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Abstract: Maintenance of the human chromosomes stability requires a tight regulation of DNA
replication to duplicate once and only once the entire genome of a single cell. In mammalians cells,
origin activation is controlled in space and time by a cell specific and robust program called
replication timing. About 100 000 of potential origins are loaded onto the chromatin at the G1 phase
but only 20-30% are selected and active during the replication of a given cell. When the replication
fork is slowed down by exogenous or endogenous sources, the cell need to activate more origins to
complete the replication on time. Thus, the large choice of origins that can be activated may be a key
player in the protection of the genome. The aim of this review is to discuss about the role of these
dormant origins as housekeepers of the human genome in response to replicative stress.
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1. Introduction: Eukaryotic origins and replication program

Because of their large genome, mammalian cells need thousands of replication forks, which are
initiated from replication origins, to fully ensure the duplication of their DNA on a definite time
before dividing. In human cells, this process is performed within about 10 hours and involves roughly
the activation of 30 000 replication origins. Replication origins spread on about 100kb of DNA form
a replicon cluster in which only one selected origin is going to be activated in normal condition.
Clustering of selected origins from several replicons can be visualized as DNA replication foci [1].
The sequential activation of potential origins within groups is thought to play a direct role in defining
the S-phase programme or replication program. At any given time of the S-phase, about 10% of
replicons are activated and replicate simultaneously [2]. In addition, the temporal activation of
origins in a specific region of the genome correlates with distinct pattern of replication sites as cells
progress from early to late S phase. This multi-layered system has been adopted by metazoans cells
to finely control the challenging goal to replicate the DNA in a limited time and to counteract
obstacles that replication forks can encounter.

1.1. Origin licensing

Complete and robust DNA duplication requires the loading of Minichromosome maintenance
(MCM2-7) helicase complex at many specific loci in the DNA that is named replication origins (ROs).
The step of origin licensing is restricted to G1 phase of the cell cycle.

A key initial step in origin licensing is the binding of Pre-Recognition complex (Pre-RC) starting
with the loading of origin recognition complex (ORC1-6) onto the chromatin. This ORC complex
marks all potential origins providing spatial control of origin position. In higher eukaryotes, ORC
binding sites has not been proven to be related to DNA sequence, in contrast to other organisms such
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as yeast and bacteria [3,4]. It is currently assumed that multiple factors can characterize an origin
such as CpG islands, G-quadruplexes, epigenetic marks, chromatin accessibility, sites of active
transcription, or secondary DNA structures [5-10]. This is the reason why it has been so difficult to
identify metazoan replication origins. ORCs are required for the chromatin loading of downstream
replication factors. From late mitosis to G1 phase, ORCs are recognized by loading factor Cdc6 thanks
to the interaction between Cdtl and MCM subunits, allowing the formation of the pre-RC. The last
step of licensing requires the loading of CDC45 and GINS on MCM2-7 to finally form the Pre-IC. This
complex need DDK and CDK activities for its activation at the G1/S transition, then the polymerases
and other replication factors are recruited to allow the origin firing (Figure 1).

Total MCMs level does not change throughout cell cycle but the amount of loaded MCMs is
increasing from telophase in mitosis to the end of the G1/S transition. The repression of MCM loading
during S phase and G2 ensures that re-replication of DNA does not occur. The inability to license
new origins after the onset of S phase is a challenge for the cell because it needs to fully replicate the
genome using its finite supply of licensed origins. Thus, the control of origin licensing is crucial to
avoid re-replication, which can lead to aneuploidy, double-strand break, gene amplification and
general genome instability [11-13]. On the other hand, un-replicated DNA due to double fork stalling
and/or lack of origins can also lead to genome rearrangement and instability if the checkpoint is
inactive or deficient [14-16].
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Figure 1: Scheme describing origin licensing and firing. In late mitosis, the first step
before licensing is the binding of ORC to the origin that will determine where the
replication fork can initiate. ORC complex binding to DNA is required for the
recruitment of the Cdc6 and Cdtl in G1. Both Cdc6 and Cdtl are necessary for the
subsequent association of the MCM2-7 helicases onto chromatin. The presence of two
Cdtl binding sites on ORC is consistent with cooperative loading of two MCMs
hexamers delivered by two Cdtl molecules. MCM2-7 double hexamers encircle double
stranded DNA and is able to slide along it but remains catalytically inactive until the
G1/S transition when it is phosphorylated by both Cdk and Cdc7 activities. Once the
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principal origin is fired, adjacent origins from the same replicon (flexible or dormant)
are repressed (red dotted lines) by unclear mechanism involving several protein kinases
(ATR, ATM, Chkl and Chk2). Excess of MCMs that are not initiated will be removed
by replication fork passing [17].

1.2. Spatial and temporal organization of replication origins

Eukaryotes origin usage is mainly dependant on two important and interdependent factors:
space and time. Replication origins fire at a defined timing that remains the same among cell
generations and is closely related to their spatial organization. Early replicating origins are mainly
observed in transcriptionally active gene-rich domains with active epigenetic marks [18-23]. These
chromosomal regions are enriched in potential origins with ORCs and MCMs, possibly explaining
why they replicate early in the S phase. Late replication is observed in origin-poor regions that have
low gene density and are enriched in heterochromatin hallmarks [23-26].

Several studies, that have compared replication timing (RT) and genome topology, have
suggested that replicons are clustered into large (~1 Mb) chromatin units, close to the estimated size
of replication foci, called replication domains, which are located at distinct areas of the nucleus during
G1 and replicate concomitantly [27-29]. Replication factories are organized in the 3D nuclear space,
with early replicating domains preferentially positioned inside the nucleus while late replicating
domains are located at the nuclear periphery (Figure 2B). This spatial organization of early and late
replicating domains can be observed by chromatin conformation mapping methods (Hi-C) [30,31].

There are several lines of evidence showing that nuclear matrix attachment step is necessary for
initiation events [32-36]. The internal nuclear matrix maintains chromosomes within their respective
territories and has been implicated in replication foci formation [37]. The organization of a replicon
in clusters might thus reflect chromatin looping to bring origin of different replicon to a unique
domain and exclude the flexible and/or dormant origins from this replication factory (Figure 2C).
Cohesin complex may be a key player in chromatin looping because it has been found to physically
interact with MCM2-7 complex and to be enriched at origin sites [38]. Replication domains are created
by topological reorganization of the chromatin in nuclear space. In metazoans, the association of
particular replication domains with sub-nuclear compartments will determine their replication
timing. The setting-up of this compartmentalization occurs at a specific time of the G1 phase and is
called the timing decision point (TDP) [39,40] (Figure 2).
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Figure 2: Spatial organization of origins and replication timing (inspired from Fragkos et al., 2015 [17]). In light
brown are represented nucleus structures: lamina and nuclear envelop. (A) Right after mitosis (early G1), pre-
RC proteins (in black) are loaded onto the chromatin and mark potential origins. Only after the timing decision
point (TDP), chromatin organization will define the replication timing of each replication domains. (B) At late
G1, early replicating domains (in green) are close to nucleus center whereas late replication domains (in red) are
located within lamina-associated domains, close to the nuclear periphery. (C) Active origins (in yellow) cluster
in replication factories and are associated to the nuclear matrix (NM) leaving inactive (dormant or flexible)
origins in DNA loops (in grey).

1.3. The different techniques allowing origin detection and identification

DNA fiber autoradiography provided the first quantitative assessment of origin densities in
metazoan genomes [41]. Nowadays, this time-consuming assay has been replaced with fiber
fluorography approaches (DNA combing or spreading), in which newly replicated DNA is
substituted with halogenated nucleotide derivatives, such as bromo-, chloro-, or iododeoxyuridine
(BrdU, CldU and 1dU) and is visualized by indirect immunofluorescence using specific antibodies
[42].

The use of next-generation DNA sequencing has led to the discovery of tens of thousands of
potential replication origins in the human genome. Many independent approaches have been used
and exploit the direct identification of DNA replication initiation intermediates. The first approach is
based on the purification and quantification of short nascent strands (SNS) DNA [20]. In this method,
1.5-2.5 kb nascent strands specific to replication origins are purified thanks to their resistance to A-
exonuclease digestion due to the incorporation, by the primase, of small RNA primers at their 5" ends

[43]. This step is important to have a complete digestion of the large excess of broken genomic DNA
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that would generate a background signal if not correctly removed. These genome-wide SNS-seq
studies have extended and consolidated earlier microarray hybridization data, consistently showing
that active origin sites often correlate with transcription start sites (TSS) and are located in GC-rich
regions, near CpG islands and G-quadruplex [18,19,44]. A second approach is based on the
sequencing of DNA replication bubbles [23]. Replication bubbles are formed as early intermediates
after establishment of the two divergent replication forks. To isolate such bubbles, replicating DNA
is fragmented by a restriction endonuclease and then embedded into agarose gel. Circular replication
bubbles are trapped topologically by the polymerising agarose fibres whereas linear DNA fragments
and Y-shaped replication forks are going out of the set gel [23]. Next-generation DNA sequencing of
these trapped bubbles (bubble-seq) has identified more than 100,000 origin sites in the human
genome. A third approach is using the sequencing of purified Okazaki fragments (OK-seq) for a
genome-wide determination of replication fork polarity enabling the mapping of initiation and
termination sites [45]. This analysis identified between 5000 and 10,000 broad initiation zones of up
to 150kb that are mostly non-transcribed, often flanked by active genes, and typically contain a single
but randomly located initiation event. Finally, a fourth method to identify metazoans replication
origins has been recently described in a paper from Langley et al., (2016) [46]. Initiation site sequencing
(ini-seq) consist in the direct labelling and subsequent immunoprecipitation of newly replicated
DNA, synthesised a few minutes after highly synchronous initiation in a cell-free system. The
biochemically controlled cell-free approach of ini-seq offers the important advantage to allow
functional genome-wide studies of origin activation. Overall, these methods are giving a large set of
new information on origins characteristics while being more and more accurate and complementary

between one another.

1.4. Origin competence, efficiency and dormancy

The replication initiation program of metazoan cells exhibits a remarkably large flexibility with
many origins that fire at disparate frequencies depending on cell lineage. MCMs and all the
components of the Pre-RC are loaded in excess onto the chromatin in G1 to give the flexibility of
choice. In addition to inter-lineage differences, origin flexibility is also observed within a cell
population [36,47].

