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Abstract: The faithful transmission of genetic information to daughter cells is central to 
maintaining genomic stability and relies on the accurate and complete duplication of 
genetic material during each cell cycle. However, the genome is routinely exposed to 
endogenous and exogenous stresses that can impede the progression of replication. Such 
replication stress can be an early cause of cancer or initiate senescence. Replication stress, 
which primarily occurs during S phase, results in consequences during mitosis, 
jeopardizing chromosome segregation and, in turn, genomic stability. The traces of 
replication stress can be detected in the daughter cells during G1 phase. Alterations in 
mitosis occur in two types: 1) local alterations that correspond to breaks, rearrangements, 
intertwined DNA molecules or non-separated sister chromatids that are confined to the 
region of the replication dysfunction; 2) genome-wide chromosome segregation resulting 
from centrosome amplification (although centrosomes do not contain DNA), which 
amplifies the local replication stress to the entire genome. Here, we discuss the endogenous 
causes of replication perturbations, the mechanisms of replication fork restart and the 
consequences for mitosis, chromosome segregation and genomic stability. 

Keywords: replication stress; mitosis; anaphase bridges; single-ended DSB; homologous 
recombination; centrosome; micronuclei; fragile sites 

 

OPEN ACCESS 



Genes 2015, 6 268 
 
1. The Multiple Causes of the Replication Stress 

Replication stress has been identified as a very early step for tumorigenesis and senescence [1–4]. 
Indeed, cells are exposed daily to endogenous and exogenous stresses. The progression of replication 
forks (RFs) is routinely challenged by these stresses, leading to stalling, collapse or breakage of 
replication forks and to genomic instability. Different endogenous sources of stress can affect the 
progression of replication forks. 

1.1. Down-Regulation of Limiting Factors of Replication 

Faithful DNA replication requires numerous factors, and their limitation can result in the slowing of 
replication fork progression and ultimately in replication stress. These replication factors include the 
pool of nucleotides (dNTPs), components of the replication machinery, histones and histone  
chaperones [5,6]. Moreover, deficiency in active replication origins can also lead to replication stress. 
Indeed, the replication of origin-poor DNA regions requires long-distance DNA synthesis.  
The obstacles encountered by replication forks traveling though these regions can lead to the 
persistence of un-replicated DNA. Notably, this is the case in cells defective in their pre-replication 
complex assembly [7–10]. 

An excess of replication origin firing can also be a source of replication stress through the 
exhaustion of factors essential for DNA synthesis and for the maintenance of fork integrity, including 
RPA protein, which protects single-strand DNA (ssDNA) [11,12]. 

Indeed, the level of RPA becomes limiting when the number of replication origins increases.  
As a result, new ssDNA stretches cannot be protected by RPA, and therefore, the replication forks 
become more susceptible to collapse and breakage [13]. The overexpression of RPA can prevent this 
replication failure [13]. 

Very subtle perturbations in the level of dNTPs are sufficient to disrupt the rate of replication 
elongation [14,15]. A decrease in the level of dNTPs has been proposed to be one of the earliest 
driving forces of tumorigenesis [16–18]. It has also been proposed that increasing the number of active 
replication forks can result in limiting the amount of dNTPs for each progressing replication fork, 
leading to a genome-wide deceleration in their progression [19]. 

DNA replication requires also a large amount of histones. Parental nucleosomes are dissociated 
downstream of the replication fork and are restored on the daughter DNA strands together with newly 
synthesized histones [20]. Defects in chromatin assembly during DNA replication can disturb the 
transmission of epigenetic marks, and surprisingly, this can also affect replication dynamics [21].  
In Saccharomyces cerevisiae, the DNA damage response pathway is required to manage the excess of 
histones, which could jeopardize genomic stability [22]. In mammals, the supply of neo-synthesized 
histones regulates the replication elongation rate, possibly through the recycling of the replication 
factor PCNA [23]. Transient deficiency in neo-synthesized histones induces a decrease in the speed of 
replication without activating the DNA damage response pathway [23]. Therefore, on one hand, the 
achievement of the temporal replication program is dependent on a limited quantity of factors. On the 
other hand, genomes have evolved to have an excess of replication origins to protect cells against 
replication stress. 
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Finally, the endogenous production of reactive oxygen species (ROS) as by-products of cellular 
metabolism can affect the REDOX status of replication factors and alter the initiation or progression of 
replication [24–30]. 

1.2. Obstacles to Replication Fork Progression 

A wide variety of obstacles can hamper DNA replication by impeding the progression of replication 
helicases and the capacity of replication polymerases to incorporate new nucleotides. These obstacles 
include DNA lesions (such as abasic sites, some damaged bases, inter and intra-strand crosslinks),  
DNA-protein complexes and DNA sequences that can form secondary structures. Some of these 
obstacles are induced by physiological cellular processes and occur during each S phase. For example, 
the endogenous production of ROS can generate oxidized bases and abasic sites, and the oxidization of 
lipids can generate interstrand crosslinks. All of these types of alterations are able to block the 
progression of polymerases [31]. 

