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Abstract: All living organisms need to duplicate their genetic information while protecting it from
unwanted mutations, which can lead to genetic disorders and cancer development. Inaccuracies
during DNA replication are the major cause of genomic instability, as replication forks are prone to
stalling and collapse, resulting in DNA damage. The presence of exogenous DNA damaging agents as
well as endogenous difficult-to-replicate DNA regions containing DNA–protein complexes, repetitive
DNA, secondary DNA structures, or transcribing RNA polymerases, increases the risk of genomic
instability and thus threatens cell survival. Therefore, understanding the cellular mechanisms
required to preserve the genetic information during S phase is of paramount importance. In this
review, we will discuss our current understanding of how cells cope with these natural impediments
in order to prevent DNA damage and genomic instability during DNA replication.
Keywords: DNA replication; replication fork; difficult-to-replicate; replication machinery; replisome;
natural impediments; DNA damage; repetitive DNA; secondary structures; genomic instability

1. Introduction
DNA replication is essential in all living organisms. It is highly complex and regulated at many
levels to ensure accurate and timely duplication of genetic information. Defects in the pathways
involved in DNA synthesis and/or repair can lead to mutagenesis and chromosomal rearrangements,
both of which are central causes for cancer, aging, and other genetic diseases.
Aside from the DNA damage events that happen under physiological conditions [1], eukaryotic
genomes themselves present a wide range of natural impediments to DNA replication [2]. A subset
of these impediments, called replication fork barriers (RFBs), can slow down or stall the progression
of the replication machinery. If not properly regulated, RFBs could lead to fork collapse and a
consequent increase in the susceptibility to DNA double strand breaks (DSBs). RFBs can arise from
inherently difficult-to-replicate DNA sequences that form secondary structures, such as repetitive and
palindromic DNA sequences. In addition, RFBs can originate from a variety of complexes formed by
DNA and non-nucleosomal proteins present along the eukaryotic genome [3]. In eukaryotes, RFBs
can be found at telomeres, centromeres, highly transcribed genes, and origins of replication, among
other locations [2]. Furthermore, some of these RFBs act as programmed polar pausing sites for the
replication machinery in order to control other biological processes, such as mating-type switching in
Schizosaccharomyces pombe [4]. Understanding how the replication machinery copes with such a variety
of circumstances in each round of DNA replication is a subject of intense research.
Another type of natural impediment that occurs during DNA replication is the encounter
between the replication machinery and other enzymatic complexes that also operate on the DNA.
Particularly, numerous studies have demonstrated that encounters between the replisome and the RNA
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In both S. pombe and S. cerevisiae, telomeric repeat DNA sequences can slow down replication
fork progression at their native loci (chromosomal ends) and also at internal chromosomal regions
when tracts of telomeric repeats are artificially inserted [7,13]. Although the nature of the telomeric
replication barrier is not well understood, Gadaleta et al. recently showed that the repetitive nature
of the telomeric DNA, but not other telomeric features, is the major cause for unstable replisomes in

Genes 2017, 8, 98

3 of 28

the absence of Swi1 [14]. Swi1 is a subunit of the fork protection complex (FPC: S. pombe Swi1–Swi3;
S. cerevisiae Tof1–Csm3; metazoan Timeless–Tipin). The FPC travels with the replisome in order to
protect replication fork structures at various RFBs [15,16]. Interestingly, the same study showed that
swi1∆ mutants display increased DNA damage and recombination at telomeres, leading to activation
of ALT-like pathways of telomere maintenance, suggesting a role of Swi1 as an anti-recombinase at the
telomere [14,17]. Consistently, depletion of Timeless (human homolog of Swi1) results in increased
levels of DNA repair foci and sister chromatid exchange in mouse cells, indicative of elevated levels of
homologous recombination [18]. Furthermore, Timeless interacts with the telomere-binding protein
TRF1 and prevents telomere abnormalities in human cells [19], which demonstrates a conserved role
of Timeless-related proteins in telomere protection.
In fission yeast, replication through telomeric repeats is facilitated by the telomere-binding protein
Taz1, a member of the Myb/SANT DNA-binding domain-containing family of proteins [7,20]. Loss of
Taz1 leads to replication fork pausing in the vicinity of telomeres and also at telomere tracts inserted
within the chromosome [7]. TRF1, the mammalian homolog of Taz1, is also required for efficient
telomere replication [11]. Conflicting data were obtained from experiments done in vitro. In a cell-free
SV40 replication system, TRF1 and TRF2 significantly inhibit replication fork progression through the
telomeric-repeat tract inserted in a plasmid [19,21]. In addition, overexpression of TRF1 and TRF2
in HeLa cells slowed down replication fork progression through telomeric repeats, suggesting that
telomere-binding proteins such as TRF1 and TRF2 obstruct the passage of the replisome [21]. A more
recent publication suggests that overexpression of TRF1 in the SV40 system might sequester key
replisome factors that are essential for efficient telomere replication, pointing out this observation as
the reason for the controversial findings [22].
