unknown; however, the 

existence of aberrant replication timing in many different genetic diseases 

suggests that it is a vital cellular process [25-28, 225]. Not surprisingly, the 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 periphery or near the nucleolus [12-14]. Molecular analysis 

has also revealed that late-replicating regions tend to cluster with other late-

replicating regions in the nucleus and vice-versa [15]. Additional complex 

associations have been observed with 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 
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be pointed out that while these correlations are significant they are not absolute, 

as some expressed genes with transcriptional active chromatin marks reside in 

late-replicating regions [10]. 

 DNA synthesis occurs in replication factories within the 3-dimensional 

space of the nucleus. In these factories, regions of similar replication timing 

cluster together in the nucleus, with early-replicating regions residing in the 

nuclear interior and late-replicating regions remaining at the nuclear periphery or 

near the nucleolus [11, 13, 15, 190]. Additionally, replication-timing changes that 

occur during development are accompanied by changes in nuclear architecture, 

indicating that these two features are very closely linked [226]. Therefore, regions 

that replicate at comparable times in S phase tend to have a closer spatial 

association than regions that replicate at different times. This association has 

been highlighted using the HiC method, which probes the three-dimensional 

architecture of whole genomes by coupling proximity-based ligation with 

massively parallel sequencing [15, 227].  

 One prominent disease that is characterized by replication-timing 

aberrations is 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]. Genetic alterations can arise during cancer progression through 

normal cellular processes, induced or spontaneous mutagenesis, or as a result of 

genomic instability. Mutagenesis refers to the process by which genetic changes 
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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, any mechanism that increases the 

mutation rate can be said to cause genomic instability. Current models suggest 

that an underlying genomic instability is responsible for the rapid accumulation of 

the genetic and epigenetic changes that affect gene function in cancer [86]. 

Therefore, it is very difficult to understand cancer development without 

understanding the mechanisms that cause genomic instability. 

In this review, we highlight research suggesting that the normal DNA 

replication-timing program has a profound impact on the distribution of mutations 

that arise during the evolution of species as well as during the evolution of 

cancer. Aberrant DNA replication timing is associated with altered gene 

expression, mutagenesis and genomic instability. Furthermore, we propose that 

certain DNA replication-timing aberrations can explain the newly described 

processes of “chromothripsis” and “kataegis”, which have been found to generate 

unique genomic signatures in the genomes of some tumor cells [115, 116]. 
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DNA Replication Timing and the Evolution of the Genomic 

Landscape 

 

 The conventional view of evolution assumes that DNA mutations occur 

randomly throughout the genome and the eventual presence or absence of those 

DNA changes in the population is determined through the process of natural 

selection. While natural selection remains the most potent force shaping the 

evolution of the genomic landscape, the notion that DNA mutations occur 

randomly in the genome has become outdated. We now know that mutation rate 

varies widely throughout the genome and is influenced by many local genetic and 

epigenetic features such as recombination rate, CpG content, transcriptional 

status, repetitive-sequence content and chromatin conformation [228-230]. 

Although it was observed more than 20 years ago [231], a wealth of recent 

experimental data has confirmed that DNA replication timing is also a potent 

force that influences mutation rates. 

 An elegant series of experiments in yeast established that late-replicating 

regions of the genome have higher rates of spontaneous mutagenesis than 

early-replicating regions. By inserting an exogenous sequence into different 

regions of a chromosome and calculating the rate of mutations occurring in that 

sequence, Lang et al. demonstrated that there was a strong positive correlation 

between the time of replication and the rate of mutation [232]. Furthermore, by 

deleting an early-replicating origin, and consequently delaying replication, near 

one of these exogenous sequences they observed a slight increase in the rate of 
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mutagenic events. This indicates that delaying the initiation of DNA replication at 

a particular sequence is sufficient to increase its mutation rate [232].  

Other experiments have demonstrated that endogenous loci from many 

different organisms show a similar correlation of mutagenesis and replication 

timing. Regions of single-nucleotide diversity in mice and humans are enriched in 

late-replicating regions [27, 233-235]. When comparing the human genome to 

multiple non-human primate genomes it was also observed that areas of single-

nucleotide divergence between species disproportionately lie in late-replicating 

regions [233, 234]. A parallel correlation between divergence and late replication 

was also seen when comparing the genomes of mice and rats [234]. Similarly, 

regions that have a high density of duplications tend to be late replicating in flies 

[236]. And duplication hotspots that are shared between different species of flies 

also reside preferentially in regions of late replication [237]. Genomic domains 

prone to duplication events are also hotspots for neutral point mutations [238, 

239], further supporting the idea that mutational events occur in spatial proximity 

to one another (i.e. in late-replicating genomic regions). Interestingly, a 

correlation between early replication timing and deletion variation in flies was 

also observed, and it will be interesting to determine if this holds true for other 

eukaryotes as well [236]. These data indicate that timing of DNA replication may 

be a driving force in copy number and single-nucleotide polymorphism (SNP) 

diversity that is observed within a species and between species. There have 

been several suggestions for why replication timing and neutral mutation rate 

correlate so closely. Most involve differential repair mechanisms being used at 
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different times during S phase such that error-prone DNA repair pathways are 

utilized more frequently during late S phase [232, 234]. 