Another example of a stress generated by a physiological cellular process is the replication of  
the heterochromatin structure. Heterochromatin (HC) is a transcriptionally repressive environment  
that is replicated in mid- to late S phase. HC can be distinguished as either facultative HC, which is  
a cell type-specific chromatin that encodes repressed genes, or constitutive HC, which encompasses  
the same genomic regions, such as centromeres and telomeres, in all cell types, and consists of  
repetitive and gene-poor regions. The HC DNA secondary structures, which occur due to repetitive 
sequences or G-richness, tight DNA-protein complexes and highly compacted chromatin, can hamper 
polymerase progression. 

1.3. Interference between Replication and Transcription Machineries/Programs 

Transcription represents a major source of endogenous replication stress [6]. Indeed, the replication 
and transcription machineries share the same DNA template, favoring collisions between the two 
machineries. Bacterial genomes are generally replicated from a single replication origin, and their 
genes are co-orientated with the replication fork direction, thus preventing frontal collision between 
the machineries [32]. In eukaryotes, the situation is complicated by the presence of multiple replication 
origins. To limit interferences between replication and transcription, these two processes are spatially 
and temporally separated within the cell nucleus [33]. However, a large number of studies have shown 
that transcription interferes with DNA replication and can cause genomic instability [6,34]. 

It has been proposed that replication stress can be induced by DNA/RNA hybrids, which are formed 
during transcription when the synthesized RNA anneals to the template DNA [35]. Such hybrids are 
called R-loops and are more likely to occur in GC-rich DNA sequences [36]. R-loops can be resolved 
by RNAse H and by specific helicases [37,38]. Moreover, the progression of the replication and 
transcription machineries topologically constrains the DNA, increasing the double helix torsion 
downstream of the machineries. This leads to the appearance of positive supercoiling [39,40], which 
can be resolved by topoisomerases 1 and 2 [41]. When the replication and transcription machineries 
converge towards each other, topological constraints are highly increased and induce the accumulation 
of positive supercoiling [42], representing a source of replication stress [43,44]. In mammals, very 
long genes are transcribed over the course of more than one cell cycle [45], and these genes are thus 
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more prone to collisions between the replication and transcription machineries. Most of these genes are 
replicated during late S phase and correspond to common fragile sites. Interestingly, transcription also 
disturbs replication at early-replicated sequences. Indeed, a recent genomic study showed the 
appearance of DNA damage at highly expressed and early-replicated genes following replication  
stress [46], and these regions have been identified as early replicating fragile sites (ERFS). 

2. Replication of Particular Regions of the Genome 

2.1. Under-Replicated DNA and Common Fragile Sites 

Common fragile sites (CFSs) are specific loci that preferentially exhibit gaps and breaks upon 
chromosome condensation during metaphase. These double-strand breaks (DSBs) are visualized by 
cytogenetic analysis following the exposure of cells to low levels of the polymerase inhibitor 
aphidicolin (APH), i.e., doses that lead to a slowing (two- to ten-fold reduction) in replication fork 
movement [47,48]. CFSs are found in S. cerevisiae and are conserved in mammalian cells [49–51]. 
CFSs have been highly studied, but the cause of their fragility remains a matter of debate. It was long 
thought that CFSs contain elements capable of forming secondary structures, such AT-rich sequences 
that affect the progression of replication forks [52–55]. However, the suppression of these regions does 
not avoid breaks in CFSs [48,56,57], and the appearance of CFSs depends on the differentiated cell 
type [49,58], which argues against a model where the DNA sequence would be responsible for their 
instability. Genome-wide analysis of replication timing and molecular combing experiments recently 
allowed the visualization of the replication dynamics of CFSs and showed that CFSs were localized in 
replication origin-poor regions [59–61]. The replication of these regions is based on the capacity to 
replicate DNA over long distances, and their fragility is correlated with the absence of replication 
origin firing, which is in agreement with the tissue-specificity of origin firing in those specific regions. 
Indeed, replication timing is different according to the cell type [62–65]. Most CFSs correspond to 
long genes (>300 kb), which might favor the collision of transcription and replication machineries [45] 
and the tissue-specificity of CFSs. However, it has been demonstrated recently that the transcription of 
large genes does not systematically dictate CFS fragility [66]. Currently, it is believed that CFSs result 
from mitotic entry prior to the completion of replication in late-replicating regions, which can 
correspond to regions that are replication origin-poor [60,67–69]. A large number of proteins involved 
in DNA damage response (DDR), including ATR, polη, BRCA1, RAD51, Claspin, FANC proteins and 
BLM, are necessary for CFS maintenance [58,70–72]. In absence of these proteins and/or upon 
replicative stress (APH), breaks and anaphase bridges at CFS loci are observed at the following mitosis 
(see below Section 5.2). However, the mechanism by which checkpoint-proficient cells continue 
cycling with under-replicated DNA remains unclear. 

2.2. Telomeric Sequences 

The replication of telomeric repeats is ensured by telomerase, but TTAGGG repeats can form G4 
DNA structures that block the replication machinery and lead to fork stalling, especially after the 
addition of aphidicolin [47,73]. Mammalian telomeres are protected from this fragile-site phenotype 
during replication by the specialized telomeric protein TRF1 [73]. TRF1 has been proposed to inhibit 
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ATR signaling after APH-induced replication stress and to recruit two specialized helicases, BLM and 
RTEL1, to telomeres to resolve G4 DNA and to avoid the fragile telomere phenotype [73,74].  
TRF1-depleted cells are prone to telomeres breakage and chromatid type fusions, that could lead to 
anaphase bridges formation in mitosis [73,75,76] (see below Section 5.2). 