In S. cerevisiae, replication forks stall at telomeric and subtelomeric regions in a manner
independent of the repeat orientation [13]. Fork stalling at telomeres likely requires Rap1, while other
telomeric and subtelomeric proteins including Reb1, Tbf1, Rif1, Rif2, Sir2, Sir3, and Sir4 are not
significant obstacles for replication fork progression [23]. In addition, telomere length can affect
the timing of telomere replication: while normal telomeres replicate late in S phase, short telomeres
replicate earlier. One of the underlying mechanisms of this timing switch has been recently described.
Late replication timing of normal telomeres requires Rif1. However, at short telomeres, Tel1-mediated
phosphorylation of Rif1 seems to override this effect and cause early replication of telomeres in
budding yeast [24].
G-quadruplexes are another important replication obstacle that can arise at telomeres due to their
repetitive GT-rich sequence. Studies have suggested a role for TRF1-related proteins in recruiting DNA
helicases to aid in replication of telomeres. These include mammalian RTEL (regulator of telomere
length) and BLM (Bloom’s syndrome) helicases, which may resolve G-quadruplex structures during
DNA replication [11,25]. In yeast, DNA helicases such as S. cerevisiae Pif1 and S. pombe Pfh1 suppress
G-quadruplex-induced genomic instability and facilitate efficient telomere replication [26–28]. Further
details on the role of G-quadruplexes as natural replicative obstacles are provided in a later section of
this review article.
2.2. rDNA Repeats
Ribosomal DNA (rDNA) is found as tandem repeats localized at discreet locations in the
genome. Each eukaryotic rDNA transcription unit contains sequences encoding 16–18S rRNA,
5.8S rRNA, and 25–28S rRNA (Figure 2). The transcription units are separated by the non-transcribed
spacers, where replication barriers are located in most eukaryotic species, including yeast, ciliates
(Tetrahymena thermophila), pea (Pisum sativum), frog (Xenopus laevis), mouse (Mus musculus), and humans.
During S phase, these barriers lead to replication fork arrest, which is likely to coordinate transcription,
replication, and recombination at these loci [29–38].
A significant volume of research focused on understanding genome stability at rDNA repeats
has been carried out using S. pombe. The S. pombe genome contains 100–150 copies of rDNA repeats at
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arrests fork progression at Ter1, while Reb1 halts fork progression at Ter2 and Ter3. Fork blockage at
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to be dependent on transcription. (B) In budding yeast, collisions between the replication fork and
transcription machinery are prevented by Fob1-mediated polar fork blockage at RFBs. This fork block
requires the function of Tof1-Csm3. (C) In mammalian cells, TTF-1, a homolog of fission yeast Reb1,
arrests fork progression at multiple Sal boxes located near the 30 end of the 46S rRNA transcription
unit. Unlike the cases in budding and fission yeast, fork progression is blocked from both sides in a
manner dependent on Timeless–Tipin.
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Reb1 is a member of the Myb/SANT family of proteins and is related to the mammalian
transcription termination factor-1 (TTF-1) [39,40]. In S. pombe, Reb1 binds to Ter2–3 in the rDNA
(Figure 2A) and Ter-like sites present outside the rDNA throughout the genome. Like Sap1, Reb1 acts
as a dimer and causes DNA bending when bound to two separate sites in cis [49]. When bound to Ter2–3
at the rDNA repeats, Reb1 not only mediates polar barrier activity for replication forks moving towards
the transcription machinery, but also arrests transcription catalyzed by RNA Pol I from the opposite
direction [50,51]. This is different from Sap1, which may not affect the progression of the transcription
machinery. Later work showed that Reb1 binds to Ter sites located outside the rDNA, where it promotes
DNA looping between two Ter sites. This type of inter-chromosomal interactions, called “chromosome
kissing” appears to cause transcription and replication termination [49,52]. Interestingly, Reb1 also
functions as an activator of RNA Pol II-dependent transcription at certain promoters [49,53].
Budding yeast Fob1 regulates rDNA recombination by causing polar replication fork arrest at RFB
sites (Figure 2B), by facilitating protein-mediated chromosome kissing [54]. Fob1 also recruits silencing
factors such as Sir2 and the RENT complex to the same sites [55–59]. However, Fob1’s function
in rDNA silencing appears to be independent on its role in fork arrest; when the S. cerevisiae FPC
components Tof1 or Csm3 are inactivated, fork pausing is lost at the RFB sites, but the silencing activity
of Fob1 remains intact [60]. Interestingly, S. pombe Reb1 tethers the mating-type locus to rDNA Ter sites
in order to facilitate gene silencing of the mating-type locus through heterochromatin formation [61].
