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Summary 

Maintaining genome stability is essential for the accurate transmission of genetic 

material. Genetic instability is associated with human genome disorders and is a 

near-universal hallmark of cancer cells. Genetic variation is also the driving force of 

evolution and a genome must therefore display adequate plasticity to evolve while 

remaining sufficiently stable to prevent mutations and chromosome rearrangements 

leading to a fitness disadvantage. A primary source of genome instability are errors 

that occur during chromosome replication. More specifically, obstacles to the 

movement of replication forks are known to underlie many of the gross 

chromosomal rearrangements seen both in human cells and in model organisms. 

Obstacles to replication fork progression destabilize the replisome (replication 

protein complex) and impact on the integrity of forked DNA structures. Therefore, to 

ensure the successful progression of a replication fork along with its associated 

replisome, several distinct strategies have evolved. First, there are well-orchestrated 

mechanisms that promote continued movement of forks through potential obstacles. 

Second, dedicated replisome and fork DNA stabilization pathways prevent the 

dysfunction of the replisome if its progress is halted. Third, should stabilisation fail, 

there are mechanisms to ensure damaged forks are accurately fused with a 

converging fork or, when necessary, re-associated with the replication proteins to 

continue replication.  Here, we review what is known about potential barriers to 

replication fork progression, how these are tolerated and their impact on genome 

instability.  
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Introduction: 

 DNA replication occurs within S-phase and is initiated at multiple replication 

origins. Origin activation is stochastic in most eukaryotes, but each origin has a 

distinct likelihood of activation during each cell cycle and also displays a preferred 

time of activation relative to the initiation of S phase. This gives rise to a spatio-

temporal programme of replication at the population level [1-3]. Once activated, a 

replication origin gives birth to two replication forks which progress independently 

and bi-directionally. The replication fork is the point on the DNA where the two 

strands of the parental molecule are separated, an event that requires DNA helicase 

activity provided by the replicative helicase, sometimes with help from ancillary 

helicases.  

 During fork progression, nucleotide incorporation - and thus the movement of 

the fork-shaped DNA structure - can be impeded by a wide variety of obstacles [4]. 

We refer to these specific replication fork arrest sites as Replication Fork Barriers 

(RFBs). RFBs include damaged DNA bases (which can occur essentially randomly 

within the genome) and "intrinsic" RFBs that are associated with specific 

chromosomal features. Intrinsic RFBs embrace DNA-protein complexes (for example: 

centromeres and dormant origins), transcriptional units (for example tRNA genes 

and ribosomal DNA), DNA sequences that are prone to form non-canonical 

structures and a range of poorly characterised regions (for example common fragile 

sites and replication slow zones) that are prone to rearrangement when replication is 

mildly perturbed [5,6].  

 Our understanding of the consequences of impediments to fork movements 

has relied significantly on the characterization of cellular responses to global, as 

opposed to local RFB-dependent, replication inhibition. If replisomes are arrested 

using global replication inhibitors such as hydroxyurea (HU, which depletes dNTP 

pools) or Aphidicolin (an inhibitor of DNA polymerase α) the intra-S phase 

checkpoint acts to phosphorylate a variety of replisome components to maintain 
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replisome functionality [7,8]. We refer to such forks as "stalled forks", a definition 

that based largely on their ability to resume replication without further intervention 

once the inhibitor is removed. Conversely, if the replisome is not stabilised when it is 

arrested - for example when the intra-S phase checkpoint fails - then the fork cannot 

resume without further assistance from restart mechanisms. We refer to such non-

functional forks as "collapsed forks". It is not precisely clear what occurs when a fork 

collapses. Early work implied that some components of the replisome dissociate from 

the fork when it collapses [9-12]. However, this does not now appear to be the case: 

the replisome remains intact and chromatin-associated [8]. Notwithstanding this, at a 

collapsed fork the helicase can continue to separate the parental strands, generating 

unscheduled single stranded regions. These become coated by the ssDNA binding 

protein, RPA, and subsequently are vulnerable to inappropriate recombination 

reactions. Similarly, while it is unclear precisely how, the nascent strand ends are no 

longer protected by association with the replisome and become substrates for 

inappropriate DNA processing activities (Figure 1) [7,13,14]. 

 In human cells, and in yeast model organisms, low levels of replication stress 

(which can be tolerated by the cell) result in specific chromosomal regions becoming 

prone to breakage and genetic rearrangement (reviewed in [15-17]). The implication 

is that such loci are naturally difficult to replicate and the increase in general 

replication stress imposed experimentally results in additive problems that are 

expressed as a loci-specific increase in DNA breakage and potential genetic 

rearrangement. Such "fragile sites" defined some of the first loci prone to replication-

associated problems. More recently, Szilard et al (2010) and others exploited the fact 

that yeast histone H2A is phosphorylated specifically at sites of replication arrest or 

DNA damage to identify sites where natural RFBs cause problems in unstressed 

cells. Genome-wide analysis of the chromosomal distribution of phosphorylated 

H2A (γ-H2A, the yeast equivalent of mammalian γ-H2AX) in unpurturbed wild-type 

yeast cells identified many loci where γ-H2A accumulated in a replication-dependent 
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manner [18]. γ-H2A-enriched loci are presumed to arise from the population average 

of the relatively small number of non-random replication fork arrest events that 

occur in each cell.  