Very few origins activate almost 100% of the time, they are called constitutive origins [48].
Origins that do not initiate replication in all cell cycles are called flexible origins and represent the
majority of origins. Both constitutive and flexible origins are detectable by whole genome analysis.
By contrast, dormant origins are not detectable in whole-genome analyses and might be activated
only if replication from adjacent origins is compromised. Origin choice may explain the observation
that inter-origin distances measured by whole-genome sequencing are shorter than those measured
by single-fibre analyses that gives information at single-cell level [49]. Whole-genome and single-
fibre analyses have proven that, in many metazoan loci, replication initiates randomly within clusters
of adjacent origins such that each cell within a population can uses different combinations of
replication origins. It was suggested that this flexibility might help to coordinate DNA replication
with transcription [50,51] and other nuclear processes, in a cell type-specific manner, and also to
facilitate recovery when replication is challenged. Both the flexibility in establishing replication
initiation sites and the lack of DNA consensus sequences raise the question of how nonspecific

chromatin interactions can lead to accurate initiation at consistent origins [52].
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The reason why some origins are activated preferentially to other is still unclear. There are
currently two theories to explain how origins are selected. The first theory relies on the idea that
origin choice occurs in G1, after the timing decision point, called origin decision point (ODP) that will
determine which origin will be activated during the replication [53]. Although chromosomal loops
and loop anchors are still poorly defined biochemically, for now we know that such chromosome
architecture plays a predominant role in the regulation of DNA replication origin localization and
activation [54]. The second theory is origin efficiency. It is an alternative model based on the stochastic
firing of origins that may also explain replication timing. This model assumes varying origin
efficiency instead of a strict origin-timing programme [55]. This difference of efficiency can first
depend on replication origin location in the nucleus, chromatin structure and its epigenetic marks

but also can be due to the amount of loaded MCM [4,56,57] and other pre-RC proteins.

2. Dormant origin activation in response to replicative stress

2.1 The notion of DNA replication stress

During DNA replication, the presence of endogenous or exogenous sources of stress causes
individual replication forks slowing or stalling. Exogenous sources are mainly induced by genotoxic
chemical agents and UV or ionic radiations. They can be many endogenous sources of stress, which
are considered as replication barriers such as repetitive sequences, secondary structures (i.e. G-
quadruplexes), telomeres, DNA-RNA hybrids, wrong incorporation of ribonucleotides, collisions
between replication and transcription complexes, hypo-acetylation and compaction of chromatin,
deregulation of origin activity or else reduction of the dNTP pool. Some region of the genome such
as early-replicating fragile sites (ERFSs) and common fragile sites (CFSs) are more prone to replicative
stress. Finally, overexpression or constitutive activation of oncogenes such as HRAS, c-Myc and
cyclin E is an emerging source of replication stress [58]. All three oncogenes promote increased
replication initiation or origin firing, leading to an elevated risk of nucleotide pools depletion and/or
increased collisions with transcription complexes [59,60]. This may explain why supplementing
cancer cells with exogenous nucleotides helps to decrease genomic instability [61].

The first consequence of replication stress is fork collapse, creating DNA single-strand (SSB)
and/or double-strand breaks (DSB). These lesions need to be resolved before cell division by repair
mechanisms such as homologous recombination (HR), Non-homologous end-joining (NHEH) or else
Micro-homology mediated end-joining (MME]J). In a non-pathological context, checkpoint pathways
(ATM and ATR signalling cascades) do not let the cell divide with an impaired genome. When some
proteins of the checkpoint are mutated, such as p53, cell can divide while harbouring DNA lesions
(breaks or un-replicated DNA) which leads to DNA breaks, chromosomal rearrangements and

genomic instability [62-65].
2.2 Dormant origins discovery and their link with replicative stress

In 1977, J. Herbert Taylor [66] described for the first time that cells license more origins than the
actual number of origin activated during the DNA replication process in CHO cells. Moreover,
several studies in a range of eukaryotes, including Saccharomyces cerevisiae, humans, and Xenopus
laevis, have demonstrated that Mcm2-7 complexes are loaded onto DNA in a large excess compared

to DNA-bound ORC molecules and over the number of active replication origins [67-72]. Later, it
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was observed in xenopus laevis [73] and in human cells that excess of Mcm2-7 provide a reservoir of
dormant origins that is unused under normal replication conditions, but get activated when
replication forks are challenged by replicative stress agents such as Aphidicolin or HU [74,75]. In
these papers, they prove that the reduction of MCM2-7 loading by small interfering RNA (siRNA)
leads to hypersensitivity to replication inhibitors due to the lack of dormant origins [74,75]. Moreover,
Ge et al. [74] demonstrate that Chkl activation is required for the firing of dormant origins within
active replication clusters as well as for the repression of other replicons that are not yet active. This
observation suggest the link between DNA damage response and dormant origin activation. Indeed,
in vertebrates, inactivation or depletion of different proteins involved in genome maintenance, such
as ATR [76,77], Chkl [78-80] [81], Weel [82,83], BLM [84], Claspin [85,86], BRCA2 or Rad51 [87],
elicits decrease in replication fork speed and, when studied, an increase in the rate of initiation events.

This underline a link between fork speed and the amount of active origins.
2.3 The density of active origins depends on replication fork speed

Under normal condition, dormant origins do not fire and are passively replicated by the fork
coming from adjacent activated origins. Thus, it makes sense to assume that replication fork speed
can be a regulator of active origin density. In the papers of Anglana et al., and Courbet et al., [54,88]
they used the AMPD?2 locus in Chinese hamster ovary (CHO) cells to prove that indeed replication
fork speed has a direct impact in the number of active origins. When the fork is slowed down by HU
treatment, the density of active origins increases, not only the principal origin is active but also the
adjacent ones, that normally are dormant. In contrast, under condition that accelerate fork speed
(addition of adenine and uridine in the culture medium), less origins are active. They further showed
that the cell starts to compensate the fork speed decrease within half an hour of treatment by setting
in motion dormant origins, which are then able to change their statute within S phase. They observed
that regulation of initiation events density occurs at the level of individual clusters, which is
consistent with the fact that origins are functionally organized in replicon clusters [89]. Finally, using
chemical inhibition of origin activity (CDC?7 kinase inhibitor) and of DNA synthesis (APH), a more
recent paper found that primary effects of replicative stress on fork rate can be distinguished from
primary effects of replicative stress on origin firing [90]. All things considered, these results prove
that the pattern of initiation depends on fork speed and thus is impacted by endogenous or

exogenous replicative stress.

2.4 CFSs fragility due to the lack of dormant origins

Common fragile sites (CFSs) are chromosomic regions that play a major role in cancer initiation
because of their specific instability under replication stress conditions. CFSs were first described in
1984 by Glover et al., [91] as gaps and constrictions in metaphase chromosomes of human lymphocytes
grown under mild replication stress conditions (low dose of APH). These observations have been then
confirmed in other organisms and are very likely to be the consequence of under-replication and/or
DNA breaks caused by replication stress [92,93].

CFSs have been described for a long time now, but the cause of their fragility is still controversial
[94,95]. It was first thought that CFSs fragility was linked to the multiple DNA sequences within CFS

able to adopt secondary structures such as AT-rich sequences which constitute barriers to replication
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forks [96-99]. However, the deletion of these sequences in some cancer cell lines does not avoid
breaks at these loci [100-102] and the appearance of fragile sites depends on the cell type, which
argues against a model where the DNA sequence would be the sole mechanism responsible for their
instability. Genome-wide analysis of replication and DNA combing experiments showed that CFSs
were localized in replication origin-poor regions of the genome [103,104]. This underlines the fact
that replication of these regions is based on the fork capacity to replicate DNA with multiple non-B
sequences over long distances, and their fragility is correlated with the absence of replication origin
firing even though replication is slowed down. Most CFSs correspond to long genes (>300 kb), which
might increase the risk of collision between transcription and replication machineries [105]. Although
it has been demonstrated lately that the transcription of large genes does not systematically dictate
CEFS fragility [106], other studies indicate that active large transcription units drive extreme locus-
and cell-type-specific genomic instability under replication stress, resulting in CFSs as different
manifestations of perturbed replication dynamics [107,108]. Currently, it is believed that CFSs result
from mitotic entry prior to the completion of replication in late-replicating regions [109,110], which
are demonstrated as origin-poor or dormant origins deficient regions [111]. Overall, replication
defects at fragile sites may be due to a low density of licensed origins or may reflect inefficient or

delayed activation of replication forks under replication stress.

3. Dormant origins regulation: passive or active mechanism?

3.1 Activation of dormant origins by a “passive” mechanism

It is currently not clear what drives the firing of dormant origins when forks are slowed down
or inhibited. One hypothesis could be that it does not involve an active mechanism but occurs as a
consequence of the stochastic nature of origin firing [11,74]. Dormant origins have a precise laps of
time to fire before being passively replicated, then inactivated, by forks from adjacent origins. When
fork progression is impeded, the replication at dormant origins is delayed and therefore they have
an increased probability to fire. The work described in Blow et al (2009) [111] uses a computer model
to show that such passive mechanism can lead to similar levels of dormant origin activation to those
seen in vivo, protecting thereby against the effects of fork stalling. This is managed essentially ‘for
free’, just relying on origin firing stochasticity and without any need for additional regulatory
pathways.

This simple mechanism can be sufficient to not require additional active pathways to activate
dormant origins when the cell undergoes replication stress. However, it is possible that dormant

origins are also, at least in part, regulated by active mechanisms.
3.2 Regulation of dormant origins by “active” mechanisms

3.2.1  ATR-Chk1 kinases as modulator of origin activation

The inhibition of replication forks activates DNA damage checkpoint kinases ATR-Chk1 and
ATM-Chk2, which play many different functions such as stabilizing the forks, to delay or block the
progression through the cell cycle, and promote lesion repair [112-114]. It is quite surprising that in

response to replication stresses, the cell can both activate dormant origins and suppress overall origin
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initiation. However, when replication forks are stalled, it only makes sense for dormant origins to be

activated in the vicinity of the stalled forks and not elsewhere in the genome.

In normal S phase, Chkl affects replication fork speeds by inhibiting excess origin firing
[16,80,115]. It has been proven that, in response to low levels of replication fork inhibition induced
by HU or APH, ATR and Chk1 preferentially inhibit the activation of new replication factories while
allowing dormant origins to fire within the existing factories experiencing replicative stress [116].
This redirects origin activation within active factories and away from un-replicated regions of the
genome, thereby avoiding the deleterious impact of replication fork stalling. The mechanism by
which this happens is unclear, but one possibility is that ATR and Chk1 modestly reduce S phase
Cdk levels, which has been shown to affect the level of active replication factories [117]. Alternatively,
Chk1 could directly regulate negatively the initiation process through an interaction with Treslin,
required for stabilizing Cdc45, GINS, MCM complex together with TOPBP1 [118-122]. Moreover, it
has been proven lately that ATR inhibitor not only targets origins firing but also reveals another
mechanism of origin regulation through a Cdc7-dependent association between GINS and And-1
[123]. Finally, a very recent paper showed that ATR-activation domain of TopBP1 was required to
suppress origin firing during the S Phase [124], supporting further the important role of ATR-Chk1

pathway in the regulation of origins activation.