Therefore, although Reb1 and Fob1 fail to show structural similarities at the level of amino acid
sequences, these two proteins share common functions, which are promoted by chromosome kissing.
Further investigation will shed light on how Reb1 and Fob1, through chromosome kissing, aid in the
coordination of transcription and replication processes.
In mice and human cells, replication fork arrest occurs within repeated regions called Sal boxes
located downstream from the ribosomal 47S pre-rRNA-coding region (Figure 2C) [62,63]. Sal boxes
recruit TTF-1, the mammalian ortholog of S. pombe Reb1, which is involved in termination of pre-mRNA
transcription [64]. As is the case for S. pombe Swi1 and S. cerevisiae Tof1, human Timeless is required for
replication fork arrest at RFBs to coordinate the progression of replication with transcription activity
in HeLa cells (Figure 2C) [65]. Thus, the role of the FPC at these pausing sites is conserved between
yeast and mammalian cells. However, unlike in yeast, where replication pauses at the RFBs in a polar
manner, replication in mammalian cells can be blocked in both directions [36,66].
The mechanism by which the FPC operates at RFB has begun to be elucidated. In S. cerevisiae,
Tof1 and Csm3 are phosphorylated, and this phosphorylation promotes association of the FPC to the
replication fork via interaction with the CMG helicase. At RFB sites, the FPC promotes stable fork arrest
by antagonizing the Rrm3 helicase and thus preventing the removal of Fob1 [67–69]. In mammalian
cells, the FPC inhibits the helicase activity of the CMG complex and the DNA-dependent ATPase
activity of mini chromosome maintenance (Mcm) 2–7 proteins [70]. Although these studies are
performed in vitro, it is possible that the FPC inhibits DNA helicase activity to promote fork arrest at
programmed fork pausing sites throughout the chromosome. In addition to Timeless- and Tipin-related
proteins, the FPC functions together with a third component, Claspin/Mrc1, which is required for
activation of the inter-S phase checkpoint [71,72]. In S. pombe, Mrc1 is associated with FPC and plays a
role in replication fork pausing at rDNA repeats, MPS1 and RTS1 at the mating-type locus, and tRNA
genes. This function of S. pombe Mrc1 is mediated via a conserved helix-turn-helix DNA-binding
domain that is also present in metazoan Claspin, but not in S. cerevisiae Mrc1 [73]. Future investigation
is warranted to understand the molecular role of Claspin/Mrc1 in fork pausing.
Lastly, a recent study has suggested a role for Dicer (Dcr1) in replication fork arrest at rDNA loci.
Dcr1, the enzyme that processes precursor RNAs into small interfering RNA (siRNA), is required
for rDNA copy number maintenance [74]. Dcr1 regulates transcription termination and maintains
genome stability at rDNA and other replication-pausing sites, such as protein-coding genes and
transfer RNA genes (tRNAs). Collisions may occur between transcription and replication at these sites
as represented by RNA Pol II enrichment in the absence of Dcr1. Such a role of Dcr1 in coordinating

Genes 2017, 8, 98

6 of 28

transcription and replication seems to be independent of its role in the RNAi pathway, as there is no
RNA Pol II enrichment at these sites when mutations that abolish the canonical RNAi pathway were
introduced [74]. Interestingly, dcr1∆ swi3∆ double deletion mutants show synthetic growth defects
and hypersensitivity to replication-stressing agents [75], suggesting a role for Dicer in fork pausing at
rDNA loci. Therefore, it appears that multiple pathways cooperate together to ensure fork pausing at
rDNAs in order to preserve genomic integrity.