 The loci identified broadly fell into three categories, each of which is covered 

in more detail below. One category included the many non-histone protein:DNA 

binding sites that had previously been identified by examining fork progression in 

rrm3 mutants [19]. A second category of loci identified was transcription units, 

consistent with the known involvement of clashes between replication and 

transcription in perturbing fork progression [20,21]. Finally, a significant proportion 

of loci identified were novel and many of these overlapped with repressed genes. 

This suggests that chromatin structure might influence fork progression. A similar 

approach was conducted in the yeast Schizosaccharomyces pombe and γ-H2A was 

found to be enriched at known natural RFBs and at heterochromatin regions in the 

centromeres and telomeres during DNA replication, supporting a link to chromatin 

status [22]. 

 

The nature of replication fork barriers 

 Different forms of DNA damage and different intrinsic RFBs will arrest 

replication forks in different ways (Figure 2). These are likely to be distinct from how 

forks arrest in response to global inhibitors of replication. Different types of arrest 

profile will likely result in different responses, both in terms of the efficiency of 

checkpoint-dependent fork stabilisation (stalling) and in terms of the consequences 

when a fork collapses [23]. Below we discuss different RFBs and what is known 

about how they arrest replication. 

 

RFBs: DNA damage 
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 Damaged DNA bases, including abasic sites, pyrimidine dimers, alkylated 

bases and bulky adducts are obstacles to the replicative DNA-polymerases: 

replicative polymerases cannot efficiently incorporate nucleotides opposite non-

canonical bases. DNA damage thus compromises DNA synthesis, but it is not 

necessarily the case that DNA damage in vivo impedes the actual movement of the 

replisome and DNA fork. Of particular relevance to DNA replication in the context 

of base damage and bulky lesions are a group of mechanisms collectively referred to 

as Post Replication Repair (PRR). PRR acts specifically to facilitate replication fork 

movement past difficult-to-replicate damaged bases [24]. The same is potentially true 

for some DNA secondary structures.  

 One of the two subsets of PRR mechanisms is defined by Trans-Lesion 

Synthesis (TLS) polymerases. TLS is mediated by a collection of "error prone" DNA  

polymerases with the ability to template lesions opposite certain damaged bases [25]. 

This is possible, in part, because these polymerases have more spacious active site to 

accommodate the distortions to the canonical base pair resulting from the damaged 

base and also lack proof reading exonuclease activity [26]. The spacious active site, 

while accommodating the incoming nucleotide pairing with a damaged base, comes 

at the expense of TLS polymerases being error prone when replicating non-damaged 

bases.  

 The second PRR mechanism is an Homologous Recombination (HR) protein-

dependent error-free gap filling mechanism [27]. This uses the sister chromatid as a 

template to fill small single-stranded gaps that are left when the replisome skips over 

a difficult to replicate base. Until recently, the dogma assumed that such gaps were 

only left on the lagging strand template, and that the leading strand was always 

continuous. However, data from Lopes et al, suggest that single strand gaps are left 

in both nascent strands [28]. Analysis by 2D gel electrophoresis showed that 

extensive UV damage only modestly delayed replication fork progression, while EM 

analysis showed single strand gaps on both newly replicated sister chromatids. This 
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strongly implies that leading strand replication can re-prime "on the fly". The 

frequency of gaps also increased significantly when TLS polymerases or HR were 

absent, consistent with redundancy between the two mechanisms of PRR. While it 

has not been formally demonstrated that replication can re-prime across DNA 

damage on the leading strand in eukaryotes, evidence exists that the leading strand 

does re-prime during prokaryotic replication in vitro [29,30]. 

 Due to PRR and potential repriming on leading strand, many forms of DNA 

damage do not necessarily arrest the progress of the replisome and fork. However, 

robust replication arrest in budding yeast has been reported in response to DNA 

damage induced by the alkylating drug, adozelin [31]. Adozelin creates bulky 

adducts at AT-rich sequences, within the minor groove of the DNA helix. Consistent 

with this, replication fork progression on a methyl methane sulfonate (MMS) treated 

DNA template is also perturbed [32] and exacerbated by mutations in base excision 

repair [33], suggesting alkylated bases directly affect fork movement. It is, however, 

difficult to experimentally distinguish slow replisome/fork progression from 

replisome/fork arrest and resumption or restart. The available data suggest that the 

nature of the DNA lesion, its location within the DNA template and the modes of 

repair and tolerance by PRR pathways significantly influence the effect that DNA 

base damage has on fork and replisome progression.  