2.3. Centromeric Sequences 

Centromeres are highly specialized chromosomal structures that hold sister chromatids together 
during metaphase to ensure their correct alignment on mitotic spindles and kinetochore assembly and, 
in turn, chromosomal segregation [77]. Centromeric heterochromatin is associated with specific 
proteins (CENP-A) and consists of repetitive DNA elements, which are tandem arrays of 171 bp, AT-
rich alphasatellite monomers that are organized as multimeric, higher-order repeats (HORs) spanning  
3–5 Mb [78–80]. All of these factors are problematic for the DNA replication machinery, as repeat 
structures generate topological stress. Indeed, centromeres are known to comprise endogenous sites of 
replication fork pausing in yeast [81], and they comprise hotspots for chromosomal breakage and 
rearrangements in mammalian cells [82]. Centromeric DNA might generate higher-order looped 
structures via recombination between the repetitive elements, which could lead to fully replicated but still 
intertwined DNA [83,84]. Recent studies have shown that the maintenance of pericentromeric 
heterochromatin depends of the recruitment of repair proteins during unperturbed S phase (see below 
Section 3.3). 

3. Stalled Forks and Replication Restart 

As described above, specialized structures or DNA damage can impair the progression of 
polymerases which leads to an accumulation of long stretches of ssDNA due to the uncoupling of 
polymerase activity and helicase progression. The ssDNA-binding protein RPA coats the ssDNA that 
accumulates at stalled forks and in turn recruits the ATR-ATRIP complex. This recruitment activates 
the DNA replication checkpoint to stabilize the stalled replication fork, arrest cell cycle progression 
and orchestrate the cellular response for fork restart ensured by homologous recombination (HR). Note 
that activation of the dormant origins nearby stalled forks overcomes replication slowing and allows to 
complete replication [85,86]. 

3.1. Regulation of Resection and Homologous Recombination (HR) 

HR is an evolutionary process that plays a central role in the equilibrium of genome stability and 
diversity. HR is involved in the repair of DNA double strand breaks (DSBs) (Figure 1) and in 
replication fork restart (Figure 2) (see [87] for review). 

HR is initiated by a ssDNA 5' to 3' resection that is mediated by MRN (MRE11-RAD50-NBS1)-
CtIP, which is followed by the assembly of the RAD51 presynaptic filament, strand invasion of a 
homologous sequence and the copying of the homologous matrix. Depending on the resolution of the 
intermediate structure, the final product refers to gene conversion (GC), break-induced replication 
(BIR) or synthesis-dependent strand annealing (SDSA) (Figure 1). 
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Figure 1. Double-strand break repair models that act via homologous recombination (HR). 
Left panel: Gene conversion. After resection, the single-stranded 3' tail invades a 
homologous, intact double-stranded DNA, forming a D-loop (displacement loop). This 
process tolerates a limited number of imperfect sequence homologies, thus creating 
heteroduplex intermediates bearing mismatches (yellow circles). The invading 3'-end 
primes DNA synthesis, which then fills in the gaps. The cruciform junctions (Holliday 
junctions, HJ) migrate. Resolution (or dissolution) of HJs occurs in two different 
orientations (orange or red triangles), resulting in gene conversion either with or without 
crossing over. Middle panel: Break-induced replication (BIR). The initiation is similar to 
that of the previous models, but the synthesis continues over longer distances on the 
chromosome arms, even reaching the end of the chromosome. Here, there is neither 
resolution of the HR nor crossover. Right panel: Synthesis-dependent strand annealing 
(SDSA). Initiation is similar to that of the previous model, but the invading strand de-
hybridizes and re-anneals at the other end of the injured molecule; no HJ is formed. 
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Figure 2. Fork restarts by HR following replication stress. (A) Model of repair of blocking 
lesions. (A.1) DNA adducts obstruct DNA synthesis by replicative DNA polymerases.  
Fork progression on a damaged template might involve a repriming event downstream of 
the damage, which leaves a ssDNA gap behind the moving fork. Rad51 then nucleates on 
the ssDNA gaps and promotes the recombination with the sister chromatid to seal the gap.  
Other mechanisms might be involved in the bypass of DNA lesions such as translesion 
synthesis (TLS). (A.2) Model of fork regression at a stalled fork: A slowing down of fork 
velocity or fork arrest leads to a transient uncoupling of the helicase and polymerases, thus 
exposing ssDNA at the stalled fork. The fork reversion forms a “chicken foot” structure  
(i.e., the fork and the nascent strand, which is complementary, being annealed together to 
form a four-way junction). Cleavage of this structure might involve MUS81 and leads to  
single-ended DSB formation. (B) Model of broken-fork repair. A replication fork can be 
converted into single-ended DSBs following the passage of the fork through a nick or 
following cleavage by an endonuclease. The single-ended break is then resected and Rad51 
nucleates on the exposed ssDNA and promotes recombination with the sister chromatid.  
The 3' end of the invading strand primes DNA synthesis, and the replisome has been 
proposed to be rebuilt from the extended D-loop structure. (C) Model of fork restarts at a 
collapsed fork. Fork collapse might arise from a stalled fork where the replisome fails to be 
maintained in a functional state or when the replisome encounters physical obstacles such 
as tightly DNA bound proteins or RNA/DNA hybrids. Resection of nascent strands might 
help the fork to regress (i.e., the fork moving backward without the annealing of nascent 
strands) and thus allow the 3' end of the nascent strand to be extruded. Rad51 nucleates on 
the exposed ssDNA and promotes recombination with the parental DNA duplex. The 
replisome could again be rebuilt from the extended D-loop. 
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During replication, the repair of replication stress-induced DSBs is supported by HR [88] and based 
on the copy of the sister chromatid DNA. HR that occurs between sister chromatids (sister chromatid 
exchange; SCE) involves identical sequences and therefore does not impact the genetic information.  
The efficiency of DSB repair by HR is first ensured by resection activation during S/G2. In line with 
this, silencing CtIP rescues the high level of SCE in Bloom syndrome cells [89]. However, DSB ends 
are protected from resection by the binding of Ku70/Ku80 and by the 53BP1/RIF1 complex [90–94]. 
Thus, in S/G2 phase, resection must be activated to counteract Ku70/Ku80- and 53BP1/RIF1-mediated 
DSE protection. Studies in yeast and mammalian cells have shown that the cyclin-dependent kinase 
(CDK1)-dependent phosphorylation of CtIP stimulates its activity and results in the activation of 
resection, the formation of ssDNA and the inhibition of the binding of Ku70/Ku80 to DSBs [95–98].  
In addition, CDK-dependent CtIP phosphorylation enhances its binding with MRN and BRCA1, which 
promotes the degradation of DNA ends [96,98,99]. The CtIP/BRCA1 complex is crucial for the 
dissociation of the 53BP1/RIF1 complex [93,99–102]. Recently, the CDK1/CDK2-dependent 
phosphorylation of EXO1 was described as being crucial for its recruitment to DSBs and for the 
activation of resection [103]. Strikingly, BLM plays a double and opposite role: First, it protects 
against unscheduled resection through its interaction with 53BP1, favoring its loading on the DSB; 
second, it favors resection during S/G2 via its helicase activity and its interaction with TopIIIα, which 
occurs following a controlled, post-translation modification [89]. Recently, two teams have 
demonstrated a role for the REV7/MAD2L2 protein in CtIP-dependent inhibition of resection 
[104,105]. In addition to this small level of resection regulation, the physical proximity of the sister 
chromatid to the cohesin complex favors sister chromatid exchange and thus maintains genomic 
stability [106–108]. The last known level of HR regulation is in the context of chromatin; DSBs that 
occur within transcriptionally active chromatin are preferentially repaired by HR [109,110]. 