 Late-replicating regions aren’t the only replication-associated sites of 

genomic change. There is also evidence that replication transition regions are 

also hotspots for spontaneous mutagenesis. Replication transition regions are 

areas that lie between early-replicating DNA and late-replicating DNA and, 

therefore, often replicate in mid to late S phase. Transition regions are void of 

origins and are passively replicated by a uni-directional fork that initiates at an 

adjacent early origin. This single fork replicates the entire transition region until it 

reaches the replication fork of an adjacent late origin [226]. One consequence of 

such a large replicon is an increase in the probability of replication fork stalling 

and DNA damage [226, 240]. Indeed, a survey of SNPs on human chromosomes 

11 and 21 indicated that there is a higher density of SNPs in replication transition 

regions than there are in early-replicating regions [27]. In addition, frequent gene 

amplifications on these same chromosomes also lie within these replication 

transition regions [241]. The frequent gene amplification that is seen in late-

replicating and transition regions may have functional implications during 

evolution, as gene duplications are considered to be an important factor during 

speciation [242]. Additionally, syntenic breakpoints in the mouse and human 

genomes appear to occur predominantly in transition regions [241], indicating 

that these regions may be sources of breakage during the generation of new 

chromosomes during evolution. Of course more comprehensive studies will be 
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needed to confirm these findings, but these observations nevertheless implicate 

DNA replication timing as a potent regulator of mutational dynamics.  

 Now that DNA replication timing is increasingly implicated in establishing a 

gradient of mutagenesis such that late replicating and transition regions have a 

higher rate of mutation than early replicating regions, it is important to understand 

why a replication-timing program exists at all. It is well established that most 

regions of active gene transcription are early replicating, whereas silenced 

genes, intergenic regions and repetitive sequences are late replicating [189]. 

Most silenced genes (late replicating) tend to be tissue-specific and only become 

expressed (early replicating) in the tissue where they function [16, 243]. 

Incidentally, many tissue-specific genes, e.g. receptors involved in sensing 

environmental changes and during the immune response, are much more 

divergent between species than genes involved in essential cell functions like 

metabolism and transcription [238, 244]. It is tempting to speculate that 

replication timing might be a way to optimize the intrinsic mutation rate such that 

housekeeping genes incur fewer mutations while tissue-specific genes, that are 

generally under greater pressure to adapt, receive an increased mutational load. 

Interestingly, it was found that different classes of genes tend to reside in regions 

with differential substitution rates between mouse and human [238]. Genes with 

“receptor type” functions (cell adhesion, immune function, olfactory receptors) 

generally reside in regions of high mutation density while genes involved in RNA 

binding, kinase activity and metabolism reside in regions of low mutation density 



	
   266	
  

[238]. As we get deeper into the age of genomics it will be interesting to see what 

other trends emerge with respect to the evolution of the genomic landscape. 
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DNA Replication Timing and the Evolution of the Cancer 

Genome 

 

The observations described above indicate that replication timing 

influences the mutation rate of different genomic regions in the germline, and 

over long periods of time differences in replication timing can contribute to the 

genetic variation within and between species. However, there is also increasing 

evidence that replication timing influences the mutation rate in somatic cells and 

may be a contributing factor to the distribution of genomic changes that arise 

during cancer development.  

 

The Role of Normal DNA Replication Timing During Cancer Mutagenesis 

An extensive sequence-based analysis of many different human tumors 

has revealed an increase in single-nucleotide variations (SNVs) and somatic 

copy number alterations (SCNAs) in late replicating regions of the genome [190, 

245]. Interestingly, in these tumor samples, genomic deletions are enriched in 

late replicating regions whereas amplifications are enriched in early replicating 

regions, which is opposite of what is seen in the germline [190]. Other groups 

have found that genomic rearrangements in cancer correlate differently with 

replication timing depending on the type of tumor studied. For example, 

rearrangement breakpoints in breast cancer and neuroblastoma tend to lie within 

early-replicating regions, whereas breakpoints in colorectal cancer and 

melanoma tend to reside in late replicating regions [246, 247]. This variation 
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highlights the epigenetic heterogeneity of different tumor types and may be due 

to differential selective constraints imposed during tumor evolution or differential 

deregulation of DNA repair pathways.  