 Discontinuities such as Double Strand Breaks (DSBs) or single strand gaps in 

the DNA template also affect replication fork movement. When a replication fork 

encounters, for example, a single strand gap, the result is predicted to be a broken 

fork with one arm converted into double strand break [34,35]. A fork encountering a 

DSB might similarly generate two equivalent double strand ends. There is, however, 

evidence to suggest that replisomes and forks pause before "running-off" the 

template [36,37], possibly to allow time for the discontinuity to be repaired.  Another 

defined form of DNA damage, the Inter-strand Cross-Link (ICL), constitutes the most 

obvious direct obstacle to fork progression: ICLs prevent the unwinding of the DNA 
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duplex ahead of the fork [38]. When forks are arrested by an ICL, stabilisation of the 

replisome and fork by the intra-S phase checkpoint is not beneficial [39]. Most likely 

it does not efficiently occur, since the helicase can no longer unwind the template 

DNA and generate the amount of ssDNA required for inter-S phase checkpoint 

activation. In fact, extensive ssDNA is only detected once repair is initiated [40]. 

Following arrest at an ICL, forks thus collapse and are subsequently repaired 

through enzymatic processing, which includes controlled DNA cleavage by 

endonucleases and HR [41,42]. 

 

RFBs linked to DNA metabolism  

 DNA metabolism, including transcription, the establishment/maintenance of 

epigenetic marks and non-histone proteins that bind tightly to DNA also interfere 

with replication fork progress [4,24]. In addition, programmed replication fork 

barriers have evolved that block movement of replication forks that are approaching 

from one specific direction (Figure 2). 

RFBs: DNA-bound proteins. Approximately a decade ago, it was estimated that 

budding yeast cells have to face more than 1400 natural RFBs caused by DNA-bound 

proteins per replication cycle [19]. This estimation was based on analysis of fork 

arrest by Bi-dimensional gel electrophoresis (2-DGE) in the absence of the Rrm3 

helicase. Rrm3 is a 3’-5’ helicase that interacts with the catalytic subunit of DNA-

polymerase ε and thus progresses with the replication fork [43]. Rrm3 is thought to 

dislodge non nuclesosomal proteins bound to DNA in front of the fork and thus acts 

as a “fork clearing” motor to facilitate fork progression across natural RFBs. For 

example, in the absence of the Rrm3 helicase, fork arrest can be visualised by 2-DGE 

at non-histone protein bound sequences such as cryptic origins and centromeres [43]. 

In G1-phase, the Origin Recognition Complex (ORC) and the MCM2-7 complex are 

loaded onto replication origins [44] to form the pre-Replicative Complex (pre-RC). 

During S-phase, many such "licenced" replication origins do not fire. It is proposed 
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that the presence of unfired origins during S phase allows replication to be 

completed by new origin firing when the active converging forks are arrested and 

cannot resume [36]. The presence of the pre-RC complexes, which are by definition 

closely associated with the DNA, constitute potential obstacles to fork progression 

that are usually removed by Rrm3. A similar situation is thought to be the case at 

centromeres, where specialised CENP-A containing nucleosomes associate closely 

with kinetochore proteins to allow tethering to microtubules.  

 In the absence of Rrm3 or its fission homologue Pfh1, RFBs appears as hot 

spots of recombination, chromosomes breakages and rearrangements [45-48]. 

Alternative pathways such as HR then become essential to stabilize or reactivate 

arrested forks. Analysis of occupancy sites of DNA-polymerase ε revealed 192 fork-

pausing sites in the absence of Rrm3 [49]. Together with the identification of Rrm3-

dependent DNA replication pause sites by 2-DGE [43] , these data support the view 

that expression of multiple RFBs is supressed by Rrm3, which provides additional 

helicase power to the replisome, helping to maintain genome stability by providing a 

first line of defence against natural RFBs. 

 In addition to natural DNA protein complexes, the introduction of exogenous 

protein binding sequences into the genome, combined with the expression of the 

cognate binding protein, has been demonstrated to arrest replication forks in both 

yeast and bacterial systems [50,51]. As with natural DNA:protein barriers, the 

frequency of arrest and its consequences are increased when the ancillary replicative 

helicase is lost [50] and arrest is dependent on the strength of protein:DNA 

association [52]. 

Programmed RFBs. In a number of instances organisms have evolved specialised 

replication fork barriers for specific purposes. These are generally polar in nature, 

meaning that they are directionally determined, arresting forks coming from one 

direction but allowing uninterrupted passage of forks coming from the opposite 

direction. One common polar RFB in eukaryotes lies between ribosomal DNA 
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repeats (rDNA) [53]. The purpose of these ribosomal RFBs (rRFBs) is to promote 

unidirectional replication of the rDNA in order to prevent head-on collisions 

between transcription and replication. Interestingly, in prokaryotes where rDNA 

genes are dispersed and replication is unidirectional on the circular chromosome, the 

highly transcribed rDNA genes are orientated a manner that ensures they are also 

replicated co-directionally with transcription [54,55]. This attests to the importance of 

preventing head-on transcriptional clashes with the replication machinery. rRFBs 

contain specific DNA sequence motifs that bind proteins which promote the barrier 

activity. While it is unclear precisely how the barrier is activated, activity is not 

necessarily an intrinsic property of the DNA:protein interactions, suggesting that 

direct interactions between the RFB-binding proteins and regulators of the replicative 

and ancillary helicases (or the helicases themselves) are involved [56,57].  