2.3. Centromeres
Centromeres are large chromatin structures responsible for the proper segregation of chromosomes
during mitosis and meiosis [76,77]. Defects in centromere regulation result in chromosome
missegregation and aneuploidy [78,79]. Centromeres are characterized by an intricate structure that
generates obstacles for DNA replication [80,81]. In most species, centromeres are organized into
two domains; a pericentromeric heterochromatin region and a centromeric core defined by the
presence of the centromere-specific histone, CENP-A (centromere protein A), where the kinetochore
assembles (Figure 3). The kinetochore is a multi-protein complex that mediates the attachment of spindle
microtubules to centromeres [78,82,83]. This configuration of centromeres, termed “regional”, is more
common in mammals and other eukaryotic model organisms including S. pombe, Drosophila Melanogaster,
Arabidopsis thaliana, Neurospora crassa, and Oryza sativa [84]. In contrast, S. cerevisiae centromeres
are defined by an ~125-bp DNA sequence and termed “point centromeres” because of their simple
organization (Figure 3A) [76]. Replication fork pausing was detected at centromeres of various
chromosomes (CEN1, CEN3, CEN4 and CEN6), thus the ability to promote fork pausing seems to
be a general property of S. cerevisiae centromeres [80,85]. Replication barriers at centromeres differ from
those at rDNA and the mating-type locus in the sense that they do not completely stop replication but
mostly cause fork pausing [80]. Furthermore, centromeric barriers appear to be non-polar and thus
are able to pause forks coming from both directions. Studies that looked at replication fork pausing at
CEN3 and CEN4 showed that pausing at these sites is dependent on Tof1 but not Mrc1 [86]. In addition,
it is suggested that fork pausing at centromeres is mediated by protein–DNA complexes that involve
the centromere-binding factor CBF3 (Figure 3A) [80], which is required for kinetochore formation and
proper chromosome segregation [87]. Consistently, in Candida albicans, the kinetochore functions as a
replication barrier at the centromere [88]. In this organism, which is genetically related to S. cerevisiae,
centromeres have a more complex organization than in S. cerevisiae and span approximately 3 kb on each
chromosome. In C. albicans, fork stalling at centromeres decreases in the absence of Rad51 and Rad52,
two main homologous recombination factors involved in fork restart. Failure in fork stalling is attributed
to the defects in kinetochore assembly found in rad51 and rad52 mutant cells. Studies demonstrated
that Rad51 and Rad52 promote the recruitment of CENP-A at the programmed fork-stalling sites at
early replicating centromeres [88]. Therefore, it is straightforward to suggest that kinetochore structures
present significant obstacles to replisome progression. However, whether the replication forks can pass
through the DNA-protein complex or the complex disassembles before replication is not understood.
S. pombe has regional centromeres and their organization is similar to that of higher eukaryotes
(Figure 3B,C) [76,89]. Replication forks appear to stall at S. pombe centromeres probably due to the
presence of highly repetitive DNA sequences and heterochromatin marks, both considered to be
difficult-to-replicate features [81,90]. Contrary to other heterochromatin regions including telomeres,
centromeres in fission yeast replicate early in S phase [91]. The early replication of centromeres is
linked to RNAi expression and heterochromatin assembly [92,93], and RNAi-mediated silencing
pathways play a conserved role across species at heterochromatin regions and transposons [94,95].
Interestingly, the integrity of centromeres is maintained by its heterochromatin configuration and
replication-fork-stabilizing factors that inhibit recombination at centromeres [96]. These findings
suggest a role of heterochromatin and RNAi in replication fork pausing at centromeres (Figure 3B).
Consistently, CENP-B (centromere protein B), which is associated with centromeric heterochromatin,
is suggested to have a critical role in preservation of genomic integrity when forks are paused [47].
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2.4. tRNA Genes and LTR Retrotransposons
Genetic screenings in S. cerevisiae identified numerous essential genes involved in preventing
spontaneous DNA damage and genome rearrangements [98–100]. These include many DNA
replication factors involved in different stages of DNA replication processes (initiation: CDC45, DBF4,
DPB11, MCM4, MCM5, MCM7, and PSF2; elongation: CDC45, DNA2, MCM4, MCM5, MCM7, POL2,
POL30, PSF2, RFC2, and RFC5; and termination: UBC9) [100]. Importantly, genome rearrangements
were mapped to yeast fragile sites, including Ty retrotransposons, tRNA genes, early origins of
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replication, and replication termination sites [100]. These sites are prone to fork stalling, breakage,
and chromosomal rearrangements, particularly, when DNA replication is compromised [101,102] or
when checkpoint activation is defective [103–105].
Early work in budding yeast identified polar replication pause sites at Ty1-LTR and tRNA genes.
These sites arrest forks moving in opposite direction to transcription [106] and may represent fragile
sites when DNA replication is compromised, leading to genomic instability. Indeed, when the
level of DNA polymerase α is reduced, chromosome translocations were greatly induced due to
hyper-recombination at Ty elements [101].
Eukaryotic genomes contain a large number of tRNA genes, which are highly transcribed by
RNA Pol III [107]. The program tRNAscan-SE [108] identified 186 and 286 tRNA genes in fission
and budding yeast, respectively. The same program also identified 513 tRNAs in humans and
430 tRNAs in mouse [109]. In addition to their role in decoding mRNA sequences to proteins,
tRNA genes also function in genome organization and stability [110]. tRNA genes and related RNA
Pol III promoter elements can act as DNA replication barriers, as well as boundaries to separate
different chromatin domains that comprise regulatory gene expression units [106,111,112]. Although
this chromatin-boundary function has only been demonstrated in yeast, there is potential for these
sites to play a similar role in mammalian cells as well [113].
