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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 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.

1. 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 [1]. Interestingly,
the cell begins preparation for DNA synthesis in telophase of the prior cell cycle [2]. 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
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of DNA replication while others remain inactive throughout S-phase [3,4]. The addition of
other replication factors to a subset of the pre-RCs transforms them into pre-initiation
complexes (pre-ICs) [5]. 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 [6].

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” [7,8]. Some replicon clusters begin
replication at the onset of S-phase while 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) [9,10]. The TDP is established coincidently with a global reorganization of chromatin
into specified regions within the nucleus [10].

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 [11]. 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 [12,13,14,15,16].
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 [10,17,18]. Molecular analysis has also
revealed that late-replicating regions tend to cluster with other late-replicating regions in the
nucleus and vice-versa [19]. 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 [17,20,21]. It should 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 [8].

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 [9,17,19,22]. Additionally,
replication-timing changes that occur during development are accompanied by changes in
nuclear architecture, indicating that these two features are very closely linked [23].
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 [19,24].

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 [25]. Genetic alterations can arise during cancer
progression through normal cellular processes, induced or spontaneous mutagenesis, or as a
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result of genomic instability. Mutagenesis refers to the 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, 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 [25]. 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 [26,27].

2. 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 [28,29,30]. Although it was
observed more than 20 years ago [31], 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 [32].
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
mutagenic events. This indicates that delaying the initiation of DNA replication at a
particular sequence is sufficient to increase its mutation rate [32].

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
[14,33,34,35]. 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 [33,34]. A parallel correlation between
divergence and late replication was also seen when comparing the genomes of mice and rats
[34]. Similarly, regions that have a high density of duplications tend to be late replicating in
flies [36]. And duplication hotspots that are shared between different species of flies also
reside preferentially in regions of late replication [37]. Genomic domains prone to
duplication events are also hotspots for neutral point mutations [38,39], further supporting
the idea that mutational events occur in spatial proximity to one another (i.e. in late-
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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 [36]. 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 different times during S phase
such that error-prone DNA repair pathways are utilized more frequently during late S phase
[32,34].

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 [23]. One consequence of such a large
replicon is an increase in the probability of replication fork stalling and DNA damage
[23,40]. 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 [14]. In addition, frequent gene amplifications on these same chromosomes also lie
within these replication transition regions [41]. 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 [42].
Additionally, syntenic breakpoints in the mouse and human genomes appear to occur
predominantly in transition regions [41], indicating that these regions may be sources of
breakage during the generation of new chromosomes during evolution. Of course more
comprehensive studies will be 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 [43]. Most silenced genes (late replicating) tend to be tissue-specific and only
become expressed (early replicating) in the tissue where they function [20,44]. 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 [38,45]. 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 [38]. 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 [38]. 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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3. 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.

3.1. 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 [22,46]. 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
[22]. 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 [47,48]. This variation 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 [22,41]. As mentioned above, the complicated nature
of DNA replication in these regions makes them especially susceptible to fork stalling and
DNA damage [40]. Accordingly, many fusion genes and recurrent chromosome aberrations
found in cancer lie within or near transition regions [14,49]. Not only are these regions
prone to mutagenesis in cancer, but also harbor a higher proportion of genes with oncogenic
and tumor-suppressing functions [14,22,41,49]. It has been proposed that the spatial
proximity between regions of similar replication timing can influence translocation and
rearrangement sites in the genome [22,50]. 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 [22,51,52,53]. Not surprisingly, many recurrent and
oncogenic translocations occur between regions of similar replication timing and nuclear
proximity [51,54,55].

An additional unstable feature of most if not all mammalian chromosomes is the presence of
chromosome fragile sites (CFSs) [56,57]. Common CFSs are discrete regions of
chromosomes that are prone to breakage during times of replication stress [58]. CSFs have
been found to lie at the interface of R and G chromosome bands [59,60], which is a hallmark
of replication transition regions [40]. 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
[61]. Since some cancer-related genes lie within fragile sites, CFS instability can directly
deregulate some oncogene/tumor-supressor functions [61]. 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
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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.

3.2. 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 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 [62].

One well-documented change in cancer cells is the aberrant asynchronous replication of loci
that normally replicate synchronously [63,64,65]. 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
([16]; see Fig. 1A). 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 [16]. 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 [16]. 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 [16]. In addition, instead of genomic 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 [16]. 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 [66,67,68,69,70].
This is best exemplified by the presence of aberrant asynchronous replication between
alleles in the peripheral lymphocytes of individuals with solid tumors [66,67]. 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 [66,68,71]. Interestingly, this
altered replication-timing pattern is present in pre-malignant cells, in individuals pre-
disposed to cancer, and in individuals living in polluted areas with a high likelihood of
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getting cancer, suggesting that this may be an early event during carcinogenesis
[63,65,67,72]. 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
[67,70,72], however, in some cases the delayed replication of one allele has been detected
[71]. 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 [73]. Chemotherapy is not sufficient to correct the cancer-associated replication
asynchrony detected in lymphocytes of cancer patients [70], 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 [69,73,74,75].