Similar to what is seen in the germline, transition regions seem to be 

hotspots of copy number alterations in human cancers [190, 241]. As mentioned 

above, the complicated nature of DNA replication in these regions makes them 

especially susceptible to fork stalling and DNA damage [240]. Accordingly, many 

fusion genes and recurrent chromosome aberrations found in cancer lie within or 

near transition regions [27, 248]. Not only are these regions prone to 

mutagenesis in cancer, but also harbor a higher proportion of genes with 

oncogenic and tumor-suppressing functions [27, 190, 241, 248]. It has been 

proposed that the spatial proximity between regions of similar replication timing 

can influence translocation and rearrangement sites in the genome [190, 249]. 

This is seen in many cancer cells where regions that cluster next to one another 

in the nucleus are more likely to undergo translocation events than more distant 

regions [190, 250-252]. Not surprisingly, many recurrent and oncogenic 

translocations occur between regions of similar replication timing and nuclear 

proximity [250, 253, 254].  

An additional unstable feature of most if not all mammalian chromosomes 

is the presence of chromosome fragile sites (CFSs) [255, 256]. Common CFSs 

are discrete regions of chromosomes that are prone to breakage during times of 

replication stress [257]. CSFs have been found to lie at the interface of R and G 

chromosome bands [258, 259], which is a hallmark of replication transition 
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regions [240]. This indicates that transition regions and CFSs may represent the 

same genomic feature. Accordingly, CFSs are common points of chromosomal 

breakage in tumors and CFS instability is often seen in the early stages of 

carcinogenesis [260]. Since some cancer-related genes lie within fragile sites, 

CFS instability can directly deregulate some oncogene/tumor-supressor functions 

[260]. Thus, not only does DNA replication timing influence the rate of 

mutagenesis, it can also bias the location of rearrangement breakpoints. 

 The above data compare replication-timing profiles in normal cells to the 

acquisition of mutations in cancer cells, with the observation that at least some of 

the mutagenesis observed in cancer is collateral damage of having a normal 

replication-timing program. However, there is accumulating evidence that there 

are numerous alterations to the normal replication-timing program during 

carcinogenesis. In fact, there is abundant evidence indicating that changes in 

replication timing often accompany cancer development. While the extent to 

which these replication-timing changes influence the transformation process is 

still largely unknown, the presence of these changes in many different types of 

tumors indicates that altered replication timing may be an important component 

in tumor development.  

 

Aberrant DNA Replication Timing in Cancer 

DNA replication is a highly regulated process. For most of the genome, 

homologous loci replicate at the same time during S phase in a highly 

coordinated manner. Exceptions to this rule are represented by loci that display a 
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mono-allelic gene expression pattern. Thus, mono-allelically expressed genes 

such as imprinted genes, allelically excluded genes and genes on female X 

chromosomes replicate asynchronously with one allele replicating before the 

other. This replication pattern is very stable in normal cells, and is independent of 

transcription [167]. 

One well-documented change in cancer cells is the aberrant asynchronous 

replication of loci that normally replicate synchronously [261-263]. The early 

studies that looked at individuals with cancer assayed individual loci and, 

therefore, gave no indication of how widespread this aberrant asynchronous 

replication was throughout the genome. In contrast, a recent whole-genome 

replication timing study indicated that 9-18% of the genome undergoes a change 

in replication timing in leukemia cells compared to normal controls ([225]; see 

Fig. A1a). Changes in replication timing were detected on all chromosomes and 

were evenly distributed throughout the genome. Although there were slight 

differences between different types of leukemias, many of the changes in 

replication timing were common to all samples, suggesting that altered replication 

at specific locations is an early epigenetic event in cancer development [225]. In 

addition, many but not all of the replication-timing changes occurred near sites of 

genomic rearrangement. Indeed, a replication-timing change was found at a 

common site of translocation in leukemia cells [225]. However, all leukemia cells 

studied displayed this replication-timing change, but only a few displayed the 

actual translocation, indicating that replication-timing changes may predispose 

the cell to certain translocation events [225]. In addition, instead of genomic 
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rearrangements correlating with small local changes in DNA replication timing, 

the changes were extensive and extended hundreds of kilobases beyond the site 

of rearrangement. Similar to the studies mentioned previously, the replication 

timing changes were generally from late-replicating regions replicating earlier, 

and fewer early-replicating regions replicating later [225]. This study was not 

calibrated to detect replication asynchrony, so it is unclear whether these loci that 

change replication timing replicate synchronously or asynchronously. However, it 

is likely that some of the site-specific replication asynchrony that was observed in 

the above reports is reflected in this genome-wide analysis. It will be interesting 

to determine if the replication-timing changes that occur genome-wide in different 

types of cancers are the result of a specific chromosomal feature (e.g. 

asynchronous replication) or if this deregulation represents a more 

heterogenous, nonspecific change.   