3.2.2  MRC1/Claspin is a central regulator of origin firing under normal and stressed replication

During the normal DNA replication process of eukaryotes, Claspin/MRC1 is required for
efficient fork progression [85,86,125,126]. Claspin interacts with various replication factors including
ATR, Chkl, Cdc7 kinase, Cdc45, Tim, MCM4, MCM10, PCNA, DNA polymerases o, 5, &, and And-1
[127-130], suggesting its role at the replication forks to link the helicase components to the replicative
polymerases. A new role for Claspin has been described more lately in the initiation of DNA
replication during normal S phase through the recruitment of CDC7 kinase that facilitates
phosphorylation of MCM proteins [131]. Besides its checkpoint function, it has been recently
discovered that the loss of MRC1 checkpoint activity leads to aberrant activation of late or dormant
origins in the presence of replication inhibitors HU [132]. MRC1, with these two crucial functions,
can be placed at the heart of origin firing regulation: one regulating late/dormant origins through its
well-established checkpoint function and the other regulating early-firing origins through

checkpoint-independent mechanism [132].

3.2.3  Fanconi Anemia proteins in regulation of dormant origins

The role of the Fanconi Anemia (FA) pathway in DNA repair has been highly studied and a clear
model has emerged describing how FA proteins coordinate the convergence of multiple DNA repair
pathways, including homologous recombination (HR) and translesion synthesis (TLS), for the repair
of Interstrand Cross Link (ICL) [169-171]. However, treatment of cells with a low dose APH, robustly
activates the FA pathway, indicating a role of the FA proteins during DNA replication [172].

FANCIT has been recently shown to be involved in the regulation of dormant origin firing upon
low replication stress [173]. In this study, the authors provide evidence that this occurs through an

FA pathway-independent mechanism involving ATR phosphorylation of FANCI which is a negative
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regulator of dormant origin firing. Interestingly, the loss of FANCD?2 also resulted in reduced stalled
forks in the presence of low-dose of HU, which is likely due to increased origin firing to help alleviate
replication stress. The depletion of FANCD2 inhibits FANCI mono-ubiquitination and leads to an
increase in the number of active origins suggesting that the FA core complex (ubiquitin ligase
complex for FANCI and FANCD2 mono-ubiquitination) is probably not required for FANCI-
mediated origin firing during replication stress. Interestingly, only the loss of FANCD2, and not
members of the FA core complex, enhanced origin firing in a FANCI-dependent manner, suggesting
that FANCD2 binding to FANCI may be inhibitory for origin firing. This supports the notion that an
intermediary modification of FANCI preceding mono-ubiquitination could be the trigger for the

modulation of its role in dormant origins activation.

More recently, FANCD2 has been shown to facilitate replication through repeat-rich genomic
regions such as CFSs by ameliorating DNA:RNA hybrid accumulation and by influencing dormant
origin firing, even during unperturbed replication [174]. In absence of FANCD2, dormant origins are
activated at CFSs due to an increase of replication fork pausing. These results underline a role for
FANCD?2 in efficient replication origin firing. Because changes in origin usage can be attributed to
changes in chromatin looping [55,175], this role of FANCD?2 is possibly associated with changes of
chromatin looping and/or with the histone chaperone activity of FANCD2 [176].

3.2.4  RIF1 orchestrate origins and replication timing

RIF1 (Rapl-interacting factor 1) was first identified as a telomeric chromatin interacting protein
required for telomere length regulation in budding yeast via its interaction with Rap1 [133,134]. It
was later demonstrated that S. cerevisiae RIF1 impede activation of the DNA damage checkpoint
near telomeres [135,136] and affects telomere replication timing [137]. The RIF1 protein is
evolutionarily conserved, but in higher eukaryotes, it has been shown to play non-telomeric roles,
such as directing the DNA double-strand break repair pathway and DNA recombination [138-142].

More recently, studies have implicated the fission yeast and mammalian RIF1 in the regulation
of DNA replication genome-wide. Hayano and colleagues (2012) [143] showed that fission yeast RIF1
selectively bind not only to telomeres, but also specific regions of the genome, and may regulate the
choice and timing of origin firing throughout late replicating regions of chromosomes. Importantly,
in addition to activation of dormant/late origins, some active, early-firing origins are suppressed in
RIF1 deficient cells, indicating that RIF1 is not simply a repressor of origin activation, but rather a
critical determinant of the genome-wide origin activation program in fission yeast.

In the paper of Yamazaki et al., (2012) [144] they observed that the depletion of human RIF1 results
in specific loss of mid-S replication foci profiles, stimulation of initiation events in early- S-phase and
changes in long-range replication timing domain structures. Analyses of replication timing showed
that sequences normally replicating early are delayed, whereas that normally replicating late are
advanced, suggesting that replication timing regulation is abrogated without RIF1. Another
important finding is that RIF1 tightly binds to nuclear-insoluble structures at late mitosis to early G1
and regulates chromatin-loop sizes. Overall, their results indicate that RIF1 plays crucial roles in
determining the replication timing domain structures in human cells through regulating higher-order
chromatin architecture.

Very interestingly, in a paper from Kanoh et al, (2015) [145], they have identified a RIF1

consensus sequences in fission yeast that are G-quadruplex-like. These latest tend to be near dormant
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origins and the binding of RIF1 on these sites would allow their repression. These results suggest that
RIF1 recognizes and binds G-quadruplex-like structures generating local chromatin structures that
may exert long-range suppressive effects on origin firing.

In a more recent paper from Hariga et al., (2017) [146], they observe that RIF1 depletion leads not
only to an increase in origin spacing in normal S phase, but also to a reduction in the availability of
dormant origins following replication stress. One consequence of limiting the number of available
dormant origins is increased sensitivity to replication-inhibiting drugs, such as HU or APH. Overall,
increasing set of data suggest a role for RIF1 in the regulation of dormant origin availability in

response to replicative stress.

4. Dormant origins deficiency, genome stability and pathologies
4.1 MCM mutants and dormant origins in mice

Mcm2-7 genes are essential for DNA replication and homozygosity for a null allele of the
respective Mcm genes causes embryonic lethality [147-149]. Only hypomorphic alleles such as
Mcm4Chaos3 and Mcm?2!RES-CreERT2 can result in viable homozygous mice surviving until adulthood.
Mcm4haos3 encodes a Phe345lle mutation, which reduces the efficiency of MCM2-7 assembly but do
not leads to helicase activity defect in vitro [150]. Mcm2IRES-CreERT2 g]lele was engineered to express
tamoxifen-inducible form of Cre recombinase (CreERT2) that is inserted into the 3’-UTR of the
endogenous Mcm?2 locus. This modification might be responsible for 65% reduction of Mcm?2
expression compared to wild type cells [151].

Surprisingly, MEFs from Mcm4¢haos3 mice have also a reduced MCM7 protein level in addition
to MCM4 [152]. Moreover, SV40-immortalized homozygous Mcm4chaos3 display less stable
association of MCM2-7 at replication forks compared to wild type cells [153]. Finally, Mcm4Chaos3/Chaoss
MEFs exhibit about half reduction in chromatin bound MCM2-7 that causes a fewer ability to activate
dormant origins in response to treatment with low dose of Aphidicolin (APH) [148,150].

Subsequently, it was reported that mice containing one-third of the normal MCM2 level
succumbed to lymphomas at a very young age, and had diverse stem cell proliferation defects. These
mice also had 27% reduced levels of MCM?7 protein, and, even in the presence of hydroxyurea (HU),
cells exhibited decreased replication origin usage due to less dormant origins availability; proved by
DNA combing experiments [151,154].

Altogether, these two mouse models are close phenotypically: showing dormant origins
deficiency due to reduced level of loaded MCM onto the chromatin. This loss of dormant origins
results in an accumulation of stalled replication forks in unchallenged S phase. Furthermore, despite
the activation of multiple DNA repair pathways, a significant fraction of stalled forks persists into M
phase and interfere with chromosome segregation. Both phenotypes lead to improper chromosome
segregation and premature tumorigenesis, with several differences in the latency of the disease

development.
4.2 MCM mutants and dormant origins in stem/progenitor cells

Notwithstanding the fact that most Mcm2RESCreERT2 mjce develop tumours and that this is
generally the cause of their death, these mice showed a spectrum of additional hallmarks of ageing-

related dysfunction. One potential explanation for these additional phenotypes is that reduced Mcm?2
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expression has a general effect on proliferating cells within multiple tissues. A recent study from
Pruitt and colleagues [151], attempted to determine the effect of Mcm?2 deficiency on somatic stem cells
and proliferative progenitors. Even though they did not observe any effect on the rate at which
proliferative progenitors cycle, they showed an approximately three-fold reduction in the level of
neurogenesis within the Sub Ventricular Zone (SVZ) of Mcm2RES-CreERT2 mjce brain. They also
observed a reduced stem cell number in intestinal crypt and skeletal muscle with a modest increase
in DNA damage.

Similarly, neural stem cells progenitors derived from Mcm4chaos3/Chaos3 embryos show an increased
number of YH2AX and 53BP1 foci with accumulation in G2/M, leading to a reduced ability to form
neurospheres in vitro [155]. In Mcm4Chacs3/Chaos3 mice, the renewal of stem cells in the brain appears to
be normal but the ability to differentiate in intermediate progenitors is highly reduced due to an
increase of apoptotic cells in the sub-ventricular and intermediate zones.

These studies suggest that a full expression of MCM2-7 proteins is essential for stem/progenitor
cells function by reducing the risk of replication associated genome instability. Several recent studies
go in line with this idea. One first paper demonstrating that human embryonic stem cells, that have
a remarkably short G1 phase, display a very fast MCM loading rate compared to differentiated cells,
to reach similar total amount of loaded MCM at the G1/S transition [156]. A second paper showing
that, in mouse strain with hypomorphic expression of the origin licensing factor MCM3, limiting
origin licensing in vivo affects the functionality of hematopoietic stem cells and the differentiation of
rapidly-dividing erythrocyte precursors. These results indicate that hematopoietic progenitors are
particularly sensitive to replication stress, and full origin licensing ensures their correct
differentiation and functionality. This is the first demonstration that the rate of MCM loading is
crucial during organism development [149].