 In addition to the rRFB, which is common to many eukaryotes, species-specific 

RFBs have also been identified and characterised. The most widely studied is S. 

pombe replication termination sequence 1 (RTS1) [58]. RTS1, along with a second less 

well characterised replication arrest sequence known as the switch activating site 

(SAS1) [59], was first identified due to its involvement in mating type switching in 

fission yeast [60]. RTS1 is an ~850bp DNA sequence that associates with several 

proteins (including Rtf1, a Myb-like DNA binding protein and Rtf2, a PCNA-

interacting protein) to ensure unidirectional replication of the fission yeast mating 

type locus [61,62]. Ectopic RTS1-RFB have been used in several studies to 

demonstrate that arrested replication forks are prone to collapse and subsequent 

repair by HR-dependent mechanisms that are predisposed to generate errors during 

the restart event due to inappropriate recombination with ectopic homologous 

sequences [63-69]. 

 Mating type switching in fission yeast can be viewed as a kind of cell 

differentiation: two distinct cell-types express distinct sexual markers (h+ or h-). The 

switch from one sexual cell-type to another one requires two polar forks arrest events 
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to occur near the mating type locus, mat1. These are orchestrated by two polar RFBs 

that allow an imprint to be introduced in the lagging strand and the repair of the 

subsequent broken fork by a recombination-coupled replication mechanism using 

one of the two silent mat2 or mat3 cassettes [60]. Thus, the mating type switching in 

fission yeast provides an example of a cell differentiation process orchestrated with 

the support of RFBs.  

 Prokaryotic directional replication termination sites (known as ter sequences) 

have been characterised in some detail. In E. coli, these ensure that replication - which 

is initiated from a single origin at the "top" of a circular chromosome - terminates at 

the "bottom" of the chromosome. Thus, each half of the chromosome is replicated by 

a forks travelling in a predictable direction. This helps minimise the genetic 

instability associated with replication forks clashing head-on with transcription: as 

with the rDNA genes, the majority of transcription units in E. coli, and particularly 

those that are highly transcribed, are orientated away from the origin to ensure co-

directionality of transcription and replication [70]. E. coli ter sequences are bound by 

the Tus protein and interactions between the bacterial replicative helicase and Tus 

appears to be the primary mechanism promoting polar fork arrest [71]. 

 With the exception of rRFB's and a few specific replication barriers such as 

RTS1, replication termination in eukaryotes has largely been assumed to occur 

randomly between origins, i.e. at zones where converging forks meet stochastically. 

However, recent data from S. cerevisiae suggest that some termination zones involve 

a further level of organisation: overlap between fork-pausing elements or RFBs and 

occupancy sites for the topoisomerase 2 (Top2) has been revealed at some 

termination zones [72]. It is proposed that obstacles to fork progression may allow 

positioning of Top2, to facilitate replication completion and fork merging. A further 

dataset from S. pombe [73] also suggested that programed RFB activity is more widely 

spread over the genome: in addition to the Reb1-dependent rRFBs, several non-

ribosomal DNA Reb1-binding sites were shown to mediate replication fork arrest. 
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Intriguingly, while rRFB activity does not require Reb1 protein dimerization, fork 

arrest at specific non-rDNA sites did. This correlated with Reb1-dependent physical 

contact between RFBs  on chromosome II and chromosome I, leading the authors to 

conclude that Reb1 promotes "chromosome kissing" that, in turn, enhanced fork 

arrest. Distant chromosome contacts can regulate transcription [74]. Given the links 

between transcription and replication-induced genome instability it is thus tempting 

to speculate that coordination between these two aspects of chromosome metabolism 

may have evolved [75].  

 It remains unclear how polar fork arrest at DNA-bound protein occurs and 

why these programmed RFBs are insensitive to ancillary helicases such as Rrm3. It is 

currently proposed that terminator proteins bound to programmed RFB sequences 

are able to affect the activity of the replisome (the replicative helicase activity for 

example) via species-specific protein-protein interaction between the terminator and 

replisome components [57,71]. According to the direction of the approaching fork, it 

is proposed that one surface of the terminator protein is unable to interact with the 

converging replisome and is thus permissive for replisome passage. However, if the 

replisome approaches from the alternative direction, the juxtaposed surface of the 

terminator protein is able to interact with the replisome and thus is restrictive to fork 

passage. Replication-accessory factors might also regulate the ability of ancillary 

helicases to dislodge DNA-bound proteins. For example, it is proposed that the fork-

protection complex Tof1/Csm3 in budding yeast inhibits Rrm3 at Fob1-dependent 

rRFBs [56].   