In S. cerevisiae, fork pausing at tRNA genes requires Tof1 but not Mrc1, similar to what occurs
at centromeres [86]. Active transcription of tRNA genes is also required for their replication-barrier
activity [106]. Two hypotheses can explain the formation of these barriers; the first argues that
supercoiling in the parental strand generated by the transcription and replication complexes causes
a significant topological stress that prevents the progression of the replication fork. The second
hypothesis proposes that barrier activity at these tRNA genes is a consequence of the direct interaction
between replication and transcription machineries [106]. Although both hypotheses are not mutually
exclusive, the exact nature of the replication barriers at tRNA genes is still subject of debate.
The replication barriers at tRNA genes may prevent collisions between replication and transcription
machineries (Figure 4A). This idea is based on the studies that used mutations in the S. cerevisiae
Rrm3 helicase, a member of the Pif1 DNA helicase family involved in genome maintenance [114].
rrm3 mutations result in an increase in fork pausing and recombination potential at tRNA genes [85,103].
The elevated recombination appears to be dependent on collisions between RNA Pol III and the
replication machinery in the absence of Rrm3, although the DNA sequences at the tRNA pausing sites
themselves may not be highly recombinogenic [115]. tRNA pausing in rrm3∆ mutants is eliminated
when the TFIIIC complex, required for transcription initiation, is removed from a tRNA gene [85]. Rrm3
appears to be a component of the replisome complex, providing a “sweepase” activity throughout
the genome, in order to remove non-nucleosomal protein–DNA complexes ahead of the replication
fork [116]. Such a sweepase function is conserved in S. pombe Pfh1, a Pif1-related DNA helicase [117].
Therefore, both protein–DNA complexes and transcription activity itself may contribute to the barrier
or fork pausing activity at tRNA genes.
In S. pombe, tRNA genes can act as nonpolar replication fork barriers. About half of all 171 tRNA
genes constitute fork pausing sites and bind to Pfh1, a helicase suggested to promote replication by
displacing RNA Pol III from DNA during replication [118]. In contrast to rDNA fork barriers, tRNA
barrier activity is independent of the FPC subunit Swi1. However, Swi1 still has an important role
at tRNA genes; while in wild-type cells, the presence of tRNAs does not constitute a recombination
hotspot, in swi1∆ cells, tRNAs become recombination hotspots and a source of genomic instability even
though replication forks pause at tRNA genes at similar levels in both wild-type and swi1∆ cells [112].
It is noteworthy that the sequence homology between different tRNA copies and their clustered
organization in the genome are thought to enhance the recombinogenic potential at tRNA loci [119].
Consistent with the role of Swi1 at tRNA genes, swi1∆ mutants show increased Rad3ATR -dependent
H2A phosphorylation at tRNA loci, suggesting high rates of DNA damage and recombination events
in the absence of the FPC [120]. Since fork pausing does not seem to correlate with the levels of

even though replication forks pause at tRNA genes at similar levels in both wild‐type and swi1∆ cells
[112]. It is noteworthy that the sequence homology between different tRNA copies and their
clustered organization in the genome are thought to enhance the recombinogenic potential at tRNA
loci [119]. Consistent with the role of Swi1 at tRNA genes, swi1∆ mutants show increased
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Retrotransposons are ubiquitously present in most genomes and they are involved in genome
Retrotransposons are ubiquitously present in most genomes and they are involved in genome
organization, function, and evolution [121]. These elements replicate via an RNA intermediate that
organization, function, and evolution [121]. These elements replicate via an RNA intermediate that
converts into cDNA, which is then inserted along the genome. The fission yeast genome contains
converts into cDNA, which is then inserted along the genome. The fission yeast genome contains two
two types of LTR retrotransposons, Tf1 and Tf2 [122]. Recent studies revealed that Sap1, a
types of LTR retrotransposons, Tf1 and Tf2 [122]. Recent studies revealed that Sap1, a DNA-binding
DNA‐binding factor that promotes fork pausing at rDNA loci, plays a critical role in targeting LTR
factor that promotes fork pausing at rDNA loci, plays a critical role in targeting LTR retrotransposons to
retrotransposons to specific genome sites (Figure 4B) [123]. Both Tf1 and Tf2 are preferentially
specific genome sites (Figure 4B) [123]. Both Tf1 and Tf2 are preferentially targeted to nucleosome free
targeted to nucleosome free regions that coincide with RNA Pol II‐transcribed gene promoters
regions that coincide with RNA Pol II-transcribed gene promoters [124,125]. Interestingly, Sap1 is also
[124,125]. Interestingly, Sap1 is also identified as a trans‐acting general regulatory factor that binds to