Intriguingly, aging hematopoietic stem cells suffer from replication stress even in wild type
mice. This must be because old stem cells have reduced expression of MCM2-7 resulting in reduce
amount of dormant origins and as a consequence more chromosome instability and cell cycle defects
[157].

4.3 The consequence of limited licensing and firing in humans

A set of human patient with growth delay, natural killer cell deficiency, adrenal insufficiency
and genome instability were shown to carry a mutation in Mcm4 gene resulting in a truncated form
of this protein with disruption in its N-terminal serine-threonine-rich domain [158-160]. This
truncated form of MCM4 does not impact MCM2-7 loading but patient’s SV40 fibroblasts exhibit a
high level of chromosome breakage, defect in cell cycle progression and cells are sensitized to low
dose of APH [159]. These findings indicate that the first 50 and 74 amino acids are not required for
MCM complex formation and the loading of MCM onto chromatin, at least in dermal fibroblast cell
lines. However, the higher rate of DNA breakage in patients’ leukocytes and dermal fibroblasts
suggests that the N-terminal domain of MCM4 is involved in DNA replication and, specifically, in
the maintenance of genome integrity during DNA replication. Further study need to be done to
elucidate the mechanism by which normal MCM4 ensure genome maintenance but one possibility is
the role of MCM4 phosphorylation in the checkpoint response knowing that although the eukaryotic
N-terminal domain is non-essential, it is involved in protein kinase regulation of cell cycle

progression [161].
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Meier-Gorlin syndrome (MGS) is an autosomal recessive primordial dwarfism syndrome
characterized by pre- and post-natal impaired growth. Although microcephaly is often evident,
intellect is usually normal in this syndrome. Several studies have reported marked locus
heterogeneity, and identified mutations in five separate genes from the pre-RC: Orcl, Orc4, Orc6,
Cdtl and Cdc6 [162,163]. Molecular and cellular phenotypes observed were impaired licensing,
altered S phase progression and proliferation defects that partially overlap with MCM mutations
except for chromosomal instability or an increased predisposition to cancer. Nonetheless, MGS
mutations (in Orcl and Orc6) can cause quite significant reduction in MCM loading and replication
origin licensing [162,164,165]. It can also happen that some MGS individuals have an increased risk
of cancer, but this has not become apparent in the clinical record.

The mice and human phenotypes caused by mutations in the licensing system underline the
limited understanding of what happens to cells when the DNA replication programme is
compromised. The threshold value for the limiting number of licensed origins that will activate the

licensing checkpoint is still not known neither whether this varies between cell types or not.

5. Dormant origins activation, chromatin loops and cellular memory
5.1 Changes to chromatin loops correlate with dormant origin activation

In addition to their discovery on replication fork speed and dormant origin activation, Courbet
et al., (2008) [54] also observed a strict correlation between replication fork speed during a given S
phase and chromatin loop size in the next G1 phase. For that, they used the fluorescent DNA halo
technique to estimate the average length of DNA loops in the G1/S transition nuclei combined with
FISH. When cells are permeabilized with detergent and depleted of soluble proteins by extraction
with high-salt buffers, supercoiled DNA loops unwind and form a halo around an insoluble scaffold
that can be visualized by fluorescence staining [166]. This technique has been first essential to
establish the link between chromatin loops and replicon size [167] and then to describe replicon
remodelling events in Xenopus [168].

Another experiment with DNA halo technique indicates that cohesin determines the size of
interphase chromatin loops and the absence of cohesin leads to an increase in chromatin loops due
to a limited origin usage observed measuring interfork distances by DNA spreading [38]. These
results imply that the presence of cohesin at origins modulates their activity, providing a novel link
between the DNA replication and cohesion machineries, which is independent from the reported
effect of cohesin acetylation on fork progression [169].

Chromatin loop sizes increase in RIF1-depleted cells, indicating that RIF1 is required for correct
chromatin loop formation [144]. The strong association of RIF1 with nuclear-insoluble structures
suggests a possibility that RIF1 may be a crucial factor for generating higher-order chromatin

architecture including special organization of chromatin loops.
5.2 Long term adaptation of origin usage

Besides the direct correlation between origin activation and chromatin loops, Courbet et al.,
(2008) also proved that origins located near the sites of anchorage of chromatin loops are
preferentially activated in the S phase of the following cell generation. This is a key observation

proving that, in addition to the rapid response of origin activation, cells also respond to changes in
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fork dynamics by adapting origin usage in the next cell cycles. It appears that cells can adapt to grow
under condition of fork slowing by increasing the efficiency of some origins that are usually dormant
in normal growth condition.

To explain mechanistically this phenomenon, we can assume a role of epigenetic marks that are
known to be modified in response to developmental and environmental stimuli and to play an
important role in cellular memory [170-172]. Moreover, many models in plants and other eukaryotes
predict that strong positive feedback chromatin loops are necessary and sufficient for spreading of
histone modifications and histone-based epigenetic long-term memory but this mechanism remains

to be proven in human cells [173-176].

6. Conclusion

Dormant origins are now recognized as a major safeguard against under-replication allowing
genome maintenance. Activation of dormant origins plays a central role in the rescue of stalled forks
in the context of replicative stress, contributing to complete DNA replication. The functional interplay
between dormant origins and other mechanisms (such as translesion synthesis and homology-
mediated fork restart) is largely unknown even though some link with DNA damage checkpoint or
Fanconi Anemia pathways is becoming more and more obvious. However, pathway choice between
dormant origins and these mechanisms in response to fork-stalling still remains to be investigated.

The molecular details of how replication factories and replicon clusters are activated remain
obscure, but knowing that factory activation is regulated by both CDKs and CHK1 might help to
tackle this problem. RIF1 protein might be the most interesting actor in this molecular process
knowing that it is present both at the replication fork and replication origins where it plays a role in
DNA damage response as well as replication timing regulation. Perhaps most exciting is the prospect
that the regulation of dormant origins could be different in cancer cells. Indeed, proteins of the MCM
complex are often misregulated at the early stage of cancer [11,177,178] and a recent paper from
Zimmerman et al. [141] show that tumour cells are more sensitive to replicative stress when they have
a reduced origin licensing capacity. On the other hand, MCM hypomorphic mice show the potential
importance of dormant origins, but it remains to be determined whether spontaneous cancers show
similar defects and whether this information can be used to direct anti-cancer treatment more

precisely.
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Figure 3: Summary diagram showing the importance of dormant origin activation in response to replicative stress.
During normal replication, only the principal origin is activated. If there is no replicative stress, this principal origin
will also be activated in the next S phase. Under low replicative stress, adjacent or dormant origins fire to compensate
fork slowing and to allow the complete replication on time. Many proteins (ATR/Chkl, Mrcl/Claspin,
FANCI/FANCD?2, RIF1) are thought to be involved in the activation of dormant origins under replicative stress. RIF1
and Cohesin are two good candidates to explain this mechanism. Finally, when cells have a low origins reservoir or
dormant origin deficiency, the addition of replicative stress leads inevitably to fork stalling, DNA breaks and genomic

instability that give an open window for tumorigenesis.
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53BP1: p53 binding protein 1

APH: aphidicolin

ATM: ataxia telangiectasia mutated

ATR: ataxia telangiectasia and Rad3-related protein
BLM: bloom syndrome RecQ like helicase
BRCA2: breast cancer 2

BrdU: bromodeoxyuridine

Cdc45: Cell division cycle protein 45
Cdc6/7: cell division cycle 6/7

CDK: cyclin-dependent kinase

Cdtl: Chromatin licensing and DNA replication factor 1
CFS: common fragile site

Chk1: checkpoint kinase 1

Chk2: checkpoint kinase 2

CHO: Chinese hamster ovary

CIdU: chlorodeoxyuridine

c-Myc: Myelocytomatosis

DDK: Dbf4-dependent kinase

DNA: deoxyribonucleic acid

dNTP: deoxyribonucleotides

ERFS: early-replicating fragile site

FANCI/D2: Fanconi Anemia Complementation Group 1/D2
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FISH : fluorescence in situ hybridization
GINS: go-ichi-ni-san
HR: homologous recombination
HRAS: Harvey Rat Sarcoma
HU: hydroxyurea
ICL: interstrand cross link
IdU: iododeoxyuridine
MCM: minichromosome maintenance
MGS: Meier-Glorin syndrome
MMEJ: micro-homology mediated end-joining
MRC1: Mannose Receptor C-Type 1
NHE]: non-homologous end-joining
ODP: origin decision point
ORC: origin recognition complex
PCNA: proliferating cell nuclear antigen
Pre-IC: pre-initiation complex
Pre-RC: pre-recognition complex
RIF1: Rapl-interacting factor 1
RNA: ribonucleic acid
RO: replication origin
SNS : short nascent strand
SVZ: sub ventricular zone
TDP: timing decision point
TOPBP1: topoisomerase 2-binding protein 1
TSS: transcription start sites

UV: ultraviolet

References


http://dx.doi.org/10.20944/preprints201809.0440.v1
http://dx.doi.org/10.3390/ijms19113569

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 September 2018 d0i:10.20944/preprints201809.0440.v1

18 of 31

1. Berezney, R.; Dubey, D. D.; Huberman, J. A. Heterogeneity of eukaryotic replicons,
replicon clusters, and replication foci. Chromosoma 2000, 108, 471-484,
doi:10.1007/s004120050399.

2. Léb, D.; Lengert, N.; Chagin, V. O.; Reinhart, M.; Casas-Delucchi, C. S.; Cardoso, M.
C.; Drossel, B. 3D replicon distributions arise from stochastic initiation and domino-
like DNA replication progression. Nature Communications 2016, 7, 11207,
doi:10.1038/ncomms11207.

3. Hyrien, O. Peaks cloaked in the mist: The landscape of mammalian replication
origins. J Cell Biol 2015, 208, 147-160, doi:10.1083/jcb.201407004.

4, Hyrien, O. How MCM loading and spreading specify eukaryotic DNA replication
initiation sites. FI000Res 2016, 5, doi:10.12688/f1000research.9008.1.

5. Karnani, N.; Taylor, C. M.; Malhotra, A.; Dutta, A. Genomic Study of Replication
Initiation in Human Chromosomes Reveals the Influence of Transcription Regulation
and Chromatin Structure on Origin Selection. Mol. Biol. Cell 2010, 21, 393-404,
d0i:10.1091/mbc.E09-08-0707.

6. Méchali, M.; Yoshida, K.; Coulombe, P.; Pasero, P. Genetic and epigenetic
determinants of DNA replication origins, position and activation. Current Opinion in
Genetics & Development 2013, 23, 124-131, doi:10.1016/j.gde.2013.02.010.