Surprisingly, the asynchronous replication pattern observed in cancer 

patients is not restricted to tumor tissue but also occurs in noncancerous cells as 

well [264-268]. This is best exemplified by the presence of aberrant 

asynchronous replication between alleles in the peripheral lymphocytes of 

individuals with solid tumors [264, 265]. This replication asynchrony has been 

documented at multiple loci for many cancer-related genes and many other 

genomic locations indicating that this is not just the deregulation of a single locus 

or a single chromosome, but a widespread phenomenon [264, 266, 269]. 

Interestingly, this altered replication-timing pattern is present in pre-malignant 

cells, in individuals pre-disposed to cancer, and in individuals living in polluted 
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areas with a high likelihood of getting cancer, suggesting that this may be an 

early event during carcinogenesis [261, 263, 265, 270]. The replication 

asynchrony observed in cancerous tissue and normal cells in individuals with 

cancer is generally a result of the earlier replication of one of the alleles [265, 

268, 270], however, in some cases the delayed replication of one allele has been 

detected [269]. This aberrant asynchronous replication is heritable (i.e. the 

earlier-replicating allele will be earlier replicating in all subsequent generations) 

but not dependent on parental origin and therefore resembling the process of 

human X chromosome inactivation and/or allelic exclusion [271]. Chemotherapy 

is not sufficient to correct the cancer-associated replication asynchrony detected 

in lymphocytes of cancer patients [268], but allogeneic stem cell transplantation, 

in vitro fusion to normal cells, or inhibiting DNA methylation by treating cells with 

5-azacytidine can switch replication back to the normal state [267, 271-273].  

 The replication-timing abnormalities mentioned above effect loci present 

on many different chromosomes and are detected sporadically throughout the 

genome. They generally result in the advancement of the replication-timing 

program such that one or both alleles will replicate earlier than normal. In 

contrast, a functionally distinct replication timing aberration has also been 

observed in tumor-derived cells. In 1967, Dr. Harald zur Hausen documented a 

delay in replication timing of individual chromosomes in cultured leukemia cells 

([68]; see Fig. A1b). This chromosome-wide replication delay has since been 

observed in many different tumor-derived cell lines and primary tumor samples 

[74, 82]. These studies indicated that some tumor cells contain individual 
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chromosomes that are delayed in initiation and completion of DNA replication by 

2-3 hours along their entire length [74, 75]. This replication delay affects the 

entire chromosome but does not disrupt the replication timing of other 

chromosomes in the cell, and is therefore controlled by a cis acting mechanism. 

Whole chromosomes that are delayed in DNA replication timing also exhibit a 

delay in mitotic chromosome condensation and are associated with highly 

aneuploid karyotypes [74, 77, 80]. In addition, it has been demonstrated that this 

chromosome-wide replication delay increases the rate of secondary 

chromosomal rearrangement on the affected chromosome by 30-80 fold, 

indicating that this chromosome-wide replication delay causes genomic instability 

[77]. Unlike the genome-wide replication-timing changes mentioned previously, 

which tend to be a very stable feature of cancer cells during the progression of 

the disease, chromosome-wide replication delay is a more transient feature. The 

inherent instability of the delayed chromosomes makes them prone to extreme 

fragmentation occurring over a relatively few cell divisions, which eventually 

results in highly rearranged chromosomes that no longer display replication delay 

[74]. The transient existence of chromosome-wide replication delay in cancer 

cells makes it an underappreciated, yet potentially important force driving 

mutagenesis in cancer cells.  

 It is apparent that chromosome-wide replication delay can have a 

profound impact on the structural stability of individual chromosomes by 

increasing the rate of chromosome rearrangements [77]. In contrast, it is unclear 

whether the other sporadic genome-wide replication-timing changes that occur at 
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specific loci are contributing to instability or are merely correlative. Due to the 

early onset of genome-wide replication-timing changes in cancer development (in 

some cases preceding malignancy) it is likely that this deregulation is directly or 

indirectly linked to transformation. As discussed below, replication-timing 

changes can be generated by different mechanisms and can lead to genetic and 

epigenetic changes within the cell. In the right context, any of these changes has 

the potential to influence cell growth and survival. 

  

Causes and Consequences of Aberrant DNA Replication Timing 

Depending on the context, some examples of aberrant DNA replication 

timing appear to have direct consequences on mutagenesis; however, in many 

cases the temporal order of events has not been established. Consequently, we 

are left with indirect conclusions to establish a timeline of events. The 

interconnectedness of many cellular properties like chromatin modifications, 

replication timing, transcription, and nuclear positioning complicates a cause and 

effect analysis, because the experimental manipulation of one will, in many 

cases, affect all three. This has led to the proposal that these properties are 

interdependent, such that a change in any one of them will have an effect on the 

others [13, 274, 275]. While keeping this in mind, we have highlighted some 

examples that indicate a direct relationship between specific cellular events and 

changes in replication timing.   