3.2. Stabilization of the Arrested Replication Fork 

During replication stress, the progression of replication forks is limited or blocked. The ATR-CHK1 
pathway stabilizes stalled replication forks and prevents their dissociation from the replisome [111–113]. 
A repair-independent role for some of the components of homologous recombination has been recently 
proposed that involves the protection of nascent DNA at stalled replication forks. Indeed, BRCA1/2 
and FANCD2 promote the formation of RAD51 nucleofilaments on ssDNA stretches that are present 
at stalled replication forks, preventing their resection by MRE11 [19,114–119]. 

A blocked fork can also result in its reversal (Figure 2), as the newly synthetized DNA are 
complementary. Such structures have been observed in S. cerevisiae and in mammals using electron 
microscopy [120–122], and they are thought to protect replication forks from breakage [123].  
The reversal of a replication fork can be catalyzed by the helicase SMARCAL1 [124] and is mediated 
by RAD51 [125]. 

3.3. Restart of the Arrested Replication Fork 

Once the source of replication stress is removed, the ATR pathway allows the replication forks to 
restart [19]. The absence of ATR during replication stress can lead to fork collapse, which is associated 
with the formation of ssDNA and DSBs at replication forks [126] and to cell death [127]. The local 
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activities of ATR at blocked replication forks remains poorly defined at the molecular level but are the 
subject of several studies [128,129]. For example, recently, it has been shown that ATR-mediated 
phosphorylation of FANCI facilitated replication forks restarts [85]. Consistently, in mammals, 
replication fork restart can be initiated by the loading of HR factors onto the single-strand DNA 
present at the stalled fork [130,131]. 

Several different restart pathways could be proposed: (1) fork restart after repriming, i.e., replisome 
loading after a lesion (Figure 2A.1); (2) restart after a fork reversion, with the newly synthesized DNA 
strand being homologous to the parental DNA downstream and creating a “chicken foot” structure 
(Figure 2A.2); and (3) restart using the ssDNA formed after fork regression (Figure 2C) in a process 
analogous to BIR (Figure 2C). In some cases, single-ended DSBs are formed by either the passage of 
replication forks through a nick or a ssDNA gap (Figure 2B) or following fork reversion and the 
cleavage of the reversed forks by structure-specific endonucleases such as MUS81 (Figure 2A.2). 
Mus81 activity is normally restricted to late G2 or M phase, and the conversion of reversed forks into 
DSBs is a consequence of premature entry into mitosis [132,133]. HR can then use the sister chromatid 
to prime DNA synthesis, allowing for the resumption of replication (Figure 2). 