7. Martin, M. M.; Ryan, M.; Kim, R.; Zakas, A. L.; Fu, H.; Lin, C. M.; Reinhold, W. C.;
Davis, S. R.; Bilke, S.; Liu, H.; Doroshow, J. H.; Reimers, M. A.; Valenzuela, M. S.;
Pommier, Y.; Meltzer, P. S.; Aladjem, M. |. Genome-wide depletion of replication
initiation events in highly transcribed regions. Genome Res. 2011, 21, 1822-1832,
doi:10.1101/gr.124644.111.

8. Bartholdy, B.; Mukhopadhyay, R.; Lajugie, J.; Aladjem, M. |.; Bouhassira, E. E. Allele-
specific analysis of DNA replication origins in mammalian cells. Nature
Communications 2015, 6, 7051, doi:10.1038/ncomms8051.

9. Besnard, E.; Babled, A.; Lapasset, L.; Milhavet, O.; Parrinello, H.; Dantec, C.; Marin,
J.-M.; Lemaitre, J.-M. Unraveling cell type—specific and reprogrammable human
replication origin signatures associated with G-quadruplex consensus motifs. Nature
Structural & Molecular Biology 2012, 19, 837—-844, doi:10.1038/nsmb.2339.

10. Cayrou, C.; Ballester, B.; Peiffer, I.; Fenouil, R.; Coulombe, P.; Andrau, J.-C.; Helden,
J. van; Méchali, M. The chromatin environment shapes DNA replication origin
organization and defines origin classes. Genome Res. 2015, 25, 1873—-1885,
d0i:10.1101/gr.192799.115.

11. Blow, J. J.; Ge, X. Q. Replication forks, chromatin loops and dormant replication
origins. Genome Biology 2008, 9, 244, doi:10.1186/gb-2008-9-12-244.

12. Mufoz, S.; Bua, S.; Rodriguez-Acebes, S.; Megias, D.; Ortega, S.; de Martino, A;
Méndez, J. In Vivo DNA Re-replication Elicits Lethal Tissue Dysplasias. Cell Reports
2017, 19,928-938, doi:10.1016/j.celrep.2017.04.032.

13. Neelsen, K. J.; Zanini, I. M. Y.; Mijic, S.; Herrador, R.; Zellweger, R.; Chaudhuri, A. R.;
Creavin, K. D.; Blow, J. J.; Lopes, M. Deregulated origin licensing leads to
chromosomal breaks by rereplication of a gapped DNA template. Genes Dev. 2013,
27,2537-2542, doi:10.1101/gad.226373.113.


http://dx.doi.org/10.20944/preprints201809.0440.v1
http://dx.doi.org/10.3390/ijms19113569

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 September 2018 d0i:10.20944/preprints201809.0440.v1

19 of 31

14. Lukas, C.; Savic, V.; Bekker-Jensen, S.; Doil, C.; Neumann, B.; Pedersen, R. S.; Grgfte,
M.; Chan, K. L.; Hickson, I. D.; Bartek, J.; Lukas, J. 53BP1 nuclear bodies form around
DNA lesions generated by mitotic transmission of chromosomes under replication
stress. Nature Cell Biology 2011, 13, 243, d0i:10.1038/ncb2201.

15. Moreno, A.; Carrington, J. T.; Albergante, L.; Al Mamun, M.; Haagensen, E. J.;
Komseli, E.-S.; Gorgoulis, V. G.; Newman, T. J.; Blow, J. J. Unreplicated DNA
remaining from unperturbed S phases passes through mitosis for resolution in
daughter cells. Proc Nat! Acad Sci U S A 2016, 113, E5757-E5764,
doi:10.1073/pnas.1603252113.

16. Syljudsen, R. G.; Sgrensen, C. S.; Hansen, L. T.; Fugger, K.; Lundin, C.; Johansson, F.;
Helleday, T.; Sehested, M.; Lukas, J.; Bartek, J. Inhibition of Human Chk1 Causes
Increased Initiation of DNA Replication, Phosphorylation of ATR Targets, and DNA
Breakage. Mol. Cell. Biol. 2005, 25, 3553-3562, d0i:10.1128/MCB.25.9.3553-
3562.2005.

17. Fragkos, M.; Ganier, O.; Coulombe, P.; Méchali, M. DNA replication origin activation
in space and time. Nature Reviews Molecular Cell Biology 2015, 16, 360-374,
d0i:10.1038/nrm4002.

18. Sequeira-Mendes, J.; Diaz-Uriarte, R.; Apedaile, A.; Huntley, D.; Brockdorff, N.;
Gdémez, M. Transcription Initiation Activity Sets Replication Origin Efficiency in
Mammalian Cells. PLOS Genetics 2009, 5, e1000446,
doi:10.1371/journal.pgen.1000446.

19. Cadoret, J.-C.; Meisch, F.; Hassan-Zadeh, V.; Luyten, I.; Guillet, C.; Duret, L.;
Quesneville, H.; Prioleau, M.-N. Genome-wide studies highlight indirect links
between human replication origins and gene regulation. PNAS 2008, 105, 15837—-
15842, doi:10.1073/pnas.0805208105.

20. Prioleau, M.-N.; MacAlpine, D. M. DNA replication origins—where do we begin?
Genes Dev. 2016, 30, 1683—-1697, doi:10.1101/gad.285114.116.

21. Sugimoto, N.; Maehara, K.; Yoshida, K.; Ohkawa, Y.; Fujita, M. Genome-wide
analysis of the spatiotemporal regulation of firing and dormant replication origins in
human cells. Nucleic Acids Res 2018, doi:10.1093/nar/gky476.

22.  Lucas, |.; Palakodeti, A.; Jiang, Y.; Young, D. J.; Jiang, N.; Fernald, A. A.; Beau, M. M.
L. High-throughput mapping of origins of replication in human cells. EMBO reports
2007, 8, 770-777, d0i:10.1038/sj.embor.7401026.

23. Mesner, L. D.; Valsakumar, V.; Cieslik, M.; Pickin, R.; Hamlin, J. L.; Bekiranov, S.
Bubble-seq analysis of the human genome reveals distinct chromatin-mediated
mechanisms for regulating early- and late-firing origins. Genome Res. 2013, 23,
1774-1788, doi:10.1101/gr.155218.113.

24. Smith, O. K.; Kim, R.; Fu, H.; Martin, M. M.; Lin, C. M.; Utani, K.; Zhang, Y.; Marks, A.
B.; Lalande, M.; Chamberlain, S.; Libbrecht, M. W.; Bouhassira, E. E.; Ryan, M. C.;
Noble, W. S.; Aladjem, M. I. Distinct epigenetic features of differentiation-regulated
replication origins. Epigenetics & Chromatin 2016, 9, 18, doi:10.1186/s13072-016-
0067-3.


http://dx.doi.org/10.20944/preprints201809.0440.v1
http://dx.doi.org/10.3390/ijms19113569

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 September 2018 d0i:10.20944/preprints201809.0440.v1

20 of 31

25.  Suzuki, M.; Oda, M.; Ramos, M.-P.; Pascual, M.; Lau, K.; Stasiek, E.; Agyiri, F.;
Thompson, R. F.; Glass, J. L.; Jing, Q.; Sandstrom, R.; Fazzari, M. J.; Hansen, R. S.;
Stamatoyannopoulos, J. A.; McLellan, A. S.; Greally, J. M. Late-replicating
heterochromatin is characterized by decreased cytosine methylation in the human
genome. Genome Res 2011, 21, 1833-1840, doi:10.1101/gr.116509.110.

26. Casas-Delucchi, C.S.; Bemmel, V.; G, J.; Haase, S.; Herce, H. D.; Nowak, D.;
Meilinger, D.; Stear, J. H.; Leonhardt, H.; Cardoso, M. C. Histone hypoacetylation is
required to maintain late replication timing of constitutive heterochromatin. Nucleic
Acids Res 2012, 40, 159-169, doi:10.1093/nar/gkr723.

27. Pope, B. D.; Ryba, T.; Dileep, V.; Yue, F.; Wu, W.; Denas, O.; Vera, D. L.; Wang, Y.;
Hansen, R. S.; Canfield, T. K.; Thurman, R. E.; Cheng, Y.; Glilsoy, G.; Dennis, J. H.;
Snyder, M. P.; Stamatoyannopoulos, J. A.; Taylor, J.; Hardison, R. C.; Kahveci, T.;
Ren, B.; Gilbert, D. M. Topologically associating domains are stable units of
replication-timing regulation. Nature 2014, 515, 402, doi:10.1038/nature13986.

28. Takebayashi, S.; Ogata, M.; Okumura, K. Anatomy of Mammalian Replication
Domains. Genes (Basel) 2017, 8, doi:10.3390/genes8040110.

29. Boulos, R. E.; Drillon, G.; Argoul, F.; Arneodo, A.; Audit, B. Structural organization of
human replication timing domains. FEBS Letters 2015, 589, 2944-2957,
do0i:10.1016/j.febslet.2015.04.015.

30. Rivera-Mulia, J. C.; Gilbert, D. M. Replication timing and transcriptional control:
beyond cause and effect—part Ill. Current Opinion in Cell Biology 2016, 40, 168—
178, d0i:10.1016/j.ceb.2016.03.022.

31. Ryba, T.; Hiratani, I.; Lu, J.; Itoh, M.; Kulik, M.; Zhang, J.; Schulz, T. C.; Robins, A. J.;
Dalton, S.; Gilbert, D. M. Evolutionarily conserved replication timing profiles predict
long-range chromatin interactions and distinguish closely related cell types.
Genome Res 2010, 20, 761-770, doi:10.1101/gr.099655.109.

32. Anachkova, B.; Djeliova, V.; Russev, G. Nuclear matrix support of DNA replication.
Journal of Cellular Biochemistry 96, 951-961, doi:10.1002/jcb.20610.

33.  Wilson, R. H. C.; Coverley, D. Relationship between DNA replication and the nuclear
matrix. Genes to Cells 18, 17-31, d0i:10.1111/gtc.12010.

34. Djeliova, V.; Russev, G.; Anachkova, B. Dynamics of association of origins of DNA
replication with the nuclear matrix during the cell cycle. Nucleic Acids Res 2001, 29,
3181-3187.

35. Radichey, |.; Parashkevova, A.; Anachkova, B. Initiation of DNA replication at a
nuclear matrix-attached chromatin fraction. Journal of Cellular Physiology 203, 71—
77, d0i:10.1002/jcp.20203.

36. Debatisse, Mi.; Toledo, F.; Anglana, M. Replication Initiation In Mammalian Cells:
Changing Preferences. Cell Cycle 2004, 3, 18-20, doi:10.4161/cc.3.1.628.