 

 



	
   275	
  

A) Gene Expression Changes  

DNA replication is a complicated cellular process involving the coordinated 

action of many different gene products. The deregulated expression of certain 

genes involved in DNA synthesis can cause defects in replication timing. For 

example, mutations in ORC proteins [30], cyclins [276], CDKs [277], nucleotide 

reductases [278], and other proteins involved in DNA structure checkpoints [277, 

279, 280] have all been shown to cause abnormal DNA replication-timing 

patterns. Consistent with a relationship between chromatin modifications and 

DNA replication timing, the deregulation of many chromatin-modifying enzymes 

can impact the temporal replication of loci throughout the genome [281-286]. 

Disruption of these genes has a trans-acting effect, meaning it impacts the 

replication timing of distant loci on multiple chromosomes. Accordingly, 

deregulated HP1 gene expression was found to change the replication timing of 

5-10% of genomic loci, suggesting a widespread effect [285]. In some cases, the 

replication timing changes that result from the deregulation of trans-acting factors 

resembles the genome-wide replication-timing changes seen in some cancers 

[225], which indicates that deregulation of replication components and chromatin 

modifiers may be one cause of abnormal replication timing in cancer cells. 

One unique aspect of changes in replication timing is that the 

consequences on transcription are only observed in cis. For example, it was 

found that the advanced replication timing of loci on the inactive X chromosome 

was critical for their escape from gene inactivation [287]. Other studies have 

indicated that replication timing changes at specific loci can occur upstream of 
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gene transcription changes [20, 288]. However, it should be noted that a change 

in the replication timing of a particular gene does not always cause a change in 

transcription [269]. This has led to the idea that a change in replication timing is 

not sufficient to cause a change in transcription, and that other factors, such as 

the presence and activity of transcriptional activators, are required. Thus, 

replication timing may not affect transcription directly but, rather, affect 

transcriptional competence [31].   

 

B) Epigenetic Changes 

Although DNA replication timing is strongly associated with gene 

expression, the association is even stronger with some epigenetic modifications. 

Certain chromatin and DNA methylation states appear to have a substantial 

impact on replication timing. Tethering a histone acetylase to a late replicating 

origin is sufficient to convert it to early replicating, and the opposite is true when a 

histone deacetylase is brought to an early replicating origin [289]. Many different 

groups have observed that histone acetylation changes can precede changes in 

replication timing [290-293], which is consistent with histone deacetylation 

occurring at the G1/S transition prior to late-origin replication [294]. Changes in 

histone methylation have also been implicated in causing changes in DNA 

replication timing [282, 286], bolstering the concept that chromatin accessibility 

and DNA replication timing go hand-in-hand. Similar to many histone 

modifications, changes in DNA methylation have also been found to precede 

changes in replication timing [283, 295], and manipulation of DNA methylation 
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can even reverse aberrant replication timing under certain conditions [267, 271, 

272]. 

The studies mentioned above indicate that changes in histone 

modifications can switch the replication timing of an origin, but some chromatin 

modifiers can also inhibit the firing of an origin altogether [284]. Indeed, the 

addition or subtraction of origins can affect the replication timing of adjacent 

regions by decreasing or increasing the time it takes the replication fork to reach 

them [19, 21, 288, 296]. Since most loci are replicated by clusters of origins, the 

addition or deletion of one origin generally won’t have much of an impact on 

replication timing. However, if a change in origin usage occurs in a region that is 

devoid of origins, like a transition region, then the impact can be large. This 

differential origin usage model has been used to describe why transition regions 

are so prone to drastic changes in replication timing [240]. In support of this 

model, the addition of an origin at the Igh locus, which lies in a transition region, 

was found to coincide with a shift from late to early replication [288]. 

In keeping with the interdependent theme of this section, changes in 

replication timing can also precede changes in epigenetic modifications. Studies 

in Dr. Howard Cedar’s lab found that plasmid DNA injected into a cell in early S-

phase will be packaged into acetylated chromatin while DNA injected into cells in 

late S phase will be associate with hypoacetylated chromatin [297]. This was 

followed by the demonstration that a plasmid containing hypoacetylated histones 

injected into cells in early S phase will become remodeled with acetylated 

histones during replication and vice versa [298]. This suggests that the time of 
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DNA replication within S phase can dictate the acetylation state of histones that 

are loaded onto DNA. This has led some to speculate that the differential 

association of various chromatin modifiers with DNA throughout S phase is 

responsible for the close association between DNA replication timing and 

chromatin modifications [275]. This notion is supported by the demonstration that 

some repressive histone modifiers and transcriptional repressors only localize to 

replication foci in mid-late S phase [299-301]. Therefore, a change in replication 

timing can change the chromatin landscape, and transcriptional competence, of a 

particular region by dictating which chromatin modifiers can associate during 

replication. DNA replication-timing changes have also been observed to occur 

before DNA methylation changes, indicating that the temporal order of replication 

can also affect the methylation status of DNA [302, 303].  

