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Abstract: The generation of a complete and accurate copy of the genetic material during each cell
cycle is integral to cell growth and proliferation. However, genetic diversity is essential for adaptation
and evolution, and the process of DNA replication is a fundamental source of mutations. Genome
alterations do not accumulate randomly, with variations in the types and frequencies of mutations
that arise in different genomic regions. Intriguingly, recent studies revealed a striking link between
the mutational landscape of a genome and the spatial and temporal organization of DNA replication,
referred to as the replication program. In our review, we discuss how this program may contribute to
shaping the profile and spectrum of genetic alterations, with implications for genome dynamics and
organismal evolution in natural and pathological contexts.

Keywords: DNA replication; replication program; mutational landscape; genome dynamics;
genome instability

1. Introduction

The faithful duplication and transmission of the genetic material is critical for cell proliferation
as well as for development and differentiation. Indeed, errors in DNA synthesis may give rise to
mutations that are deleterious for an organism, leading to disease or death. The duplication of the
genetic material is tightly regulated to promote genome integrity, giving rise to a spatial and temporal
pattern, or program of DNA replication. Interestingly, the replication program has been shown to
be strongly correlated with the genetic variation found in eukaryotic genomes. In this review, we
present findings from a variety of organisms that link the replication program with mutation frequency,
distribution, and spectra. We also discuss the mechanisms by which the replication program may be
involved in shaping the accumulation of mutations across a genome. Importantly, the conservation of
the coupling between the organization of DNA replication and the mutational landscape from yeast to
humans suggests a key role for the replication program in genome evolution.

2. The Spatial and Temporal Organization of DNA Replication

DNA replication is an essential step of the cell cycle that is highly controlled to ensure that
the genetic material is entirely replicated once and only once prior to cell division. DNA synthesis
begins at sites called origins of replication, and bi-directional extension from these sites ultimately
produces a complete copy of the genome. In contrast to bacteria, where the genome is duplicated by
well-defined origins that fire once per cell cycle [1], DNA replication in eukaryotes displays a more
complex organization. A large number of replication origins are distributed throughout eukaryotic
genomes, ranging from hundreds in budding yeast to tens of thousands in human cells [2]. Not all
origins are fired during each synthesis (S) phase, and different subsets are activated from one cell cycle
to the next [3]. The activity of an origin is characterized by two major parameters: its timing of firing
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during S phase, and its efficiency, or frequency of usage in a population of cells. The timings and
efficiencies of origin usage, together with the distribution of origins along the chromosomes, define
the program of DNA replication.

A large body of work has demonstrated that eukaryotic DNA replication is a temporally and
spatially regulated process. DNA synthesis is organized in chromosomal domains that are copied
at distinct times during S phase [4–8] (Figure 1). In addition, genomic regions that are duplicated at
the same time are localized near one another. Replication domain boundaries coincide with those
of chromatin compartments known as topologically associating domains (TADs), indicating a close
coupling between the replication program and large-scale chromosome structure [9]. Furthermore,
the replication program is linked to the three-dimensional arrangement of the genome in the nucleus.
Pulse-labeling of cells with nucleoside analogs revealed discrete sites of DNA synthesis called
replication foci that co-localize with components of the replication machinery [10]. This spatial
pattern of DNA replication changes during S phase, as early-replicating regions are located inside the
nucleus, while late domains are found near the nuclear periphery [11,12]. Altogether, these findings
demonstrate a multi-scale organization of DNA replication in eukaryotes.

Figure 1. Schematic of the replication program and genome instability events associated with different
replication domains. Colors correspond to the timing of replication of a giving region in the synthesis
(S) phase. Blue: early-replicating domain, red: late-replicating domain, and green: timing transition
region. Unreplicated origins are indicated by closed circles; initiated and elongating origins are shown
as open circles and ovals. The distinct genome instability features that are enriched in each replication
domain are indicated in the boxes below, with the relevant references noted. CNV: copy number
variation. SNP: single-nucleotide polymorphism.