37. Wilson, R. H. C.; Coverley, D. Relationship between DNA replication and the nuclear
matrix. Genes Cells 2013, 18, 17-31, doi:10.1111/gtc.12010.

38. Guillou, E.; Ibarra, A.; Coulon, V.; Casado-Vela, J.; Rico, D.; Casal, I.; Schwob, E.;
Losada, A.; Méndez, J. Cohesin organizes chromatin loops at DNA replication
factories. Genes Dev. 2010, 24, 2812-2822, doi:10.1101/gad.608210.


http://dx.doi.org/10.20944/preprints201809.0440.v1
http://dx.doi.org/10.3390/ijms19113569

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 September 2018 d0i:10.20944/preprints201809.0440.v1

21 of 31

39. Dimitrova, D. S.; Berezney, R. The spatio-temporal organization of DNA replication
sites is identical in primary, immortalized and transformed mammalian cells. Journal
of Cell Science 2002, 115, 4037-4051, doi:10.1242/jcs.00087.

40. Gilbert, D. M. Cell fate transitions and the replication timing decision point. The
Journal of Cell Biology 2010, 191, 899—903, doi:10.1083/jcb.201007125.

41. Cairns, J. The bacterial chromosome and its manner of replication as seen by
autoradiography. J. Mol. Biol. 1963, 6, 208-213.

42. Jackson, D. A.; Pombo, A. Replicon Clusters Are Stable Units of Chromosome
Structure: Evidence That Nuclear Organization Contributes to the Efficient
Activation and Propagation of S Phase in Human Cells. The Journal of Cell Biology
1998, 140, 1285-1295, doi:10.1083/jcb.140.6.1285.

43. Bielinsky, A. K.; Gerbi, S. A. Discrete start sites for DNA synthesis in the yeast ARS1
origin. Science 1998, 279, 95-98.

44. Cayrou, C.; Coulombe, P.; Puy, A,; Rialle, S.; Kaplan, N.; Segal, E.; Méchali, M. New
insights into replication origin characteristics in metazoans. Cell Cycle 2012, 11,
658-667, d0i:10.4161/cc.11.4.19097.

45.  Petryk, N.; Kahli, M.; d’Aubenton-Carafa, Y.; Jaszczyszyn, Y.; Shen, Y.; Silvain, M.;
Thermes, C.; Chen, C.-L.; Hyrien, O. Replication landscape of the human genome.
Nature Communications 2016, 7, 10208, doi:10.1038/ncomms10208.

46. Langley, A. R.; Graf, S.; Smith, J. C.; Krude, T. Genome-wide identification and
characterisation of human DNA replication origins by initiation site sequencing (ini-
seq). Nucleic Acids Res 2016, 44, 10230-10247, doi:10.1093/nar/gkw760.

47. Cayrou, C.; Coulombe, P.; Vigneron, A.; Stanojcic, S.; Ganier, O.; Peiffer, I.; Rivals, E.;
Puy, A.; Laurent-Chabalier, S.; Desprat, R.; Méchali, M. Genome-scale analysis of
metazoan replication origins reveals their organization in specific but flexible sites
defined by conserved features. Genome Res. 2011, 21, 1438-1449,
doi:10.1101/gr.121830.111.

48. Méchali, M. Eukaryotic DNA replication origins: many choices for appropriate
answers. Nature Reviews Molecular Cell Biology 2010, 11, 728-738,
do0i:10.1038/nrm2976.

49. Lebofsky, R.; Heilig, R.; Sonnleitner, M.; Weissenbach, J.; Bensimon, A.; Matera, A.
G. DNA Replication Origin Interference Increases the Spacing between Initiation
Events in Human Cells. MBoC 2006, 17, 5337-5345, doi:10.1091/mbc.e06-04-0298.

50. Loéoke, M.; Reimand, J.; Sedman, T.; Sedman, J.; Jarvinen, L.; Varv, S.; Peil, K.;
Kristjuhan, K.; Vilo, J.; Kristjuhan, A. Relicensing of Transcriptionally Inactivated
Replication Origins in Budding Yeast. J Biol Chem 2010, 285, 40004-40011,
d0i:10.1074/jbc.M110.148924.

51. Glover, T. W.; Wilson, T. E.; Arlt, M. F. Fragile sites in cancer: more than meets the
eye. Nature Reviews Cancer 2017, 17, 489-501, doi:10.1038/nrc.2017.52.

52. Aladjem, M. |.; Redon, C. E. Order from clutter: selective interactions at mammalian
replication origins. Nature Reviews Genetics 2017, 18, 101-116,
doi:10.1038/nrg.2016.141.


http://dx.doi.org/10.20944/preprints201809.0440.v1
http://dx.doi.org/10.3390/ijms19113569

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 September 2018 d0i:10.20944/preprints201809.0440.v1

22 of 31

53.  Wu, J. R;; Gilbert, D. M. The replication origin decision point is a mitogen-
independent, 2-aminopurine-sensitive, G1-phase event that precedes restriction
point control. Mol Cell Biol 1997, 17, 4312—-4321.

54. Courbet, S.; Gay, S.; Arnoult, N.; Wronka, G.; Anglana, M.; Brison, O.; Debatisse, M.
Replication fork movement sets chromatin loop size and origin choice in
mammalian cells. Nature 2008, 455, 557-560, doi:10.1038/nature07233.

55.  Rhind, N. DNA replication timing: random thoughts about origin firing Available
online: https://www-nature-com.gate2.inist.fr/articles/ncb1206-1313 (accessed on
Feb 12, 2018).

56. Das, S. P.; Rhind, N. How and Why Multiple MCMs are Loaded at Origins of DNA
Replication. Bioessays 2016, 38, 613—617, doi:10.1002/bies.201600012.

57. Das, M.; Singh, S.; Pradhan, S.; Narayan, G. MCM Paradox: Abundance of Eukaryotic
Replicative Helicases and Genomic Integrity. Mol Biol Int 2014, 2014,
doi:10.1155/2014/574850.

58. Halazonetis, T. D.; Gorgoulis, V. G.; Bartek, J. An Oncogene-Induced DNA Damage
Model for Cancer Development. Science 2008, 319, 1352—-1355,
doi:10.1126/science.1140735.

59. Bester, A. C.; Roniger, M.; Oren, Y. S.; Im, M. M.; Sarni, D.; Chaoat, M.; Bensimon, A;
Zamir, G.; Shewach, D. S.; Kerem, B. Nucleotide Deficiency Promotes Genomic
Instability in Early Stages of Cancer Development. Cell 2011, 145, 435-446,
doi:10.1016/j.cell.2011.03.044.

60. Jones, R. M.; Mortusewicz, O.; Afzal, |.; Lorvellec, M.; Garcia, P.; Helleday, T.;
Petermann, E. Increased replication initiation and conflicts with transcription
underlie Cyclin E-induced replication stress. Oncogene 2013, 32, 3744-3753,
doi:10.1038/0nc.2012.387.

61. Burrell, R. A.; McClelland, S. E.; Endesfelder, D.; Groth, P.; Weller, M.-C.; Shaikh, N.;
Domingo, E.; Kanu, N.; Dewhurst, S. M.; Gronroos, E.; Chew, S. K.; Rowan, A. J,;
Schenk, A.; Sheffer, M.; Howell, M.; Kschischo, M.; Behrens, A.; Helleday, T.; Bartek,
J.; Tomlinson, I. P.; Swanton, C. Replication stress links structural and numerical
cancer chromosomal instability. Nature 2013, 494, 492-496,
doi:10.1038/nature11935.

62. Visconti, R.; Della Monica, R.; Grieco, D. Cell cycle checkpoint in cancer: a
therapeutically targetable double-edged sword. J Exp Clin Cancer Res 2016, 35,
d0i:10.1186/s13046-016-0433-9.

63. Samassekou, O.; Bastien, N.; Lichtensztejn, D.; Yan, J.; Mai, S.; Drouin, R. Different
TP53 mutations are associated with specific chromosomal rearrangements,
telomere length changes, and remodeling of the nuclear architecture of telomeres.
Genes, Chromosomes and Cancer 2014, 53, 934-950, doi:10.1002/gcc.22205.

64. Liu, C; Li, B.; Li, L.; Zhang, H.; Chen, Y.; Cui, X.; Hu, J.; Jiang, J.; Qi, Y.; Li, F.
Correlations of telomere length, P53 mutation, and chromosomal translocation in
soft tissue sarcomas. Int J Clin Exp Pathol 2015, 8, 5666—5673.

65. Hanel, W.; Moll, U. M. Links Between Mutant p53 and Genomic Instability. J Cell
Biochem 2012, 113, 433-439, doi:10.1002/jcb.23400.


http://dx.doi.org/10.20944/preprints201809.0440.v1
http://dx.doi.org/10.3390/ijms19113569

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 September 2018 d0i:10.20944/preprints201809.0440.v1

23 of 31

66. Taylor, J. H. Increase in DNA replication sites in cells held at the beginning of S
phase. Chromosoma 1977, 62, 291-300.

67. Burkhart, R.; Schulte, D.; Hu, B.; Musahl, C.; Gohring, F.; Knippers, R. Interactions of
Human Nuclear Proteins P1Mcm3 and P1Cdc46. European Journal of Biochemistry
1995, 228, 431-438, d0i:10.1111/j.1432-1033.1995.0431n.x.

68. Lei, M.; Kawasaki, Y.; Tye, B. K. Physical interactions among Mcm proteins and
effects of Mcm dosage on DNA replication in Saccharomyces cerevisiae. Mol Cell
Biol 1996, 16, 5081-5090.

69. Rowles, A.; Chong, J. P. J.; Brown, L.; Howell, M.; Evan, G. |.; Blow, J. J. Interaction
between the Origin Recognition Complex and the Replication Licensing Systemin
Xenopus. Cell 1996, 87, 287-296, doi:10.1016/50092-8674(00)81346-X.

70. Donovan, S.; Harwood, J.; Drury, L. S.; Diffley, J. F. X. Cdc6p-dependent loading of
Mcm proteins onto pre-replicative chromatin in budding yeast. Proc Natl Acad Sci U
SA 1997, 94, 5611-5616.

71. Mahbubani, H. M.; Chong, J. P. J.; Chevalier, S.; Thdommes, P.; Blow, J. J. Cell Cycle
Regulation of the Replication Licensing System: Involvement of a Cdk-dependent
Inhibitor. J Cell Biol 1997, 136, 125-135.