In agreement with the fact that centromeric repeats challenge the progression of replication, BRCA1 
has been shown to localize at or near pericentromeric HCs during S phase, which suggests a role of the 
HC region during DNA replication in mammalian cells [134]. RIF1 has also been shown to localize 
with RPA at pericentromeric regions, particularly following replication stress via an ATR dependent 
pathway and to promote homology-directed repair. These data suggest a role for RIF1 in the repair of 
stalled forks via the facilitation of HR [135]. Moreover, in S. pombe, Rad51 is recruited to centromeres 
during S phase. It has been suggested that this recruitment enables the gene conversion-mediated repair 
of repeated centromeric sequences and preserves cells from isochromosome formation [136]. Note that 
similar to telomeres, centromeres are highly repetitive sequences and recombinogenic [136,137]. 

Thus, HR is an essential mechanism for the protection, recovery and restart of replication forks.  
This important role during DNA replication is underscored by the phenotypes of HR-deficient cells: 
Slow replication fork speed [15,138] and mitotic defects. However, while it is crucial for maintaining 
genetic stability, HR can prime error-prone DNA synthesis and favor rearrangements as previously 
discussed [139]. 

3.4. Error-Prone Replication Forks Restart 

In some cancer cells, complex genomic rearrangement has been observed and named chromothripsis. 
Chromothripsis (chromo for chromosome and thripsis for breaking into small pieces) is characterized 
by the shattering of one or more chromosomal segments followed by the chaotic reassembly of the 
fragments; both events occur during one unique cellular event [140–142]. Some chromothripsis events 
might be the result of chromosome shattering followed by end-joining (Figure 3) of the DSBs via  
non-homologous end-joining (NHEJ) or alternative end-joining (A-EJ) [139,141]. However, gain of 
DNA, such as sequences duplication, observed at chromothripsis loci obliged to also consider some 
DNA synthesis steps. 
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Figure 3. Joining of single-ended double strand breaks (DSBs) could lead to rearrangements. 
(Left panel): A single-ended DSB generated by replication stress is normally repaired by 
SCE in a conservative way. Rearrangements occur when a single-ended DSB is joined to 
another single-ended DSB, which is likely to be distal. (Middle panel): The annealing of 
few nucleotides at the extremity of the single ended DSB with another broken fork 
activates the MMBIR (microhomology-mediated break-induced replication) mechanism. 
MMBIR coupled to several switches in fork templates leads to complex rearrangements 
and has been proposed to be a mechanism that originates chromotripsis. (Right panel): 
The end-joining (EJ) by C-NHEJ or A-EJ of the single ended DSB with another single-ended 
DSB lead to dicentric chromosome formation. 

MBIR (microhomology-mediated break-induced replication) [143,144] associated with a specific 
mechanism linked to a block in replication, FoSTeS (fork stalling and template switching) [145] can 
produce complex rearrangements (Figure 3). These processes begin with the conversion of a DSB in a 
3' ssDNA stretch. This free 3' DNA end can then anneal using a region of micro-homology (a few 
nucleotides in length) on a region of ssDNA that is exposed on an adjacent replication fork, which 
allows replication to resume (template switching) (Figure 3). 

Such replication forks can undergo several rounds of template switching, generating complex 
rearrangements with deletions, amplifications and non-reciprocal translocations. The use of this low-fidelity 
repair process to manage the significant number of DSBs that are generated during chromothripsis 
could be the result of reliable repair processes and DDRs becoming overwhelmed.  
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4. Impact of Single-Ended DSBs Formed by Replication Stress on Chromosome Instability 

4.1. DSB Repair 

Replication stress can generate DNA double-strand breaks through several mechanisms: Replication 
forks reaching a ssDNA nick or gap or the resolution by the structure-specific nuclease MUS81 of the 
intermediate (chicken foot) that is generated by the reversion of the arrested replication fork [146,147] 
(Figures 2 and 3). DSB are highly toxic lesions that can generate genomic rearrangements and can challenge 
cell fate. DSBs can be repaired by canonical non-homologous end joining (C-NHEJ), a Ku70/Ku80 and 
XRCC4-DNA Ligase 4 (Lig4)-dependent mechanism that joins the DNA double-strand ends (DSE) without 
requiring sequence homology (Figure 4) or by HR (Figures 1 and 4). More recently, another mechanism 
of DSB repair has been described: The alternative end-joining (A-EJ), which is initiated by MRN/CtIP 
resection but does not require sequence homology to seal the broken ends (Figure 4). A-EJ is a highly 
mutagenic process leading to deletions that are frequently, but not always, associated with micro-homologies 
at the repair junction (for review see [148]). A-EJ is highly repressed by C-NHEJ and by several proteins 
such as 53BP1, RIF1, BLM, PTIP and the recently described REV7/MAD2L2 [89,93,100,101,104,105,149], 
which protect the ends against resection. End-joining (EJ) and HR are both critical for stability and cell 
survival but can also drive genomic instability. Both processes also manage repair of programmed 
DSBs that are generated during physiological mechanisms aimed at generating genetic diversity such 
as meiosis, V(D)J recombination and class-switch recombination (CSR) (for reviews see; 
[139,148,150]). Therefore, the choice between HR and EJ is essential for efficient and accurate repair, 
and several types of regulation have been described: (1) resection activation/repression; (2) physical 
proximity of the sister chromatid; and (3) active gene and chromatin conformation. 