identified as a trans-acting general regulatory factor that binds to nucleosome free regions and promotes
nucleosome free regions and promotes nucleosome eviction [126]. Consistent with this finding, Sap1
nucleosome eviction [126]. Consistent with this finding, Sap1 tethers the Tf1 cDNA to Sap1-binding
tethers the Tf1 cDNA to Sap1‐binding sites, thus guiding the insertion of the Tf1 transposons along
sites, thus guiding the insertion of the Tf1 transposons along the chromosome in a manner dependent
the chromosome in a manner dependent on Sap1’s ability to arrest replication forks [123]. Tf2 LTR
on Sap1’s ability to arrest replication forks [123]. Tf2 LTR transposons in S. pombe function as polar
transposons in S. pombe function as polar replication barriers. Deletion of abp1 and cbh1, two CENP‐B
replication barriers. Deletion of abp1 and cbh1, two CENP-B homologs, causes recombination at these
homologs, causes recombination at these LTRs (Figure 4B), and this phenotype is suppressed in the
LTRs (Figure 4B), and this phenotype is suppressed in the sap1-c mutant in which Sap1 fails to bind to
sap1‐c mutant in which Sap1 fails to bind to LTRs [47]. These results suggest that Abp1 and Cbh1
LTRs [47]. These results suggest that Abp1 and Cbh1 play a role in preventing genomic instability at
LTRs (Figure 4B). Although the mechanisms by which CENP-B-related proteins regulate replication
barriers are still elusive, Abp1 is reported to inhibit the expression of the transposons and neighboring
genes by recruiting histone deacetylases (HDACs) [127]. Abp1 also affects expression of Tf1 and
adjacent genes; Abp1 bound to Tf1 decreases transcription of adjacent stress genes, which might in

play a role in preventing genomic instability at LTRs (Figure 4B). Although the mechanisms by
which CENP‐B‐related proteins regulate replication barriers are still elusive, Abp1 is reported to
inhibit the expression of the transposons and neighboring genes by recruiting histone deacetylases
(HDACs) [127]. Abp1 also affects expression of Tf1 and adjacent genes; Abp1 bound to Tf1 decreases
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2.6. DNA Barriers Mediated by Repetitive DNA and Secondary Structures
Inverted repeats (IRs), mirror repeats (MRs), and direct tandem repeats (DTRs) are all common
features of eukaryotic genomes that have potential to undergo structural transitions and generate
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features of eukaryotic genomes that have potential to undergo structural transitions and generate
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Several classes of DNA helicases are involved in resolution of G-quadruplexes, and mutations in
many of these helicases are known to cause human diseases associated with genomic instability.
One class of DNA helicases involved in G4-unwinding contains an iron-sulphur (Fe-S) cluster
involved in accepting and donating electrons [171]. One such helicase, FANCJ (Fanconi anemia
complementation group J), is involved in the Fanconi anemia (FA) DNA repair pathway and is
required for the repair of interstrand crosslinks [172]. FANCJ unwinds G-quadruplexes in the context
of telomeric- and triplet-repeat DNA sequences in vitro. This activity is inhibited by a telomestatin
that specifically binds G-quadruplexes [173]. Telomestatin also inhibits growth and induces DNA
damage in FANCD2-deficient human cells, suggesting a role for FANCJ in unwinding G-quadruplexes
in vivo [173,174]. Consistently, fork stalling occurs at a higher rate in FANCJ-deleted avian DT40 cells,
suggesting that FANCJ is required for efficient replication through G-quadruplexes. Defects in the FA
pathway are associated with bone marrow failure and a strong predisposition to cancer [172], although
FANCJ DNA helicase appears to unwind G-quadruplexes independently of the FA pathway [173,175].
Another class of G4-unwinding helicases includes RecQ-related helicases WRN (Werner’s syndrome)
and BLM, whose mutations cause cancer susceptible disorders Werner and Bloom syndromes,
respectively [171]. These helicases have G4-unwinding activity in vitro and facilitate DNA replication
through G-quadruplexes at telomeres [171,176]. These helicases unwind duplexes in the 30 –50 direction,
which is the opposite polarity to FANCJ-mediated unwinding activity. Interestingly, BLM interacts
directly with FANCJ, and together, these helicases unwind a damaged DNA substrate more efficiently
than either single helicase [177]. Furthermore, FANCJ functions in concert with both BLM and WRN to
maintain epigenetic stability at a G-quadruplex-containing locus, suggesting that these helicases remove
G-quadruplex from opposite directions [178].
Finally, the Pif1-related helicases have robust G-quadruplex unwinding activity. Using purified
proteins, the Zakian group showed that budding yeast Pif1 preferentially binds and unwind
G-quadruplex DNA. Strikingly, Pif1 was much more efficient in G-quadruplex unwinding than
human WRN, E. coli RecQ, and Sgs1 (budding yeast RecQ) [27]. In S. pombe, Pfh1, a Pif1-related
helicase, is preferentially recruited to regions with G4 motifs and unwinds G-quadruplex structures.