72. Edwards, M. C.; Tutter, A. V.; Cvetic, C.; Gilbert, C. H.; Prokhorova, T. A.; Walter, J. C.
MCM2-7 Complexes Bind Chromatin in a Distributed Pattern Surrounding the Origin
Recognition Complex inXenopus Egg Extracts. J. Biol. Chem. 2002, 277, 33049—
33057, doi:10.1074/jbc.M204438200.

73. Woodward, A. M.; Gohler, T.; Luciani, M. G.; Oehlmann, M.; Ge, X.; Gartner, A.;
Jackson, D. A.; Blow, J. J. Excess Mcm2—-7 license dormant origins of replication that
can be used under conditions of replicative stress. J Cell Biol 2006, 173, 673—683,
d0i:10.1083/jcb.200602108.

74. Ge, X. Q.; Jackson, D. A.,; Blow, J. J. Dormant origins licensed by excess Mcm2-7 are
required for human cells to survive replicative stress. Genes Dev 2007, 21, 3331-
3341, doi:10.1101/gad.457807.

75. lIbarra, A.; Schwob, E.; Méndez, J. Excess MCM proteins protect human cells from
replicative stress by licensing backup origins of replication. Proc Natl Acad Sci U S A
2008, 105, 8956—8961, doi:10.1073/pnas.0803978105.

76.  Koundrioukoff, S.; Carignon, S.; Técher, H.; Letessier, A.; Brison, O.; Debatisse, M.
Stepwise Activation of the ATR Signaling Pathway upon Increasing Replication Stress
Impacts Fragile Site Integrity. PLoS Genet 2013, 9,
doi:10.1371/journal.pgen.1003643.

77. Shechter, D.; Gautier, J. MCM proteins and checkpoint kinases get together at the
fork. Proc Natl Acad Sci U S A 2004, 101, 10845-10846,
doi:10.1073/pnas.0404143101.

78. Katsuno, Y.; Suzuki, A.; Sugimura, K.; Okumura, K.; Zineldeen, D. H.; Shimada, M.;
Niida, H.; Mizuno, T.; Hanaoka, F.; Nakanishi, M. Cyclin A—Cdk1 regulates the origin
firing program in mammalian cells. Proc Nat/ Acad Sci U S A 2009, 106, 3184-3189,
do0i:10.1073/pnas.0809350106.


http://dx.doi.org/10.20944/preprints201809.0440.v1
http://dx.doi.org/10.3390/ijms19113569

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 September 2018 d0i:10.20944/preprints201809.0440.v1

24 of 31

79. Maya-Mendoza, A.; Petermann, E.; Gillespie, D. A.; Caldecott, K. W.; Jackson, D. A.
Chk1 regulates the density of active replication origins during the vertebrate S
phase. The EMBO Journal 2007, 26, 2719-2731, doi:10.1038/sj.emboj.7601714.

80. Petermann, E.; Woodcock, M.; Helleday, T. Chkl promotes replication fork
progression by controlling replication initiation. Proc Natl Acad Sci U S A 2010, 107,
16090-16095, doi:10.1073/pnas.1005031107.

81. Técher, H.; Koundrioukoff, S.; Carignon, S.; Wilhelm, T.; Millot, G. A.; Lopez, B. S.;
Brison, O.; Debatisse, M. Signaling from Mus81-Eme2-Dependent DNA Damage
Elicited by Chk1 Deficiency Modulates Replication Fork Speed and Origin Usage. Cell
Rep 2016, 14,1114-1127, d0i:10.1016/j.celrep.2015.12.093.

82. Beck, H.; Nahse-Kumpf, V.; Larsen, M. S. Y.; O’Hanlon, K. A.; Patzke, S.; Holmberg, C.;
Mejlvang, J.; Groth, A.; Nielsen, O.; Syljudsen, R. G.; Sgrensen, C. S. Cyclin-
Dependent Kinase Suppression by WEE1 Kinase Protects the Genome through
Control of Replication Initiation and Nucleotide Consumption. Mol Cell Biol 2012,
32,4226-4236, doi:10.1128/MCB.00412-12.

83. Dominguez-Kelly, R.; Martin, Y.; Koundrioukoff, S.; Tanenbaum, M. E.; Smits, V. A. J.;
Medema, R. H.; Debatisse, M.; Freire, R. Weel controls genomic stability during
replication by regulating the Mus81-Eme1l endonuclease. J Cell Biol 2011, 194, 567—
579, d0i:10.1083/jcb.201101047.

84. Chabosseau, P.; Buhagiar-Labarchede, G.; Onclercq-Delic, R.; Lambert, S.; Debatisse,
M.; Brison, O.; Amor-Guéret, M. Pyrimidine pool imbalance induced by BLM
helicase deficiency contributes to genetic instability in Bloom syndrome. Nature
Communications 2011, 2, 368, doi:10.1038/ncomms1363.

85. Petermann, E.; Helleday, T.; Caldecott, K. W.; Cohen-Fix, O. Claspin Promotes
Normal Replication Fork Rates in Human Cells. MBoC 2008, 19, 2373—-2378,
do0i:10.1091/mbc.e07-10-1035.

86. Scorah, J.; McGowan, C. H. Claspin and Chk1 Regulate Replication Fork Stability by
Different Mechanisms. Cell Cycle 2009, 8, 1036—1043.

87. Wilhelm, T.; Ragu, S.; Magdalou, I.; Machon, C.; Dardillac, E.; Técher, H.; Guitton, J.;
Debatisse, M.; Lopez, B. S. Slow Replication Fork Velocity of Homologous
Recombination-Defective Cells Results from Endogenous Oxidative Stress. PLoS
Genet 2016, 12, doi:10.1371/journal.pgen.1006007.

88. Anglana, M.; Apiou, F.; Bensimon, A.; Debatisse, M. Dynamics of DNA Replication in
Mammalian Somatic Cells: Nucleotide Pool Modulates Origin Choice and Interorigin
Spacing. Cell 2003, 114, 385—-394, d0i:10.1016/50092-8674(03)00569-5.

89. Conti, C.; Sacca, B.; Herrick, J.; Lalou, C.; Pommier, Y.; Bensimon, A.; Matera, A. G.
Replication Fork Velocities at Adjacent Replication Origins Are Coordinately
Modified during DNA Replication in Human Cells. MBoC 2007, 18, 3059—-3067,
d0i:10.1091/mbc.e06-08-0689.

90. Rodriguez-Acebes, S.; Mourdn, S.; Méndez, J. Uncoupling fork speed and origin
activity to identify the primary cause of replicative stress phenotypes. J. Biol. Chem.
2018, jbc.RA118.003740, doi:10.1074/jbc.RA118.003740.


http://dx.doi.org/10.20944/preprints201809.0440.v1
http://dx.doi.org/10.3390/ijms19113569

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 September 2018 d0i:10.20944/preprints201809.0440.v1

25 of 31

91. Glover, T. W.; Berger, C.; Coyle, J.; Echo, B. DNA polymerase alpha inhibition by
aphidicolin induces gaps and breaks at common fragile sites in human
chromosomes. Hum. Genet. 1984, 67, 136-142.

92. Elder, F. F.; Robinson, T. J. Rodent common fragile sites: are they conserved?
Evidence from mouse and rat. Chromosoma 1989, 97, 459-464.

93. Helmrich, A.; Stout-Weider, K.; Hermann, K.; Schrock, E.; Heiden, T. Common fragile
sites are conserved features of human and mouse chromosomes and relate to large
active genes. Genome Res 2006, 16, 1222—1230, doi:10.1101/gr.5335506.

94. Gelot, C.; Magdalou, |.; Lopez, B. S. Replication Stress in Mammalian Cells and Its
Consequences for Mitosis. Genes (Basel) 2015, 6, 267—298,
doi:10.3390/genes6020267.

95. LeTallec, B.; Koundrioukoff, S.; Wilhelm, T.; Letessier, A.; Brison, O.; Debatisse, M.
Updating the mechanisms of common fragile site instability: how to reconcile the
different views? Cell Mol Life Sci 2014, 71, 4489—-4494, doi:10.1007/s00018-014-
1720-2.

96. Bergoglio, V.; Boyer, A.-S.; Walsh, E.; Naim, V.; Legube, G.; Lee, M. Y. W. T.; Rey, L.;
Rosselli, F.; Cazaux, C.; Eckert, K. A.; Hoffmann, J.-S. DNA synthesis by Pol n
promotes fragile site stability by preventing under-replicated DNA in mitosis. J Cell
Biol 2013, 201, 395-408, d0i:10.1083/jcb.201207066.

97. Zhang, H.; Freudenreich, C. H. An AT-rich Sequence in Human Common Fragile Site
FRA16D Causes Fork Stalling and Chromosome Breakage in S. cerevisiae. Mol Cell
2007, 27, 367-379, doi:10.1016/j.molcel.2007.06.012.

98. Fungtammasan, A.; Walsh, E.; Chiaromonte, F.; Eckert, K. A.; Makova, K. D. A
genome-wide analysis of common fragile sites: What features determine
chromosomal instability in the human genome? Genome Res 2012, 22, 993-1005,
doi:10.1101/gr.134395.111.

99. Dillon, L. W.; Pierce, L. C. T.; Ng, M. C. Y.; Wang, Y.-H. Role of DNA secondary
structures in fragile site breakage along human chromosome 10. Hum Mol Genet
2013, 22, 1443-1456, d0i:10.1093/hmg/dds561.

100. Corbin, S.; Neilly, M. E.; Espinosa, R.; Davis, E. M.; McKeithan, T. W.; Beau, M. M. L.
Identification of Unstable Sequences within the Common Fragile Site at 3p14.2:
Implications for the Mechanism of Deletions within Fragile Histidine Triad
Gene/Common Fragile Site at 3p14.2 in Tumors. Cancer Res 2002, 62, 3477-3484.

101. Finnis, M.; Dayan, S.; Hobson, L.; Chenevix-Trench, G.; Friend, K.; Ried, K.; Venter,
D.; Woollatt, E.; Baker, E.; Richards, R. I. Common chromosomal fragile site FRA16D
mutation in cancer cells. Hum Mol Genet 2005, 14, 1341-1349,
doi:10.1093/hmg/ddi144.

102. Durkin, S. G.; Glover, T. W. Chromosome fragile sites. Annu. Rev. Genet. 2007, 41,
169-192, doi:10.1146/annurev.genet.41.042007.165900.