 Although the cause and effect relationship between DNA replication timing 

and chromatin/DNA modifications has been studied extensively, there is still 

much more to learn. Furthermore, we still lack a good understanding of how DNA 

replication timing and 3-dimensional nuclear structure affect one another. Some 

studies have indicated that a change in nuclear position is not sufficient to 

change DNA replication timing [14, 292, 304], which would suggest that DNA 

replication timing determines nuclear position. However, other studies have 

suggested that the presence of replication foci in specific nuclear compartments 

dictates the temporal order of replication [305]. It is likely that both models are 

correct in certain contexts. As is the case with transcription and epigenetic 
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modifications, DNA replication timing seems to be controlled by as many cellular 

events as it controls. 

The effects of aberrant DNA replication timing on chromatin structure can 

extend beyond S phase as well. It has been observed that chromosome-wide 

delayed DNA replication can lead to abnormal mitotic chromosome condensation 

in early mitosis [30, 74]. This delay in condensation coincides with a delay in the 

recruitment of Aurora B kinase resulting in a delay in the mitosis-specific 

phosphorylation of histone H3 [74, 75]. Therefore, delayed replication can lead to 

chromosomes that are in an “interphase state” of condensation during mitosis 

[74]. 

 

C) Genetic Changes 

Perhaps it is no surprise that genetic changes can be the cause of 

aberrant DNA replication timing, but the varied types of genetic damage and 

replication-timing changes discussed in this section indicate that this relationship 

is far from straightforward. Treating cells with various DNA damaging agents, 

such as ionizing radiation, hydrogen peroxide, and mitomycin C can lead to 

aberrant replication timing [270, 306]. Furthermore, double-strand breaks caused 

by site-specific recombination, ionizing radiation and endonuclease digestion can 

induce a chromosome-wide delay in replication [77, 80], indicating that DNA 

damage can cause different types of replication-timing defects.  

Different types of DNA damaging agents can produce different types of 

mutations, and different types of mutations have been implicated in replication-
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timing changes. For example, nucleotide substitution at CTCF binding sites can 

deregulate allele-specific replication in imprinted regions [307]. In addition, 

telomere shortening can advance the replication timing of telomeric origins [308]. 

It has been known for some time that the juxtaposition of genetic regions to non-

native loci can cause replication-timing changes [24, 309, 310]. One common 

type of genomic rearrangement in cancer is inter-chromosomal translocation, 

which brings together two regions from two different chromosomes. It has been 

observed that chromosomal translocations often accompany replication-timing 

changes [18, 311, 312]. Many of these replication-timing defects result from the 

newly acquired replication of homologous loci due to the juxtaposition of one 

locus to another [311, 312]. In fact, most translocations that juxtapose regions of 

differential replication timing result in the earlier or later replication of at least one 

of the translocated alleles [225]. Because these abrupt replication-timing 

changes occur by juxtaposing an early-replicating region with a late-replicating 

region, it should be noted that a translocation involving regions of similar 

replication timing would not be expected to result in a replication-timing change 

[225]. These studies indicate that the majority of translocation events cause 

replication-timing changes that are relatively minor, and only affect local 

sequences or domains (Fig. A1a). 

A recent phenomenon of localized hypermutation, termed ‘‘kataegis,’’ was 

observed in some cancer cells [116]. Kataegis is characterized by an increase in 

the frequency of SNVs in a particular region of the genome. Regions of kataegis 

differed between cancers, but usually colocalized with somatic rearrangements. 
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While the mechanisms responsible for kataegis remain unknown, we propose 

that the localized replication-timing changes that occur near or prior to 

translocation breakpoints [225] could be responsible for the localized 

mutagenesis observed in the localized regions with kataegis (Fig. A2a). 

In addition, genomic rearrangements can have larger effects than just the 

change in temporal replication of a specific locus or domain. Unlike juxtaposition-

induced replication asynchrony, where the rearranged locus is the only site of 

aberrant replication timing, certain chromosomal rearrangements cause a 

chromosome-wide delay in replication timing of the entire chromosome [74, 77, 

79, 81, 122]. This chromosome-wide effect is a result of the disruption of cis-

acting elements that normally act to ensure the proper replication-timing program 

of individual chromosomes. A recent series of “chromosome-engineering” studies 

led to the identification of a discrete cis-acting locus that controls chromosome-

wide replication timing and structural stability of human chromosome 6 [122]. 