In the absence of Pfh1, replication forks pause at G-quadruplexes, leading to DNA damage and
genome instability [28]. A recent paper shows that, both telomeric and rDNA sequences from S. pombe,
can form G-quadruplexes in vitro and that Pfh1 is able to unwind these structures [179]. Interestingly,
a study suggested that G-quadruplexes not only pose replicative obstacles but also function as
regulatory elements that aid in lagging-strand synthesis [180], and emerging evidence suggest the role
as cis-acting regulatory elements of G-quadruplexes in DNA replication as well as in transcription,
translation, and telomere maintenance [181]. Interestingly, G-quadruplexes are extensively found near
transcriptional start sites (TSS). Such DNA secondary structures at TSS may affect DNA topology,
creating a dynamic equilibrium between duplex DNA and secondary conformation, in order to
not only regulate transcription [182,183], but also control replication initiation [184–186]. Further
studies are necessary to understand the mechanisms by which G-quadruplex DNA regulates multiple
cellular processes.
3. Coordination between Transcription and Replication Machineries
DNA replication and gene transcription are fundamental genetic processes required for cell
growth and division. Both processes are carried out by large protein complexes that move processively
along the genome and cause temporary but significant alterations to the DNA structure. Collisions
between the transcription and replication machineries are a clear source of genomic instability in
both prokaryotes and eukaryotes [187–189], and have recently been linked to oncogene-induced DNA
damage in cancer cells [190]. In this section, we attempt to summarize the current knowledge on the
molecular basis of transcription–replication encounters and the consequences of their dysregulation.
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from active transcription to active replication. Following replication, the rDNA loci are reprogrammed
for transcription [205]. In terms of spatial separation, actively transcribed rRNA genes are exclusively
localized in the interior of the nucleolus [206,207], and replicating loci seem to be physically separated
from their transcription by fibrillar centers that provide a structural barrier between domains [203].
In S. cerevisiae, actively transcribed genes localize near nuclear pores [208,209]. Although this may
alleviate transcription–replication encounters by spatially separating transcription and replication
activities, such genome reorganization can increase torsional stress in DNA associated with active
transcription, causing negative consequences to both transcription and replication processes.
3.2. Highly Transcribed Regions as Replicative Obstacles
Studies suggest that replication forks pause during head-on encounters with the transcription
machinery but only collapse in the presence of RNA polymerase arrays at highly transcribed
operons [188]. Transcription-dependent fork pausing was reported in E. coli, both in vitro using phage
components [191,210] and in vivo on plasmids [192], and in a chromosomal context [211]. In eukaryotes,
a genome-wide analysis of DNA polymerase pause sites was performed in S. cerevisiae. This study
demonstrated that highly transcribed RNA Pol II-dependent genes were significantly represented as
replication pausing sites [211]. In fission yeast, replication fork pausing was also linked to increased
recombination at the leu2 locus, which is transcribed by RNA Pol II [193]. Further investigation suggests
that stalled replication is a prerequisite to hyper-recombination [212]. Null mutants of S. cerevisiae
Hpr1, a component of the THO complex, exhibit hyperrecombination phenotypes in addition to defects
in transcriptional elongation and mRNA export to the cytoplasm [213–218]. However, the hpr1-101
allele, which contains a point mutation in the hpr1 gene, fails to cause hyperrecombination phenotypes
although transcriptional elongation and mRNA export are inhibited in the mutant. This loss of the
hyperrecombination phenotype is correlated with the absence of replication fork blockage in hpr1
mutants, suggesting that hyperrecombination is caused by stalled replication forks [212]. Although the
molecular mechanisms involved in replication pausing at transcription sites still remain unclear, DNA
polymerase ε, a major replicative enzyme, is enriched throughout open reading frames in S. cerevisiae.
Therefore, instead of promoter-associated protein complexes, the transcription machinery itself and/or
nascent RNA seem to be the cause of replication fork pausing [211].
Studies in E. coli and B. subtilis have found that the intensity of the fork-arresting signal is
correlated with the rate of transcription [192,196,197]. Highly transcribed genes impede replication
when they are placed head-on to the replication fork, explaining why most highly expressed operons
in bacteria are arranged in a co-directional orientation with respect to the direction of replication in
the genome [199]. In eukaryotes, collisions at highly transcribed genes are blocked by DNA–protein
barriers, as described above for rDNA repeats [219]. In addition to the rate of transcription, gene
length also seems to play a role in genomic stability. Inverting long genes enhances the mutation rate
in B. subtilis, suggesting that the co-directionality of long transcriptional units with replication prevents
fork arrest and/or collapse in bacteria [220]. Consistently, many common fragile-sites (CFSs) in cancer
cells co-localize with very large genes in human cells [221,222].