Interestingly, replication programs are strongly conserved between related species [8,13],
suggesting evolutionary constraints for these architectures. However, the organization of DNA
replication is flexible and responds to environmental and developmental cues [14–17], and recent
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studies suggested that the replication program may make critical contributions to cellular physiology.
Replication timing is associated with chromatin state, as early duplication is correlated with actively
transcribed euchromatin, while heterochromatic regions are generally late-replicating [16,18]. Related
to these observations, alterations in replication patterns during development and differentiation are
accompanied by changes in transcriptional activity and epigenetic marks [17,19–22]. In addition, a
significant level of cell-type specific conservation of replication timing profiles was observed between
mouse and human cells [7]. Importantly, experimental evidence points to direct roles for the replication
program in regulating histone gene transcription in budding yeast [23] and meiotic recombination in
fission yeast [15]. Thus, the accumulating links between gene expression, chromatin structure, and the
organization of DNA replication indicate that this feature may be a key modulator of cellular function.

Recently, the replication program was also suggested to be involved in the acquisition of
genetic diversity. Mutations serve as substrates for selection and evolution, and it has long been
known that they do not accumulate randomly across a genome. A remarkable correlation between
replication timing, mutation frequency, and mutation spectrum has emerged from work on a variety
of organisms [24–27]. These connections indicate that the replication program may be a crucial input
that affects the types and distributions of genetic alterations that arise in different genomic regions.
In the following sections, we highlight these associations and discuss how the organization of DNA
replication may contribute to the genetic variation that is central to evolution.

3. Coupling between the Replication Program and Mutational Landscape

During the process of DNA replication, the genetic material is susceptible to being damaged
and acquiring mutations. Cells therefore possess mechanisms to limit these challenges to genome
integrity. However, genome instability and errors in DNA synthesis are important sources of the genetic
alterations that are necessary for evolution. While previous studies demonstrated that mutation rate
and distribution are non-uniform across the genome, we still do not understand how this variation is
generated. Recent studies have established an interplay between replication timing and the mutational
landscape in diverse systems, and we present some of these findings below.

First, late-replicating regions are associated with higher mutation rates. In the budding yeast
Saccharomyces cerevisiae, assessment of mutation frequency across chromosome VI using a genetic
assay revealed a six-fold variation that is correlated with replication timing, with earlier regions
displaying lower mutation rates [25]. These results are consistent with studies of single-nucleotide
polymorphisms (SNPs) identified between 39 strains of S. cerevisiae, which showed that mutation rate
in a region increases as replication occurs later in S phase [28]. Similarly, analysis of genome-wide
replication timing data and polymorphisms in the fruit fly Drosophila melanogaster uncovered a 30%
increase in mutation rate between the latest and earliest replicating sequences [29]. Along the same
lines, work in mammalian systems provided evidence for a correspondence between the replication
timing of genomic regions and their associated mutation rates. Indeed, comparisons of evolutionary
divergence and nucleotide diversity in human and mouse genome sequencing datasets [24,30], as
well as of different human cell lines [26,27], indicate that mutation rate is significantly increased in
late-replicating regions. This is also the case in cancer cells, where mutation frequencies are two- to
three-fold higher in late- vs. early-replicating areas [31–34]. Collectively, these findings bring to light a
coupling between replication timing and mutation rate in both normal and pathological contexts.

Second, the types of mutations that accumulate across a genome are correlated with replication
timing. For instance, in cancer cells, copy number variation (CNV) increases are more frequently
found in early-replicating regions, whereas deletions are enriched in late-replicating domains [35].
This relationship was likewise observed during the reprogramming of human induced pluripotent
stem cells, as CNV increases accumulate in genomic regions that become early-replicating during
this process [36]. In addition, early-replicating domains are more likely to harbor large-scale
rearrangements, such as for those that differentiate mouse and human genomes [8] or for
chromosomal translocations in hematological cancer cells, which lead to gene fusions that drive
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cancer progression [37]. Moreover, analysis of human genomes revealed that structural mutations
mediated by homology-based recombination mechanisms were enriched in regions that are copied
early in S phase [26]. These studies therefore suggest that replication timing is associated not only with
the frequency but also the types of genetic alterations that arise in different genomic regions.

While the findings described above focus on early vs. late replicating regions, areas located
between such domains also have a characteristic mutation phenotype. These timing transition regions
(TTR) are characterized by a progressive change in replication timing, and they contain few or no
replication origins. TTRs are often duplicated by replication fork progression from nearby initiation
sites, leading to a higher probability of fork stalling [38]. This feature may be part of what gives rise to
the genome instability and elevated SNP frequency that are found in these regions [39]. Interestingly,
analysis of TTRs in human chromosomes 11q and 21q revealed that they contain amplification events
and translocations associated with cancer, as well as synteny breakpoints between the mouse and
human genomes [39,40]. Thus, although it is not clear how the mutational phenotype of TTRs relates
to those described above for early- and late-replicating domains, these transition areas may be a
distinctive source of genetic variation.