RFBs: collision between the transcription and replication machinery. Active transcription is 

a well-established obstacle to the replication machinery in both prokaryotes and 

eukaryotes [21]. For example, ablating RFB activity at the rDNA locus causes RNA 

polymerase I (RNAPI) to clash head-on with replication. This results in replication 

fork arrest that can be visualised by 2D-Gels and correlates directly to increased 

genetic instability. Similarly, genes such as tRNAs that are highly transcribed by 
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RNAPIII represent a frequent class of RFBs. Again, these are active when 

transcription and replication progress in opposite directions, leading to head-on 

collisions [20]. Loci highly transcribed by RNAPII also cause fork arrest and 

increased recombination [46,49,76,77]. Interestingly, this arrest can be independent of 

the direction of transcription relative to replication.  

 Converging replication and transcription machines, both of which unwind the 

duplex DNA, will result in topological problems as the associated helicase activities 

converge and the intervening distance decreases to a point where access for 

topoisomerases is restricted [24]. Such problems will not occur when transcription 

and replication are co-directional, potentially explaining the directionality of some 

transcription-associated RFBs: the removal of the RNA polymerase by an ancillary 

helicase activity could potentially alleviate the topological issues. However, RNAPII -

dependent RFBs are not entirely directional, particularly at highly transcribed loci 

where more than one RNAPII occupies the open reading frame [49]. The ability to 

perturb replication independently of transcriptional orientation could be explained 

by a number of issues. For example, transcription occurs within the context of 

topologically isolated chromosome loops [78], the nascent RNA is sequestered by 

hnRNPs and protein complexes such as THO/TREX facilitate correct packaging and 

export through the nuclear pore via a process known as "gene gating" [79-81]. 

 Loss of THO/TREX results in an increase in the formation of RNA:DNA 

hybrids (R-Loops) associated with transcription. R-loop formation due to THO/TREX 

dysfunction results in recombinogenic structures forming at multiple loci during 

replication, likely due to replication fork arrest [82]. The link between transcription 

and the nuclear pore generates potential topological problems for replication fork 

progression that are relieved, at least in response to global replication stress, by 

direct phosphorylation of inner-basket nucleoporins by the intra-S phase checkpoint 

[81]. Thus, observations showing that that co-directional transcription can arrest 
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replication likely have many causes, ranging from arrested RNAPs, R-loops and 

chromatin architecture-dependent topology [24]. 

 As mentioned above, the replicative helicase is augmented by an ancillary 

helicase, Rrm3, which travels with the replication fork [43] acting as an accessory 

helicase to the replicative helicase to help remove non-histone proteins associated 

with the DNA [83]. A similar accessory activity for clearing tightly associated 

proteins from DNA has been described for the Rep and UvrD helicases of E. coli 

[84,85]. Ablation of the Rrm3 helicase revealed a large number of fork arrest sites that 

are usually supressed by Rrm3 activity, including RNAPI and RNAPIII transcribed 

genes [49]. Interestingly, fork arrest at highly transcribed RNAPII genes was not 

increased when Rrm3 was ablated and, as discussed above, arrest at highly RNAPII 

transcribed genes can be independent of transcript orientation relative to replication. 

This would be consistent with a role for Rrm3 specifically in clearing protein barriers: 

R-loops (RNA:DNA hybrids) and topological problems promote the fork arrest 

independently of protein:DNA association. 

RFBs: repressed genes. In analysing the genome-wide distribution of γ-H2A in 

unchallenged budding yeast cells, Szilard et al, identified multiple repressed genes 

that correlated with a peak of phosphorylated H2A [18]. Unlike many other RFBs, 

where DNA polymerase also accumulated, these repressed gene loci did not 

accumulate polymerase ε suggesting the accumulation of γ-H2A results from rare 

fork arrest, or possibly a decrease in fork velocity. Unlike the highly expressed genes 

identified as RFBs [49], the γ-H2A enriched repressed ORFs corresponded to genes 

with the lowest levels of RNAPII-binding, confirming that they were not being 

transcribed. Indeed, induction of transcription correlated with the loss of γ-H2A 

accumulation at these loci and γ-H2A accumulation was directly dependent on 

histone deacetylases (HDAC) recruitment. γ-H2A accumulation at repressed genes is 

increased in the absence of Rrm3 and is  dependent on the two main checkpoint 

kinases, Mec1ATR and Tel1ATM. These data distinguish the effects of replication 
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through repressed genes from those reported for highly transcribed RNAPII genes 

and establishes a connection between hypo-acetylated chromatin and replication fork 

progression which is intriguing in the context of human fragile sites (see below).  

 

RFBs linked to Sequence organisation. 

 Studies in yeast models have defined a range of structural sequence 

organisations, or at risk motifs (ARMs), that can underlie sites of chromosomal 

rearrangement. Examples include regions that contain a variety of dispersed 

repeated sequences and DNA motifs that are able to form secondary DNA structures. 