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 ([76]; see
Fig. 1B). This chromosome-wide replication delay has since been observed in many
different tumor-derived cell lines and primary tumor samples [77,78]. These studies
indicated that some tumor cells contain individual chromosomes that are delayed in
initiation and completion of DNA replication by 2–3 hours along their entire length [78,79].
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 [78,80,81]. 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 [81]. 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 [78]. 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 [81]. In contrast, it is unclear whether the other sporadic genome-wide
replication-timing changes that occur at 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.

3.3. 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
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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
[17,82,83]. While keeping this in mind, we have highlighted some examples that indicate a
direct relationship between specific cellular events and changes in replication timing.

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 [84], cyclins [85], CDKs [86], nucleotide
reductases [87], and other proteins involved in DNA structure checkpoints [86,88,89] 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 [90,91,92,93,94,95]. 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 [94]. 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 [16], 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 [96].
Other studies have indicated that replication timing changes at specific loci can occur
upstream of gene transcription changes [97,98]. However, it should be noted that a change in
the replication timing of a particular gene does not always cause a change in transcription
[71]. 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 [11].

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 [99]. Many different groups have observed that histone
acetylation changes can precede changes in replication timing [100,101,102,103], which is
consistent with histone deacetylation occurring at the G1/S transition prior to late-origin
replication [104]. Changes in histone methylation have also been implicated in causing
changes in DNA replication timing [91,95], 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 [92,105], and manipulation of DNA methylation can even reverse
aberrant replication timing under certain conditions [69,73,74].

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
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origin altogether [93]. 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 [97,106,107,108]. 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 [40]. 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 [97].

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 [109]. 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 [110]. This suggests
that the time of 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 [83]. 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 [111,112,113]. 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 [114,115].

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 [18,102,116], 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 [117]. It is likely that both models are correct in
certain contexts. As is the case with transcription and epigenetic 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 [78,84]. 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 [78,79]. Therefore, delayed
replication can lead to chromosomes that are in an “interphase state” of condensation during
mitosis [78].

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
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[72,118]. Furthermore, double-strand breaks caused by site-specific recombination, ionizing
radiation and endonuclease digestion can induce a chromosome-wide delay in replication
[80,81], 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-timing changes. For
example, nucleotide substitution at CTCF binding sites can deregulate allele-specific
replication in imprinted regions [119]. In addition, telomere shortening can advance the
replication timing of telomeric origins [120]. It has been known for some time that the
juxtaposition of genetic regions to non-native loci can cause replication-timing changes
[121,122,123]. 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
[124,125,126]. Many of these replication-timing defects result from the newly acquired
replication of homologous loci due to the juxtaposition of one locus to another [125,126]. 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 [16]. 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 [16]. 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. 1A).

A recent phenomenon of localized hypermutation, termed “kataegis,” was observed in some
cancer cells [26]. 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. While the mechanisms responsible for kataegis
remain unknown, we propose that the localized replication-timing changes that occur near or
prior to translocation breakpoints [16] could be responsible for the localized mutagenesis
observed in the localized regions with kataegis (Fig. 2A).

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 [78,81,127,128,129]. 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 [127]. 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 [81,127]. 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 [128,129]. The Xist gene
resides within the X inactivation center, and is known to participate in the silencing of genes
during dosage compensation in female cells [130]. 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 [127].
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Furthermore, this chromosome-wide delayed replication timing phenotype has been detected
on chromosome rearrangements involving many different human and mouse chromosomes
[78,80,81,127]. 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 [127]. 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 [131].

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 [132]. 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 [78,79]. In addition, cells containing chromosome-wide delayed replication
contain abnormal mitotic spindles, abnormal centrosome number, and an increased
frequency of endoreduplication [79]. 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 [81].

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 [81]. This structural instability of
individual chromosomes is reminiscent of the newly described phenomenon
“chromothripsis”, which is present in some but not all cancers [26,27]. 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 [135,136]. 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 [135]. 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
[137]. 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 [137]. 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
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center”, 2) delayed recruitment of Aurora B resulting in delayed mitotic chromosome
condensation, 3) delayed mitotic spindle attachment leading to chromosome missegregation
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 (Figure 2B).

4. 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
[16]. 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 [16]. 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 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 remain 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 [133].

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 [32,34]. 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 [134]. 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 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
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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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Figure 1.
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 grey.
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Figure 2.
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 [16]. 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).
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