The replication program may also participate in generating genome diversity during sexual
reproduction. Meiotic recombination provides genetic variation, and hotspots of recombination
have been identified in numerous organisms. Comparison of the mouse meiotic recombination
landscape with replication profiles indicated that early-replicating regions harbor a higher density
of such hotspots [27]. A similar correlation was observed in human genomes in a study of crossover
recombination in parent–child pairs [41]. This relationship is supported by experimental evidence in
fission yeast, where changes in the replication program were demonstrated to induce corresponding
alterations in the distribution of meiotic double-stranded DNA break (DSB) formation that is central
to recombination [15]. Indeed, for a given genomic region, increasing origin efficiencies resulted in
increases in meiotic DSB formation and recombination frequencies. These findings suggest a role for
the organization of DNA replication in modulating the profile of genetic variation during meiosis.

Taken together, the studies described above establish a compelling link between the organization
of DNA replication, the rate of mutation, and the spectrum of genome alterations in eukaryotic
genomes (Figure 1).

4. The Replication Program and Genome Instability Hotspots

In addition to the correlation between the organization of DNA replication and the genome-wide
mutation landscape, the replication program is associated with instability at specific genomic loci
in both normal and challenging conditions. For example, a key genomic feature whose duplication
must be coordinated with cell-cycle progression is the centromere, which is crucial for mediating
chromosome segregation during mitosis and meiosis. Centromeric structure differs among eukaryotes,
ranging from extended heterochromatic regions in most organisms to point centromeres without
heterochromatin in budding yeast. Nevertheless, centromeres are replicated in early S phase in fungi
and in at least a subset of more complex eukaryotes [42–45]. Despite this conservation, the importance
of this specific timing remained an open question. In budding yeast, the early duplication of the
centromere was suggested to aid in preserving genome integrity. In the context of replication stress
conditions and a checkpoint mutant in which centromeres are not duplicated, Feng and colleagues
showed that the chromosome segregation defect in this background is dependent on the timing of
centromere replication [46]. These results indicate that early centromere duplication during a critical
time window may promote the establishment of bioriented chromosomes for proper segregation and
cell division in the budding yeast. However, given the differences in centromeric structure between
budding yeast and other eukaryotes, further studies will be required to generalize these conclusions.

Next, genome instability occurs at loci called fragile sites that were identified in the genomes of
eukaryotes ranging from yeast to humans [47,48]. Common fragile sites (CFSs) preferentially form gaps
or breaks in metaphase chromosomes in conditions where replication is challenged. Most of the known
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CFSs can be induced by aphidicolin, an inhibitor of DNA polymerase [47,49]. These sites are hotspots
of genome instability, and they participate in sister chromatid exchange, deletions, translocations,
and gene amplifications [48,50–52]. Moreover, they are recognized as sites of DNA damage and
chromosomal rearrangement in different cancers [53,54]. One hallmark of CFSs is their late replication
during S phase. This is clearly the case for FRA3B, one of the earliest identified fragile sites and the
most frequently observed CFS in human lymphocytes [47]. Not only is this locus late-replicating, but
treatment with aphidoicolin further delays its duplication [55]. FRA3B was found to be depleted of
replication initiation events, and it is flanked by origins that fire in mid-S phase; this is also seen at
FRA16D, the second most common CFS in lymphocytes [56]. Notably, these features are linked to the
instability of both FRA3B and FRA16D, as these loci are not fragile in cell types that do not display this
replication initiation and timing profile. Along the same lines, a recent study showed that induced
early replication of a CFS is accompanied by a reduction in its fragility [57]. Altogether, these findings
implicate replication timing as a key regulator of the landscape of CFS instability.

Although the majority of fragile sites are associated with late-replicating regions, a subset of
early-replicating fragile sites (ERFSs) has been identified [58]. Analysis of the profile of DNA damage
in murine B cells treated with hydroxyurea to generate replication stress uncovered replication fork
collapse in early-replicating genomic regions. In contrast to CFSs, ERFSs are located near replication
initiation sites. They are found in regions with a higher gene density, and their fragility is increased by
transcriptional activity. Similarly, induction of the oncogenes CCNE1 (cyclin E1) and MYC in a human
cell line leads to ectopic firing of origins located within highly transcribed genes [59]. Although such
events are normally inhibited by transcription through these origins during gap 1 (G1) phase, oncogene
overexpression brings about early S phase entry before completion of transcription at these loci, leading
to unscheduled firing at these sites. The subsequent conflicts between replication and transcription
result in replication fork collapse, formation of double-stranded DNA breaks, and chromosomal
rearrangements. Thus, collisions between the replication and transcription machineries may play a
role in the instability of early-replicating fragile sites.