4.2. EJ of Distant DBS Ends Leads to Radial Structure Formation and Dicentric Chromosomes 

A DSB generated by replication stress exhibits only one single DSE. The rejoining of this DSE with 
another, distal DSE will inexorably result in genomic rearrangements such as dicentric chromosomes, 
radial structures and/or translocations (Figure 3). Indeed, it has been shown that NHEJ can process 
DSBs generated by replication stress [88,156,157]. Moreover, radial structures, which can occur 
spontaneously in BRCA1- or Fanconi-deficient cells (thus arising from endogenous replication stress), 
are suppressed upon the inhibition of Ku70, Ku80, DNA-PKcs or LIGIV, demonstrating the role of 
NHEJ in the formation of such chromosomal aberrations [93,158,159]. Consistently, fusions of 
deprotected telomeres, which lead to the formation of dicentric chromosomes, depending on EJ 
proteins such as Ku70 and DNA ligase 4 [160–162]. Therefore, the restriction of EJ for distant DSEs 
should protect against genomic rearrangement. The restriction of DSE mobility could be one factor 
that restrains the synapsis of distant DSEs and subsequent EJ. Studies in yeast and mammalian cells 
have indicated that chromatin domains containing IR-induced DSBs can be mobile [163–165]. Several 
teams have investigated this DNA mobility in living mammalian cells by measuring the dynamics of a 
single DSB at a defined genomic site or the mean squared displacement (MSD) of tagged repair 
proteins. It has been found that DNA repair proteins such as Ku70 or ATM are directly involved in the 
restriction of DNA end mobility [166–169]. Moreover, a study of translocation event formation, i.e., 
the joining of distant DSEs, revealed a crucial role for MRE11 in the pairing of distal DSEs [167]. 
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Figure 4. DSB repair pathway models. (Left panel): Canonical C-NHEJ. The heterodimer 
Ku80-Ku70 binds to DNA ends, which then recruits DNA-PKcs. In subsequent steps, 
several proteins including Artemis, polynucleotide kinase (PNK), and members of the 
polymerase X family process the DNA ends. In the last step, ligase IV associated with its 
co-factors Xrcc4 and Cernunos/XLF joins the ends (for review about cNHEJ and A-EJ 
actors see [148,151]). (Right Panel): Resection as a common initiation step for HR and  
A-EJ at DSB. 53BP1, RIF1 and Ku70-80 heterodimer protect DSB ends from resection and 
HR and A-EJ actions. The CDK1/2-dependent phosphorylation of CtIP and EXO1 favors 
the initiation of resection and extension, respectively [95,103,152]. Recently, 
REV7/MAD2L2 was described as an inhibitor of resection and HR, although its role in  
A-EJ inhibition was not directly studied and remains hypothetical [104,105]. A short 
ssDNA resection allows for A-EJ but not homologous recombination, while a long ssDNA 
resection allows for both A-EJ and HR; however, HR requires the presence of homologous 
sequences. Recently, POLQ polymerase was shown to inhibit HR and to promote A-EJ at 
DSBs [153,154]. A-EJ results in repair that is error-prone and is associated with deletions 
at the repair junctions with frequent use of microhomologies that are distant from the DSB.  
Alternative-EJ: Parp1 plays a role in the initiation process, and it has been proposed that a 
single-strand DNA resection reveals complementary microhomologies (two to four 
nucleotides or more in length) that can anneal, with gap-filling completing the end-joining. 
A-EJ is always associated with deletions at the junctions and can involve microhomologies 
(MMEJ or microhomologies-mediated EJ) that are distant from the DSB. Subsequently, 
Xrcc1 and ligase III (which can be substituted by ligase I) complete the A-EJ process. 
Homologous recombination: The first step, which is the initiation of resection, involves the 
removal of ~50–100 bases of DNA from the 5' end by the MRN complex (Mre11-Rad50-Nbs1)
in conjunction with CtIP. The second step, resection extension, is carried out by two alternate 
pathways involving either the 5' to 3' exonuclease EXO1 or the helicase-topoisomerase 
complex BLM-TOPIIIα-RMI1-2 in concert with the nuclease CtIP/DNA2. WRN helicase 
has also been shown to act with CtIP and to stimulate resection in human cells [155]. 
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5. Consequences of Replication Stress on Mitosis 

Replication stress, which primarily occurs during S phase, can have deleterious consequences on the 
subsequent phases of the cell cycle such as mitosis, ultimately affecting faithful chromosome segregation. 
Mitotic alterations can be classified in two categories: (1) local alterations such as breaks and anaphase 
bridges and (2) genome-wide alterations resulting from the generation of supernumerary centrosomes 
and leading to multipolar uneven segregation. Although the centrosome does not contain DNA, extra 
mitotic centrosomes can amplify local replication stress to genome-wide instability. Indeed, multipolar 
centrosomes are associated with mitotic delay and anaphase bridges. Even very low levels of replication 
stress have been shown to induce mitotic defects such as anaphase bridges, extra mitotic centrosomes 
and multipolar mitosis, leading to uneven chromosome segregation and aneuploidy [15,70]. 

5.1. A Threshold of Stress for S and G2/M Arrests 

Damage created during S or G2 phase normally leads to a checkpoint arrest through ATR and ATM 
activation, and this process is essential for repair and possible re-entry into mitosis. In checkpoint-proficient 
cells, ATR pathway sensors and mediators are loaded to DNA in cases of moderate replication stress, 
i.e., a two- to ten-fold reduction of fork speed (0.038 to 0.6 µM aphidicolin). However, the 
phosphorylation of p53, CHK1, ATM, CHK2 or RPA2 remains undetectable, reflecting the absence of 
activation of DDR. Therefore such a stress fails to block mitotic entry and leads chromosome breaks at 
under-replicated region, after metaphase condensation [72]. Thus, moderate stress is not sufficient to 
induce the DDR response and cell cycle arrest. Note that ATR could play a role in the delay of mitotic 
entry with or without replicative stress. 