ARMs represent a challenge for replication fork progression and thus for the 

maintenance of genome stability [4,86,87].  

Palindromes and closely-spaced inverted repeats. A pure DNA palindrome is defined as a 

sequence that is the same whether read 5' to 3' on one strand or 5' to 3' on the 

complementary strand. A pure palindrome is thus essentially two inverted repeats 

joined directly at the palindrome centre. An interrupted palindrome has a number of 

bases separating the two inverted repeat arms. There is no formal definition of when 

a sequence of this sort is named as an interrupted palindrome or is known as an 

inverted repeat. Palindromes in dsDNA can extrude into a cruciform structure, 

reminiscent of a Holliday junction. A short interruption in a palindrome makes it 

energetically less favourable to extrude a cruciform structure due to the energy 

required to break the base pairing between bases within the interruption.  

 Pure palindromes of more than a few bases are genetically very unstable and 

are generally rapidly lost. Interrupted palindromes / inverted repeats are 

significantly more stable than pure palindromes [88]. In the human genome pure 

palindromes are rare while interrupted palindromes and inverted repeats occur 

relatively frequently. However, when analysing inverted repeats formed by common  

interspersed repetitive sequence elements, such as Alu, the number of closely spaced 
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inverted pairs is significantly reduced compared to that expected, suggesting 

negative selection for this orientation [89]. Consistent with this negative evolutionary 

pressure on inverted repeats, inverted closely spaced human Alu repeats have been 

demonstrated to be sites of replication forks arrest in vivo in several organisms [87]. 

Interestingly, the ability of the palindrome to form hairpins in ssDNA on the lagging 

strand during replication, as opposed to the propensity to extrude dsDNA into a 

cruciform, correlated with fork arrest. 

 If replication is arrested within an inverted repeat and the fork collapses, the 

homologous recombination-mediated restart of the fork is prone to generate 

replication errors by initiating replication at the incorrect sequence [63-65,90]. Due to 

the inverted orientation of the repeat sequences, this often results in the formation of 

dicentric and acentric palindromic chromosomes and consequent detrimental 

chromosomal rearrangements via breakage fusion bridge cycles. It is likely that this 

explains, at least in part, why closely spaced inverted repeats are underrepresented 

in the human genome.  

Tri-nucleotide repeats.  The genetic instability of tri-nucleotide repeats is responsible 

for a variety of human disorders, including fragile X syndrome, Huntington's disease 

and Friedreich's ataxia [91]. Tri-nucleotide repeats are prone to form hairpins and 

triplex DNA, both of which can contribute to their expansion and contractions. As 

with the hairpins formed by palindromes and closely-spaced inverted repeats, these 

appear to occur during DNA replication and the instability of tri-nucleotide repeats 

is linked to lagging strand DNA synthesis [92-94]. Bacterial and yeast models have 

been used extensively to investigate the molecular mechanisms responsible for tri-

nucleotides repeat instability. We do not present a comprehensive review of tri-

nucleotide repeat biology in model organisms, but focus briefly on GAA repeats in 

yeast as an exemplar. Large-scale expansions of GAA repeats are responsible for the 

human disease Friedreich Ataxia.  
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 In budding yeast, tracts of >40 GAA/TTC repeats arrest replications forks 

when the GAA sequences are located on the lagging strand template, but not when 

the TTC sequences are present on the lagging strand template [94]. GAA repeats are 

capable of forming triplet (H-DNA) structures [95]. Fork arrest correlates with 

chromosome breakage, recombination and gross chromosomal rearrangements 

[94,96]. However, the instability of tri-nucleotide repeat length in budding yeast is 

only partially dependent on their orientation with regard to replication [97], 

suggesting that direct replication fork arrest is only one of several mechanism 

responsible for tri-nucleotide repeat instability. Nonetheless, expansion of GAA 

repeats in yeast was dependent on fork stabilisation/reactivation mechanisms: the 

fork stabilization complex proteins Tof1 and Csm3 prevented the expansions of GAA 

tracts whereas Sgs1, the budding yeast BLM homolog, and the HR-dependent PRR 

pathway promoted expansion. Thus, GAA repeat instability in yeast likely reflects 

several replication-dependent processes, including replication arrest and the ability 

of both leading and lagging strand polymerases to switch template either directly at 

the fork or during post-replication gap filling [98]. In human cells, while replication 

arrest most likely plays a role in repeat expansions, some of the more dramatic 

expansion of repeats number occur in non-replicating cells and are likely dependent 

on specific aberrant repair processes rather than RFB-promoted events [91].  