Intriguingly, the sites of replication initiation themselves may also be involved in genome
plasticity. Studies of genome architecture, experimental evolution, and DNA repair all have associated
replication origins with genetic variability [50,60–62]. For instance, comparative analyses of genome
rearrangements and gene amplifications found in budding yeast species revealed that these alterations
are often bounded by origins [50,62]. Similarly, early-firing origins were correlated with breakpoints
between S. cerevisiae and Lachancea waltii [50], two yeasts that are diverged by ~150 million years.
Such a relationship was likewise uncovered in evolved vs. ancestral strains from laboratory evolution
experiments, where the presence of origins at rearrangement sites before breakage suggests that they
may participate in these events [50]. Complementary to these findings, increased mutation rates are
associated with origins of replication in budding yeast. Using mutation accumulation assays to analyze
spontaneous mutations that arise in the absence of selective pressure, Lujan et al. found a higher
rate of indels near the autonomously replicating sequence (ARS) consequence sequence (ACS) motifs
in replication origins [63]. Furthermore, in fission yeast cells exposed to replication stress, origins
in late-replicating regions that are normally inhibited by the checkpoint become hotspots of DNA
damage when they are fired inappropriately [64]. These results, therefore, indicate that replication
origins may make unique contributions to genetic diversity.

5. Mechanisms Underlying the Profile of Genetic Variation

Although the studies described above provide evidence for a close coupling between the
replication program and the genome-wide mutational landscape, we are only beginning to understand
the mechanisms that are responsible for this interplay. The variation in genetic alterations that arises
along the chromosomes is due to a combination of the processes that generate genome instability and
errors in DNA synthesis, as well as those that deal with these problems.
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A number of mechanisms were proposed to account for the increased mutation rate that is
associated with late S phase. One major source of genome instability is the slowing and stalling of
replication forks. This leads to generation of single-stranded DNA (ssDNA), which is more prone to
damage, breakage, and mutation than double-stranded DNA [65–67]. Replication fork progression
is challenged by a variety of endogenous stresses, including an insufficient level of factors that are
required for DNA synthesis. First, a balanced supply of deoxyribonucleotide triphosphates (dNTPs) is
critical for genome integrity, with a maximal concentration observed during S phase [68]. Replication
fork velocity is sensitive to small changes in dNTP level [69,70], and reductions or mild imbalances
among the individual dNTPs are mutagenic [71]. Rates of replication errors due to abnormally elevated
deoxycytidine triphosphate (dCTP) and deoxythymidine triphosphate (dTTP) concentrations were
found to be elevated in late-replicating regions [72], which may suggest a greater sensitivity to dNTP
levels as these building blocks are consumed during S phase. Second, during the process of DNA
synthesis, replication protein A (RPA) binds to ssDNA and protects stalled replication forks. Exposure
to replication stress of human cells inhibited for ataxia telangiectasia and Rad3-related protein (ATR)
checkpoint function leads to an excess of ssDNA that exhausts the available pool of RPA [73], resulting
in double-stranded DNA breaks. Although this global RPA exhaustion was shown to occur during
a perturbed S phase in sensitized conditions, it is possible that RPA may become limiting in certain
growth conditions or genomic regions during normal cell proliferation. Third, accurate duplication of
the genome requires the associated copying of its chromatin landscape. This is disrupted by the passage
of replication forks and must be restored on the daughter DNA strands. Histone production is cell-cycle
regulated, and reducing histone supply slows DNA synthesis during S phase [74–76]. Importantly,
sufficient levels of histone proteins are required to maintain genome integrity. Replication fork velocity
is linked to histone synthesis and to assembly of newly synthesized DNA into nucleosomes [77], and
decreased histone H4 expression in budding yeast leads to impaired replication fork progression and
increased homologous recombination [78]. Collectively, the observations described above indicate that
a limiting supply of key factors required for DNA and chromatin replication may be partly responsible
for a higher mutation rate during late S phase.