Moreover, it has been recently shown that another checkpoint that is dependent on p53/p21 leads to 
cell senescence following damage by inducing nuclear translocation and the degradation of Cyclin B1 
protein, which is essential for mitosis entry [170,171]. Note that following damage (etoposide or IR), 
CyclinB1 is accumulated in the nucleus, but its degradation is only initiated once a certain “threshold” 
of damage is reached, leading to an irreversible cell cycle exit [171]. 

5.2. Anaphases Bridges 

Non-fully replicated, intertwined DNA regions can reach mitosis and thus transmit replication stress 
from S phase to mitosis. Such structures can impair the disjunction of sister chromatids. Failure to 
correctly and completely untangle chromatid sisters can lead to the formation of anaphase bridges 
(Figure 5). 

There are two types of anaphase bridges. The first type can be labeled by intercalating agents such 
as DAPI and either occur spontaneously in HR-defective cells or can be induced by replication stress, 
even at very low doses [15]. The second type of anaphase bridge, called an ultra-fine bridge (UFB), 
cannot be detected by DAPI but can be detected by immunostaining for proteins such as RPA, PICH  
(PLK1-interacting checkpoint helicase), BLM, or proteins of the FANC complex [70,172–174].  
Breaks in under-replicated CFS regions have been shown to result from the actions of MUS81-EME1, 
ERCC1 and SLX4 during metaphase, which avoids the formation of anaphase bridges during 
chromosomal segregation [175–177]. 
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Figure 5. Replicative stress and its consequences in mitosis. Replication stress from  
either endogenous or exogenous causes (red circles) leaves chromosomal segment 
unreplicated or interwinded leading to anaphase bridges formation. Single-ended DSB 
could lead to dicentric chromosome formation and thus, also, to anaphase bridge 
formation. Non-detected damages upon low replicative stress could be grouped in one 
detectable entity in G1: 53BP1 bodies and/or micronuclei. Replication stress also favors 
mitotic extra centrosomes and multipolar mitosis, thus amplifying mitotic catastrophes and 
genome instability to the whole genome. 
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CFS, telomere (T-UFB) or centromere (C-UFB) sequences can be detected in ultra-fine bridges. 
These regions are proposed to correspond with under-replicated and/or unresolved repair  
intermediates [172,176]. It has been shown that BLM and other associated proteins (TopoIIIα, RMI1 
and RMI2) play a crucial role in the resolution of centromeric and non-centromeric anaphase bridges. 
The complex can branch-migrate and decatenate entangled DNA, preventing defective chromosome 
segregation under conditions of replication stress [70,172,178]. Moreover, the resolution of  
non-centromeric anaphase bridges requires the collaboration of BLM with Fanconi anemia (FANC) 
proteins [70]. At telomeres, the RecQ helicase WRN (Werner) and BLM act synergistically to process 
late-replicating intermediates [179]. Constituently, anaphase bridges are generated following replication 
stress and occur spontaneously in BLM-, FANC- and WRN-deficient cells [70,174,179] and also in 
HR-deficient cells [180–182]. The appearance of anaphase bridges can also occur in response to 
endogenous or very low level replication stresses that escape cell surveillance pathways [15,72].  
Note that interchromosomal fusions that lead to dicentric chromosomes can also form anaphase 
bridges [183,184]. 

The disjunction of chromosomes during anaphase creates an increasing mechanical tension on 
intertwined chromosomes due to unresolved repair or replication intermediates and sister chromatids 
that are not disjointed, and this tension can induce the mitotic checkpoint [185]. During a prolonged 
mitotic arrest, this tension can induce chromosomal breaks, thus leading to aberrant chromosome 
segregation and genetic instability. In mammalian cells, even very low levels of replication stress 
resulted in prolonged metaphase arrest followed by the formation of anaphase bridges and multipolar 
chromosome segregation [15]. Note that in the absence of breaks, the non-disjunction of sister 
chromatids during anaphase leads to nucleoplasmic bridges (observable during cytokinesis) and 
possibly to aneuploidy, with both chromatids being pulled toward the same mitotic spindle pole [186]. 

5.3. Centrosome Defects 

Although centrosomes do not contain DNA, HR-deficient cells show a spontaneous decrease in 
replication speed [15,138] and an increase of the number of mitotic extra centrosomes [187–190]. It is 
noteworthy that these extra centrosomes are systematically associated with chromosome bridges, 
prolonged metaphase arrest and multipolar chromosomal segregation [15] (Figure 5). Importantly, 
extra mitotic centrosomes result from the endogenous replication stress that occurs in HR-defective 
cells. Indeed, low levels of replication stress mimics the replication fork speed of HR-defective cells 
and generates the same mitotic defects. Reciprocally, rescuing the slow replication speed of HR-defective 
cells by supplying deoxynucleoside also rescues extra mitotic centrosomes and mitotic defects [15]. 