Additional difficulties to replicate sequences. DNA can form a number of non-canonical 

(non B-form) structures [99] which can block DNA replication in vitro and, in many 

cases, apparently also in vivo [100]. Thus, in addition to palindromes, inverted 

repeats and tri-nucleotide repeats, a range of other naturally occurring DNA 

sequences underpin RFBs. Examples include, but are certainly not limited to, the AT-

rich structure found at the human common fragile site FRA16D [101] and sequences 

containing 4 runs of 3G's that can form G4-DNA [102-104]. Both have been shown to 

be sites of replication arrest and genome rearrangements in model systems.  
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The lines of defence against RFBs 

 Given the extensive range of DNA metabolic events that can impede 

replication, how do cells maintain sufficient replication fidelity and efficiency? We 

see three general strategies: the cells first line of defence against potential RFBs is to 

prevent replication forks arresting at all (Figure 3). Thus, cells minimise 

transcriptional clashes with replication and attempt to repair DNA damage to 

counteract the RFB activity before replication occurs. They also have a variety of 

DNA damage bypass mechanisms and enzymatic activities, such as dedicated 

ancillary helicases, that aim to minimise fork arrest at potential RFBs. However, such 

mechanisms are not always sufficient to prevent potential RFBs from arresting the 

fork and its associated replisome. Thus, stochastically, some forks will arrest during 

normal DNA replication both at sites of unrepaired DNA damage and at intrinsic 

RFBs. The  second line of defence is that the cell attempts to stabilise the fork and the 

replisome complex via the activity of the intra-S phase checkpoint and possibly using 

other as yet unidentified pathways (Figure 3). This has the advantage that the stalled 

fork can then either rapidly resume replication once the initial problem is resolved, 

or at least remains intact - protecting the nascent DNA ends - until the stalled fork 

merges with a converging fork.  

 Nevertheless, not all arrested forks can be successfully stabilised to become a 

stalled fork. Activation of the intra-S phase checkpoint requires the production of 

>100bp of single stranded DNA [105]), likely following the transient uncoupling of 

the replicative helicase from DNA polymerisation [106]. Thus, depending on the 

nature of the RFB, some arrested forks may not be able to activate the intra-S phase 

checkpoint at all (for example, ICLs block the helicase and do not generate ssDNA), 

while other fork arrest conformations may be partially refractive to rapid ssDNA 

production, thus being unable to activate the intra-S phase checkpoint sufficiently 

quickly. In such circumstances, stabilisation of the replisome and the fork may not be 
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successful. This will result in fork collapse, unscheduled ssDNA production and 

unprotected nascent ends.  

 Because collapsed forks and their consequent recombinogenic nature are 

potential instigators of chromosomal rearrangements [107], the cells final line of 

defence is to quickly protect them. There are two obvious options: either the 

collapsed fork can be held in a conformation that is capable of merging with a 

converging fork, or it must be restarted by reactivation or the rebuilding of the 

replisome and allowed to resume replication. The mechanisms of collapsed fork 

protection, how collapsed forks are merged with a canonical converging fork and 

how and when a collapsed fork is rebuilt and/or restarted are currently unclear. 

However, the homologous recombination machinery appears to play a key role in 

these events [24,108,109]. 

 

RFBs, Common Fragile Sites and genetic rearrangement 

 Replication errors are known to contribute significantly to the disease burden 

in humans, perhaps most obviously in the case of cancer: the majority of tumours are 

characterised by high levels of genetic instability, exhibiting gross chromosomal 

rearrangements (GCRs), high frequencies of inter-chromosomal copy number 

variations and localised rearrangements such as inversions [110-112]. Intriguingly, 

many of these genetic changes are associated with specific chromosomal loci that 

were previously identified as common fragile sites (CFS) [113-115].  CFS's were 

identified as loci exhibiting frequent gaps, constrictions or breaks in metaphase 

(condensed) chromosome spreads prepared from human cells grown under mild 

replicative stress [116].  

 CFS's have recently been associated with loci containing a paucity of 

replication origins, an association which appears to underpin their cell type-specific 

expression [117-120]. The link between a low density of replication initiation and 

sites of frequent genetic rearrangement is intriguing in the context of the recent 
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explanation for why there is a large excess of licenced - yet unused - origins of 

replication. This posits that these "cryptic" origins provide a reservoir of potential 

new initiation sites that provide a mechanism to rescue replication when two 

converging forks are impeded by RFBs [121-124]. In terms of CFS's, it can be 

proposed that, if replication fork movement is impeded within a region harbouring 

low origin density, the activation of cryptic origins will not be an effective route to 

support the completion of DNA synthesis. Thus, the following question arises : is a 

simple paucity of origins sufficient to define a CFS, or are additional intrinsic 

impediments to replication also necessary?  

 Some CFS's, including FRA16D, appear to contain structure-forming 

sequences that promote fork arrest [101,125] and it has been proposed that the 

combination of RFB activity and a paucity of cryptic replication origins combine to 

define a CFS [113]. However, most CFS's do not contain DNA structure-forming 

sequences and there is some evidence that not all CFS sequences present a challenge 

for replication fork movement. Molecular combining and fluorescence in-situ 

hybridisation approaches [118] have indicated that there is no impairment to the 

movement of replication forks that reach FRA3B, which suggests that this CFS may 

expresses fragility due simply to inefficient origin firing [126].  