In addition, natural impediments to DNA replication in the genome can promote replication fork
stalling and collapse. For example, tight DNA–protein associations and chromatin compaction render
heterochromatin more difficult to replicate, and specific chromatin remodeling complexes are required
to promote replication through such regions [79]. Indeed, the euchromatin vs. heterochromatin
organization of the genome is suggested to be a major determinant of mutation rate variation along
the chromosomes. Analysis of cancer genomes revealed that increased mutation rates are strongly
correlated with closed chromatin, in particular with the heterochromatin-associated H3K9me3 histone
modification [33,80]. Another crucial obstacle for replication forks involves DNA-bound transcription
complexes, with collisions between replication and transcription machineries resulting in genome
instability [81,82]. Head-on encounters between these processes are more mutagenic than co-directional
conflicts, leading to replication fork pausing and an increase in recombination [83,84]. Complementary
to these findings, genes that are highly transcribed by RNA polymerase II were identified as barriers
for the replication machinery in budding yeast [85]. Furthermore, concomitant replication and
transcription on the same template is linked to the instability of late-replicating CFSs in human
cells [86]. Interestingly, deleterious encounters appear to have been minimized through evolution, such
as through favoring co-directional replication and transcription, as well as their spatial and temporal
organization [87–90]. However, this is not sufficient to avoid conflicts between these two processes;
for instance, CFSs are often located in very long genes (>800 kb) whose transcription takes more than
one cell cycle, and delaying replication does not allow for the separation of these two processes [86].
These findings, therefore, demonstrate that interactions between chromatin structure, transcription,
and replication are critical contributors to genome instability.

Finally, the pathways via which cells manage DNA damage and errors also represent key sources
of the differences in mutation rate and spectrum that arise across a genome. Upon encountering
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DNA lesions that block normal DNA polymerases, cells can use two processes to replicate past
these sites: template switching, which is non-mutagenic, or translesion synthesis (TLS), which has a
high error rate [91]. TLS polymerases are not expressed until late S phase [92,93], and they are not
available to repair lesions that arise in early S phase. In budding yeast, disruption of TLS results
in a reduction in the mutation frequency of a late-replicating region but has no significant effect on
early-replicating sites [25]. In addition, analysis of primate divergence data indicates that the mutation
signature for the TLS polymerase ζ is more frequently found in late- vs. early-replicating regions [94].
The timing of replication of late regions may then make them more susceptible to be repaired by
error-prone TLS polymerases, consequently increasing their mutation rates. Furthermore, recent
evidence implicates DNA mismatch repair (MMR) as a crucial contributor to elevated mutation rates in
late-replicating regions. MMR corrects base–base and insertion–deletion mismatches, and it was shown
to be less effective in late S phase [63]. Importantly, a recent study of single-nucleotide variants from
cancer genomes provides compelling evidence that MMR generates regional variations in mutation
frequency [95]. The authors observed that MMR-deficient tumors exhibited an equalization of the
distribution of mutations along the chromosomes: losing MMR earlier during tumor progression
was linked to lower differences in regional mutation rates. This suggests that genetic alterations that
arise in tumors after MMR inactivation are not enriched in late-replicating regions, thus abrogating
the coupling between replication timing and mutation frequency. Altogether, these studies identify
differential DNA repair as a major factor in generating regional variations in mutation rate.

6. Conclusions

Mutations are fundamental to the biology of living organisms. They are an essential source
of genetic diversity for evolution and play a critical role in disease. Although it was documented
early on that mutation rates vary across a genome, the mechanisms that determine the landscape of
genetic alterations remain poorly understood. Recently, the organization of DNA replication has been
strongly correlated with the distribution and types of mutations that accumulate throughout a genome.
Early-replicating regions of the genome are enriched for large-scale rearrangements, translocations,
CNV increases, and meiotic recombination hotspots, while late-replicating areas have higher mutation
rates, elevated SNP levels, and CFSs. As many of these associations were revealed through analyses
of sequencing data, a causal role for the replication program in establishing the genome-wide profile
of genetic variation remains to be evaluated. Moreover, the mechanisms via which the replication
program contributes to this profile remain to be elucidated, and future studies will determine the
processes that are responsible for how the replication program may be coupled to different frequencies
and types of genetic alterations in a genome, in both normal and pathological contexts.

Although the essential function of DNA replication is to produce an accurate copy of the genetic
material, accumulating evidence suggests the intriguing possibility that the replication program may
be a crucial contributor to genetic diversity. Understanding this novel aspect of the organization of
DNA replication will have important implications for our knowledge of the processes that drive the
adaptation and evolution of living organisms.
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