Molecular characterization of this chromosome 6 locus identified a large 

intergenic non-coding RNA gene, which was named asynchronous replication 

and autosomal RNA on chromosome 6 (ASAR6). Cre/loxP-mediated disruption 

of the ASAR6 gene results in extremely late replication, an under-condensed 

appearance during mitosis, and structural instability of human chromosome 6 

[77, 122]. In a separate series of experiments, it was found that disruption of the 

large non-coding RNA gene Xist, results in extremely late replication, abnormal 

chromatin structure and instability of the X chromosome [79, 81]. The Xist gene 

resides within the X inactivation center, and is known to participate in the 
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silencing of genes during dosage compensation in female cells [184]. 

Interestingly, ASAR6 shares many characteristics with Xist, including random 

mono-allelic expression, asynchronous replication timing, and regulation of the 

expression of linked mono-allelic genes [122].  

Furthermore, this chromosome-wide delayed replication timing phenotype 

has been detected on chromosome rearrangements involving many different 

human and mouse chromosomes [74, 77, 80, 122]. Therefore, it seems likely that 

all mammalian chromosomes contain loci that function to regulate chromosome-

wide replication timing, mitotic condensation and stability of individual 

chromosomes. Given the similarities in structure and function of the two loci 

characterized to date, Xist and ASAR6, it was proposed that all mammalian 

chromosomes contain functional chromosome “inactivation/stability centers” that 

act to maintain proper replication timing and structural stability of individual 

chromosomes [122]. Under this scenario every mammalian chromosome 

contains four cis-acting elements, origins of replication, centromeres, telomeres, 

and ‘inactivation/stability centers’, all functioning to ensure proper replication, 

segregation and stability of individual chromosomes [85].  

Chromosome-wide delay in replication timing 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 [83]. Thus, cells with chromosome-wide delayed replication timing 

of individual chromosomes display frequent gains or losses of entire 

chromosomes resulting in dramatic aneuploidy affecting the entire karyotype [74, 
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75]. In addition, cells containing chromosome-wide delayed replication contain 

abnormal mitotic spindles, abnormal centrosome number, and an increased 

frequency of endoreduplication [75]. It is unclear how chromosome-wide 

replication delay on one chromosome is causing these events, but these factors 

can certainly explain the CIN observed in cells with individual chromosomes with 

the delayed replication phenotype. The second type of instability observed in 

cells with chromosome-wide delayed replication is chromosome structure 

instability, which is characterized by an increase in the rate that new 

chromosomal rearrangements occur [77]. This structural instability is primarily 

observed on the affected chromosome, but other chromosomes can participate in 

inter-chromosomal translocations with the delayed chromosome, indicting that 

delayed replication on one chromosome can destabilize the structural integrity of 

all chromosomes within the cell [77].  

This structural instability of individual chromosomes is reminiscent of the 

newly described phenomenon “chromothripsis”, which is present in some but not 

all cancers [115, 116]. Chromothripsis appears to be a cataclysmic event in 

which one or a few chromosomes or chromosome arms are fragmented and then 

reassembled in a haphazard manner. The sequences at the junctions showed 

either a lack of homology or microhomology between the joined segments, 

suggesting that the ends were joined by non-homologous end joining (NHEJ) 

pathway. 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 
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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 replication 

restart using short stretches of homology [119]. Thus, the stalled replication forks 

of the MMBIR/FoSTeS pathways could potentially be caused by the premature 

condensation of partially replicated chromosomes as they enter mitosis. Thus, 

our model for the instability of individual chromosomes includes: 1) delayed 

replication timing of individual chromosomes caused by genetic disruption of an 

“inactivation/stability center”, 2) delayed recruitment of Aurora B resulting in 

delayed mitotic chromosome condensation, 3) delayed mitotic spindle 

attachment leading to chromosome mis-segregation and the formation of 

micronuclei, 4) checkpoint adaptation and the onset of mitotic chromosome 

condensation prior to the completion of DNA synthesis leading to stalled 

replication forks, and 5) multiple rearrangements generated at the stalled 

replication forks via NHEJ and/or MMBIR/FoSTeS type mechanisms (Fig. A2b). 
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Concluding Remarks 

 

Changes in the replication timing of individual loci throughout the genome 

in cancer cells can occur in two ways: either the advanced replication of 

individual loci or the delayed replication of individual loci. It currently appears that 

the advanced replication of individual loci is more common than delayed 

replication and it is unclear why this is. Furthermore, the change in replication 

timing of individual loci generally appears to result in aberrant asynchronous 

replication, but it is not known if this is always the case. Regardless, it is likely 

that the change in replication timing of individual loci sporadically throughout the 

genome can be caused by two different mechanisms. The first, which is 

highlighted by the Ryba et al. study, is genomic rearrangements resulting in a 

local change in replication timing [225]. In this scenario, regions of divergent 

replication timing are juxtaposed following a rearrangement and one of those 

regions changes its replication timing in response to its new environment. This 

can explain a switch in replication timing of an individual locus and aberrant 

asynchronous replication. However, this study also found replication-timing 

changes that did not coincide with rearrangement breakpoints [225]. Therefore, 

localized changes in replication timing may actually precede the rearrangement 

events at specific loci. 