 Notwithstanding this, many CFS's overlap with very large genes [127] and 

there is a positive correlation between transcription and CFS expression [128]. There 

is likely also a link between transcription of the genes within CFS's and the 

replication profile associated with cell-type specific fragility [126]. Recently, 

expression of long human genes lying within CFS was shown to cause interference 

between the late replication of the CFS and transcription, thus favouring R-loop 

formation and expression of CFS instability [129]. While there thus appears to be a 

link between increased transcription and the expression of CFS's, a recent study has 

also identified a relationship between histone hypo-acetylation and instability of six 

CFS's (FRA3B, FRA16D, FRA7G, FRAXB, FRA2G, FRA7H): relative to the 
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surrounding regions, hypo-acetylated chromatin was a common feature of these loci 

[130] and treatment with deacetylase inhibitors lead to an increase of histone H3-K9 

and -K14  acetylation within the CFS's, concomitantly reducing their instability. 

Several of these hypo-acetylated CFS's are associated with large genes, but the 

presence of a large gene did not correlate with the hypo-acetylation status. It remains 

to be established why CFSs are hypo-acetylated and whether the hypo-acetylated 

chromatin structure of human fragile sites directly impacts on replication fork 

progression, or promotes a defective response to pre-existing replication stress. It is 

nevertheless intriguing that, in both yeasts and in human cells, epigenetic marks - 

and in particular the histone acetylation levels - are linked to the fragility of specific 

loci. 

 

Conclusion: 

 Replication can be arrested by a wide variety of distinct RFBs. Each type of 

RFB potentially presents the cell with a distinct set of problems. The cells response to 

RFBs can be broadly categorised into three lines of defence. First, the cell first tries to 

prevent the expression of the potential RFB, for example by maximising DNA repair, 

promoting damage bypass by PRR, preventing clashes between transcription and 

replication and engaging ancillary helicases to remove non-histone proteins. 

However, some RFBs cannot be avoided. For a second line of defence, the cell next 

tries to maintain the correct association of the DNA and the replisome. This, if 

successful, prevents inappropriate processing of the nascent DNA ends and the fork 

structure and allows for recovery by either removing the barrier or awaiting a 

converging fork. However, some barriers are not amenable to stabilising the 

replisome (for example an ICL, see above) and others will, due to their nature be 

prone to replisome collapse. Thus, cells have a third string to their bow, which is to 

attempt to stabilise the collapsed fork and reconstruct a replisome. 
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Distinct types of RFB will have different consequences at each of these three 

potential levels of protection. These consequences will sometimes reflect the nature 

of the barrier itself, and at other times are likely to reflect the specific effect the RFB 

has on the replisome: how easy it is to stabilise? what is the consequence to the DNA 

structure itself if the replisome is not stabilised? Understanding how each specific 

RFB actually interferes with replication, and what the consequences are to the fork 

DNA, are thus important aspects of understanding the causes of the genetic 

instability which underlie cancer and human genomic diseases.  

. 
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Figure legends 

 

Figure 1: Maintaining replication fork integrity  

A. Schematic model of a moving replication fork, showing of the replicative helicase 

(Cdc45-MCM-GINS) associated with the DNA polymerases Polα/δ and Polε on the 

lagging and leading strand, respectively. The Fork protection complex, composed of 

at least Mrc1 and Tof1 in budding yeast, and ancillary DNA helicases such as Rrm3 

are thought to travel with the replication fork via their interaction with Polε. B. The 

slowing down or the transient pause of fork progression leads to the exposure of a 

limited amount  of ssDNA (around 300 nucleotides) at the fork. This triggers the 

activation of the intra-S checkpoint which, in turn, regulates the activity of DNA 

polymerases and replicative helicases to limit uncoupling. Once the cause of 

impediment to fork progression is resolved, the fork resumes its progression without 

the assistance of additional mechanisms. C. At collapsed forks, a large amount of 

ssDNA is exposed, activating the DNA-damage checkpoint. The replisome losses 

functionality and might even dissociate from the fork. The restart of the fork thus 

requires the assistance of additional mechanisms, such as homologous 

recombination, to rebuild a replisome. Collapsed forks may arise upon certain forms 

of fork-arrest or when the intra-S checkpoint fails. 

 

Figure 2: Overview of obstacles causing RFB.  
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Typical obstacles causing RFBs (DNA-bound proteins, chromatin organisation, at 

risk sequences motif, DNA-damage) and interference between replication and 

transcription all have the potential to interfere with the progression of replication 

forks and its associated DNA synthesis. Global replication-stress and impediments to 

fork progression result in the activation of dormant origins that helps to complete 

DNA replication. In region of paucity in replication origins, completion of replication 

relies on long-traveling forks which are thus particularly sensitive to fork arrest and 

replication inhibition.  

 

Figure 3: Three distinct strategies that prevent genome stability at arrested forks. 
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