Several replication factors have been shown to play a specific role during replication of highly
transcribed regions. The S. pombe Pfh1 helicase is required for efficient fork movement at highly
transcribed RNA polymerase II-dependent genes and at other difficult-to-replicate regions such as
rDNA loci. Because cells depleted of Phf1 are unviable in the absence of Swi1, accumulated stalled forks
in the Pfh1 mutant cells may need to be stabilized by Swi1 for survival [223]. In relation to this idea,
in budding yeast, roles of the Swi1/Timeless homolog, Tof1, and its partner, Csm3, were investigated
for replisome protection at a RNA Pol III-dependent transcription site in a plasmid. Replication fork
pausing is greatly attenuated in the tof1∆ mutant and significantly enhanced in the rrm3∆ mutant.
Rrm3 is a member of the Pif1 family of helicases in budding yeast. Deletion of both tof1 and rrm3,
restores pausing to a level significantly higher than that of the wild-type cells [68]. Furthermore,
Timeless–Tipin homologs in S. cerevisiae, S. pombe, and humans control the RFBs of rDNA genes
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transcription can be induced by the GAL1- or the tet-regulated promoters. These results suggest
that TAR induced by DNA-damaging agents may be, to a large extent, caused by the increased
accessibility to the DNA that the DNA-damaging agents have during transcription [233]. Other
structures formed during transcription, such as transcription-induced supercoiling and chromatin
remodeling, may also promote homologous recombination by bringing homologous regions closer
together [234,235]. Furthermore, negatively supercoiled DNA favors the formation of R-loops with the
nascent mRNA, generating a stretch of ssDNA on the non-transcribed strand, which becomes more
susceptible to DNA damage and recombination [213].
The collision hypothesis, on the other hand, suggests that transcription and replication occurring
on the same DNA template can obstruct each other, resulting in stalled or collapsed replication forks
that create templates for TAR (Figure 7). A central factor that affects replication progression is the
formation of R-loops during transcription (Figure 8) [236]. Since R-loops can impair DNA integrity,
multiple mechanisms exist to prevent and resolve R-loop structures: co-transcriptional assembly of
RNP particles on the nascent RNA prevents the formation of R-loops from bacteria to metazoans;
and the presence of nucleosomes prevents invasion of the RNA strand after passage of the transcription
machinery in yeast and higher eukaryotes. In addition, RNA processing factors that assemble at the
nascent RNA also prevent the accumulation of R-loops. Thus, mutants defective for these pathways,
including transcription elongation [232], RNA splicing [237], and mRNA export [238] display genomic
instability and elevated TAR.
4. Conclusions
Cells have developed a myriad of mechanisms to ensure error-free, stable, and processive DNA
replication. These mechanisms include fork protection proteins that stabilize the fork when it stalls,
checkpoint pathways that monitor fork stalling and delay cell cycle progression, helicases that remove
DNA bound proteins ahead of the fork, and topoisomerases that release torsion and topological
entanglements. In this setting, although initially counterintuitive, there are intrinsic regions across
the genome that promote fork stalling. These genome regions have a central role in genome stability;
however, how they function together with the replisome to promote genome stability is not completely
clear. In this review, we aimed at presenting our current understanding of how cells deal with some
of the replication obstacles present along the genome. We also intended to provide a clearer view of
why these obstacles are retained throughout evolution as they also carry inherent regulatory functions,
which we are starting to understand. Future studies are warranted to investigate the molecular function
of replication fork blockage and its effects in genome stability and instability. Such investigations at
the genome-wide level using multiple organisms may lead us to better understanding of the impact
of fork stalling on genome maintenance. They will also help us elucidate how DNA replication and
transcription processes are coordinated not only to preserve genome integrity but also to promote
genome evolution.
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The following abbreviations are used in this manuscript:
CBF3
CENP-A
CENP-B
CMG
DTR
FA
FPC
IR
LTR
MPS1
MR
RFB
RNA Pol II
RNA Pol III
RTS1
ssDNA
TAM
TAR
TTF-1
TTS

centromere binding factor 3
centromere protein-A
centromere protein-B DSB: Double strand break
Cdc45-MCM-GINS
direct tandem repeat
Fanconi Anemia
fork protection complex
inverted repeat
long terminal repeat
mat1 pausing site 1
mirror repeat
replication fork barrier
RNA polymerase II
RNA polymerase III
replication termination site 1
single-stranded DNA
transcription-associated mutagenesis
transcription-associated recombination
transcription termination factor-I
transcription termination site
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