Although DNA replication and centrosome duplication take place at the same time, they are two 
mechanisms that can be uncoupled [191–193]. It has been shown that the inhibition of the ATR-CHK1 
pathway reduces the frequency of extra mitotic centrosomes in HR-deficient cells [194]. 

Similar to endogenous replication stress, supernumerary centrosomes have been observed in 
precancerous lesions [195–199]. 
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6. Transmission of the Stress Signal to the Daughter Cell 

Replication stress from either endogenous or exogenous causes (red circles) leaves chromosomal 
segments unreplicated or intertwined, which leads to the formation of anaphase bridges. Single-ended 
DSBs could lead to dicentric chromosome formation and thus to the formation of anaphase bridges. 
Undetected damage following low replicative stress could be grouped in one detectable entity in G1: 
53BP1 bodies and/or micronuclei. Replication stress also favors extra mitotic centrosomes and 
multipolar mitosis, thus amplifying mitotic catastrophes and genomic instability. 

6.1. Micronuclei 

First observed in erythrocytes by William Howell and Justin Jolly [200,201], Howell-Jolly bodies 
or micronuclei (MN) are extranuclear bodies that are observable in daughter cells following  
cytokinesis [70,202–205]. MN are the consequence of lagging chromosomes, acentric chromosomes or 
chromatid fragments that have been embedded into their own nuclear envelope [206–208] (Figure 5). 
Importantly, in normal cells, replication stress induces MN formation [209]. Consequently, cells 
lacking proteins that are involved in the resolution of anaphase bridges, such as the FANC  
pathway and BLM, show a higher rate of MN formation [70]. Moreover, it has been shown that MN 
can persist in cells over several generations and undergo asynchronous replication that leads to 
extensive fragmentation of MN DNA [140]. It has been proposed that the re-integration of DNA pieces 
that are contained within MNs into the cell genome could also help to explain the chromothripsis 
phenomenon [140–142]. Note that in p53-proficient cells, MN-generated aneuploidy leads to cell cycle 
arrest and apoptosis [210,211]. 

6.2. 53BP1 Bodies 

Following replication stress, chromosome damage can bypass mitosis and can be transmitted to 
daughter cells. During the next G1 phase, this damage is associated with the formation of nuclear 
bodies, commonly called 53BP1 bodies, containing proteins of the DNA damage response including 
the 53BP1, γH2AX, MDC1 and OPT domains (Oct-1, PFT, transcription) [212,213]. Notably, these 
53BP1 bodies contain damaged CFSs, and the frequency of these 53BP1-associated CFS bodies 
increases following replication stress that is coupled to a depletion of ERCC1 and/or MUS81 [175]. 
These data suggest that 53BP1 bodies contain CFS breaks that result from replication intermediates 
that are not processed prior to anaphase. Consistent with their roles in CFS maintenance and/or the 
resolution of anaphase bridges, the inhibition of BLM, FANCD2 or polη also increases the frequency 
of 53BP1 bodies in daughter cells [71,175,213]. Therefore, it has been proposed that 53BP1 bodies 
could gather non-repaired mitotic DSBs to allow for their repair during G1 phase by C-NHEJ or 
through recombination during the next S phase, which would restore cell integrity [213]. Indeed, DSB 
repair is abolished in mitotic cells, resulting in the transmission of DSBs to the following G1 phase. 
During mitosis, PLK1 and CDK1 phosphorylate 53BP1 and RNF8, which impairs the recruitment of 
DDR proteins to DSBs and therefore inhibits DSB repair prior to the exit from mitosis [214–216]. 
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7. Conclusions 

Replication stress has been shown to occur during early stages of tumorigenesis or senescence [1–4]. 
More recently, genetic instability in colorectal cancer cell lines has revealed a direct link between 
replication stress and cancer chromosomal instability (CIN) [3]. Strikingly, cells bearing incompletely 
replicated regions, DNA damage or DNA intermediates can reach mitosis. Importantly, a threshold  
of DNA damage should be reached to efficiently activate cell cycle checkpoints; consequently, low  
or endogenous stress levels can remain undetected, which allows cells with DNA damage to  
reach mitosis. 

Cells reaching mitosis with damaged DNA or incompletely replicated regions can form anaphase 
bridges and chromosomal breaks, resulting in CSF expression and in the formation of 53BP1 bodies 
and MN in the daughter cells during G1 phase. 

In addition, although centrosomes do not contain DNA, replication stress generates supernumerary 
centrosomes during mitosis in association with anaphase bridges. Such supernumerary centrosomes 
lead to multipolar, uneven chromosomal segregation and to aneuploidy and genomic instability in 
daughter cells. Thus, the formation of extra centrosomes amplifies the local stress to the whole 
genome. Remarkably, as with replication stress, extra centrosomes have been observed in precancerous 
lesions and tissues adjacent to tumors, suggesting a role in tumorigenesis [195–199]. 

In 1914, Theodor Boveri observed supernumerary centrosomes and abnormal mitosis in sea urchin 
embryos. He proposed that supernumerary centrosomes can lead to aberrant chromosomal segregations 
and aneuploidy and proposed the theory of the clonal origin of tumors [217,218]. The mechanisms 
linking S-phase progression and centrosome duplication are poorly understood, and the elucidation of 
how chronic and/or low replication stress promotes centrosomal amplification in mitosis constitutes 
exciting challenges for future studies. 
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