 Delayed replication of individual chromosomes is a functionally distinct 

phenomenon from the aberrant asynchronous replication of individual loci. 

Although chromosome-wide replication delay does result in replication 
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asynchrony, the asynchrony is at the chromosome level rather than at specific 

loci scattered throughout the genome. This replication delay affects the entire 

chromosome but the replication timing of all the other chromosomes within the 

cell remains normal. It is currently unknown whether chromosome-wide 

replication delay has any effect on gene expression. However, it is likely that 

gene expression is affected by delaying the replication timing of an entire 

chromosome. Thus, this process closely resembles X chromosome inactivation 

in female mammalian cells, where the inactive X chromosome undergoes gene 

inactivation and a chromosome-wide delay in replication timing while the active X 

chromosome remains earlier replicating [313].  

 In summary, DNA replication timing has helped shape the genomic 

landscape of many, if not all, eukaryotic organisms. By separating the genome 

into regions prone to hypomutability (early-replicating) and hypermutability (late-

replicating and transition regions), the replication-timing program dictates that the 

mutation rate is higher in some regions than in others. The reason for this is 

currently unclear, however, it most likely results from the predominant use of 

different DNA repair pathways in early versus late S phase [232, 234]. On one 

hand, it seems detrimental to have a high rate of mutagenesis anywhere in the 

genome, as most mutations either have no effect on fitness or are detrimental to 

the organism [314]. And if the cell uses error-free DNA repair pathways in early S 

phase, then why doesn’t it also use these same pathways in late S phase? A 

closer look reveals that it may be slightly beneficial to keep a higher mutation rate 

in late-replicating regions. Thus, most repetitive sequences tend to be late 
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replicating and since many of these sequences are leftover viral or transposon 

integrations, this might be one way to ensure that non-native sequences mutate 

more frequently. This would result in a more rapid accumulation of mutations that 

inactivate viral or transposon gene products. Furthermore, tissue-specific genes 

are more likely to reside in late-replicating regions and since these genes are 

under greater pressure to adapt, a slightly higher mutation rate in those genes 

would provide the organism with a greater ability to respond to a changing 

environment. 

Although there can be some benefits to having hypermutable regions of 

the genome in germ cells, it is hard to explain the presence of this phenomenon 

in somatic cells. Thus, the mutagenesis associated with the normal replication-

timing program does appear to be contributing to the accumulation of mutations 

during cancer development. Although the normal replication-timing program may 

be responsible for an increased mutation rate in certain regions of the genome, 

the selective pressure to maintain early and late replicating regions ensures 

proper epigenetic regulation of gene expression and helps maintain genome 

stability. 
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Figures 

 
 

 

 

Figure A1: Acquired alterations in DNA replication timing in cancer cells.  

A) Examples of individual loci that display a shift in replication timing. Loci that 

shift to an earlier time of replication are indicated in green, and regions that shift 

to a later time of replication are indicated in red. Three different chromosomes 

are shown. B) An example of an individual chromosome with a chromosome-

wide delay in replication (red). Two chromosomes with normal replication timing 

are shown in gray. 

 



	
   289	
  

Figure A2: Models for localized genomic instability in cancer cells.  

A) Aberrant late replication model for kataegis. A localized region of a 

chromosome has acquired abnormally late replication (red) either as a result of 

chromosome rearrangement or as a result of a localized shift in the replication 

timing program [29]. Increased mutagenesis is induced in the late replicating 

region due to error prone repair mechanisms functioning during late replication. 

B) Aberrant late replication model for Chromothripsis. Disruption of discrete cis-

acting loci result in a chromosome-wide delay in replication timing. Mitotic 

chromosome condensation initiates on the delayed chromosome prior to 

completion of DNA synthesis resulting in premature chromosome condensation, 

stalled replication forks, and rearrangement of the affected chromosomes via 

non-homologous end joining (NHEJ), microhomology mediated break induced 

replication (MMBIR) and fork stalling and template switching (FoSTeS) 

mechanisms. The resulting chromosome contains numerous structural 

alterations (translocations, deletions, inversions, and duplications). (Figure on 

next page). 
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Figure A2: Models for localized genomic instability in cancer cells.  
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