103. Letessier, A.; Millot, G. A.; Koundrioukoff, S.; Lachagés, A.-M.; Vogt, N.; Hansen, R.
S.; Malfoy, B.; Brison, O.; Debatisse, M. Cell-type-specific replication initiation
programs set fragility of the FRA3B fragile site. Nature 2011, 470, 120-123,
doi:10.1038/nature09745.


http://dx.doi.org/10.20944/preprints201809.0440.v1
http://dx.doi.org/10.3390/ijms19113569

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 September 2018 d0i:10.20944/preprints201809.0440.v1

26 of 31

104. Ozeri-Galai, E.; Lebofsky, R.; Rahat, A.; Bester, A. C.; Bensimon, A.; Kerem, B. Failure
of origin activation in response to fork stalling leads to chromosomal instability at
fragile sites. Mol. Cell 2011, 43, 122—131, do0i:10.1016/j.molcel.2011.05.019.

105. Helmrich, A.; Ballarino, M.; Tora, L. Collisions between replication and transcription
complexes cause common fragile site instability at the longest human genes. Mol.
Cell 2011, 44, 966-977, d0i:10.1016/j.molcel.2011.10.013.

106. Le Tallec, B.; Millot, G. A.; Blin, M. E.; Brison, O.; Dutrillaux, B.; Debatisse, M.
Common fragile site profiling in epithelial and erythroid cells reveals that most
recurrent cancer deletions lie in fragile sites hosting large genes. Cell Rep 2013, 4,
420-428, doi:10.1016/j.celrep.2013.07.003.

107. Debatisse, M.; Le Tallec, B.; Letessier, A.; Dutrillaux, B.; Brison, O. Common fragile
sites: mechanisms of instability revisited. Trends Genet. 2012, 28, 22-32,
doi:10.1016/].tig.2011.10.003.

108. Wilson, T. E.; Arlt, M. F.; Park, S. H.; Rajendran, S.; Paulsen, M.; Ljungman, M.;
Glover, T. W. Large transcription units unify copy number variants and common
fragile sites arising under replication stress. Genome Res 2015, 25, 189-200,
doi:10.1101/gr.177121.114.

109. Naim, V.; Rosselli, F. The FANC pathway and mitosis: A replication legacy. Cell Cycle
2009, 8, 2907-2912, doi:10.4161/cc.8.18.9538.

110. Chan, K. L.; Palmai-Pallag, T.; Ying, S.; Hickson, I. D. Replication stress induces sister-
chromatid bridging at fragile site loci in mitosis. Nature Cell Biology 2009, 11, 753—
760, doi:10.1038/ncb1882.

111. Blow, J. J.; Ge, X. Q. A model for DNA replication showing how dormant origins
safeguard against replication fork failure. EMBO Rep 2009, 10, 406412,
doi:10.1038/embor.2009.5.

112. Lukas, C.; Melander, F.; Stucki, M.; Falck, J.; Bekker-Jensen, S.; Goldberg, M.;
Lerenthal, Y.; Jackson, S. P.; Bartek, J.; Lukas, J. Mdc1 couples DNA double-strand
break recognition by Nbs1 with its H2AX-dependent chromatin retention. EMBO J
2004, 23, 2674-2683, d0i:10.1038/sj.emb0j.7600269.

113. Branzei, D.; Foiani, M. The DNA damage response during DNA replication. Current
Opinion in Cell Biology 2005, 17, 568-575, doi:10.1016/j.ceb.2005.09.003.

114. Lambert, S.; Carr, A. M. Checkpoint responses to replication fork barriers. Biochimie
2005, 87, 591-602, doi:10.1016/j.biochi.2004.10.020.

115. Maya-Mendoza, A.; Petermann, E.; Gillespie, D. A.; Caldecott, K. W.; Jackson, D. A.
Chk1 regulates the density of active replication origins during the vertebrate S
phase. The EMBO Journal 2007, 26, 2719-2731, doi:10.1038/sj.emb0j.7601714.

116. Ge, X. Q.; Blow, J. J. Chk1 inhibits replication factory activation but allows dormant
origin firing in existing factories. The Journal of Cell Biology 2010, 191, 1285-1297,
doi:10.1083/jcb.201007074.

117. Thomson, A. M.; Gillespie, P. J.; Blow, J. J. Replication factory activation can be
decoupled from the replication timing program by modulating Cdk levels. J Cell Biol
2010, 188, 209-221, doi:10.1083/jch.200911037.


http://dx.doi.org/10.20944/preprints201809.0440.v1
http://dx.doi.org/10.3390/ijms19113569

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 September 2018 d0i:10.20944/preprints201809.0440.v1

27 of 31

118. Kumagai, A.; Shevchenko, A.; Shevchenko, A.; Dunphy, W. G. Treslin Collaborates
with TopBP1 in Triggering the Initiation of DNA Replication. Cell 2010, 140, 349-359,
doi:10.1016/j.cell.2009.12.049.

119. Wang, J.; Gong, Z.; Chen, J. MDC1 collaborates with TopBP1 in DNA replication
checkpoint control. The Journal of Cell Biology 2011, 193, 267-273,
do0i:10.1083/jcb.201010026.

120. Sansam, C. L.; Cruz, N. M.; Danielian, P. S.; Amsterdam, A.; Lau, M. L.; Hopkins, N.;
Lees, J. A. A vertebrate gene, ticrr, is an essential checkpoint and replication
regulator. Genes Dev 2010, 24, 183-194, d0i:10.1101/gad.1860310.

121. Kumagai, A.; Shevchenko, A.; Shevchenko, A.; Dunphy, W. G. Direct regulation of
Treslin by cyclin-dependent kinase is essential for the onset of DNA replication. J
Cell Biol 2011, 193, 995-1007, d0i:10.1083/jcb.201102003.

122. Guo, C.; Kumagai, A.; Schlacher, K.; Shevchenko, A.; Shevchenko, A.; Dunphy, W. G.
Interaction of Chk1 with Treslin Negatively Regulates the Initiation of Chromosomal
DNA Replication. Molecular Cell 2015, 57, 492-505,
doi:10.1016/j.molcel.2014.12.003.

123. Moiseeva, T.; Hood, B.; Schamus, S.; O’Connor, M. J.; Conrads, T. P.; Bakkenist, C. J.
ATR kinase inhibition induces unscheduled origin firing through a Cdc7-dependent
association between GINS and And-1. Nature Communications 2017, 8, 1392,
d0i:10.1038/s41467-017-01401-x.

124. Sokka, M.; Koalick, D.; Hemmerich, P.; Syvaoja, J.; Pospiech, H.; Sokka, M.; Koalick,
D.; Hemmerich, P.; Syvaoja, J. E.; Pospiech, H. The ATR-Activation Domain of TopBP1
Is Required for the Suppression of Origin Firing during the S Phase. International
Journal of Molecular Sciences 2018, 19, 2376, doi:10.3390/ijms19082376.

125. Lin, S.-Y.; Li, K.; Stewart, G. S.; Elledge, S. J. Human Claspin works with BRCA1 to
both positively and negatively regulate cell proliferation. Proc Natl Acad Sci U S A
2004, 101, 6484—6489, doi:10.1073/pnas.0401847101.

126. Szyjka, S. J.; Viggiani, C. J.; Aparicio, O. M. Mrcl is required for normal progression
of replication forks throughout chromatin in S. cerevisiae. Mol. Cell 2005, 19, 691—
697, doi:10.1016/j.molcel.2005.06.037.

127. Gold, D. A.; Dunphy, W. G. Drfl-dependent Kinase Interacts with Claspin through a
Conserved Protein Motif. J Biol Chem 2010, 285, 12638-12646,
d0i:10.1074/jbc.M109.077370.

128. Sercin, O.; Kemp, M. G. Characterization of functional domains in human Claspin.
Cell Cycle 2011, 10, 1599-1606, do0i:10.4161/cc.10.10.15562.

129. Uno, S.; Masai, H. Efficient expression and purification of human replication fork-
stabilizing factor, Claspin, from mammalian cells: DNA-binding activity and novel
protein interactions. Genes Cells 2011, 16, 842—-856, d0i:10.1111/j.1365-
2443.2011.01535.x.

130. Hao, J.; de Renty, C.; Li, Y.; Xiao, H.; Kemp, M. G.; Han, Z.; DePamphilis, M. L.; Zhu,
W. And-1 coordinates with Claspin for efficient Chk1 activation in response to
replication stress. EMBO J 2015, 34, 2096-2110, doi:10.15252/embj.201488016.


http://dx.doi.org/10.20944/preprints201809.0440.v1
http://dx.doi.org/10.3390/ijms19113569

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 September 2018 d0i:10.20944/preprints201809.0440.v1

28 of 31

131. Yang, C.-C.; Suzuki, M.; Yamakawa, S.; Uno, S.; Ishii, A.; Yamazaki, S.; Fukatsu, R.;
Fujisawa, R.; Sakimura, K.; Tsurimoto, T.; Masai, H. Claspin recruits Cdc7 kinase for
initiation of DNA replication in human cells. Nature Communications 2016, 7, 12135,
doi:10.1038/ncomms12135.

132. Matsumoto, S.; Kanoh, Y.; Shimmoto, M.; Hayano, M.; Ueda, K.; Fukatsu, R.;
Kakusho, N.; Masai, H. Checkpoint-Independent Regulation of Origin Firing by Mrc1
through Interaction with Hsk1 Kinase. Mol. Cell. Biol. 2017, 37, e00355-16,
do0i:10.1128/MCB.00355-16.

133. Hardy, C. F.; Sussel, L.; Shore, D. A RAP1-interacting protein involved in
transcriptional silencing and telomere length regulation. Genes Dev. 1992, 6, 801—
814, doi:10.1101/gad.6.5.801.

134. Shi, T.; Bunker, R. D.; Mattarocci, S.; Ribeyre, C.; Faty, M.; Gut, H.; Scrima, A.; Rass,
U.; Rubin, S. M.; Shore, D.; Thoma, N. H. Rifl and Rif2 shape telomere function and
architecture through multivalent Rapl interactions. Cell 2013, 153, 1340-1353,
doi:10.1016/j.cell.2013.05.007.

135. Xue, Y.; Rushton, M. D.; Maringele, L. A Novel Checkpoint and RPA Inhibitory
Pathway Regulated by Rifl. PLoS Genet 2011, 7, doi:10.1371/journal.pgen.1002417.

136. Ribeyre, C.; Shore, D. Anticheckpoint pathways at telomeres in yeast. Nature
Structural & Molecular Biology 2012, 19, 307-313, doi:10.1038/nsmb.2225.

137. Lian, H.-Y.; Robertson, E. D.; Hiraga, S.; Alvino, G. M.; Collingwood, D.; McCune, H.
J.; Sridhar, A.; Brewer, B. J.; Raghuraman, M. K.; Donaldson, A. D. The effect of Ku on
telomere replication time is mediated by telomere length but is independent of
histone tail acetylation. Mol Biol Cell 2011, 22, 1753—-1765, d0i:10.1091/mbc.E10-
06-0549.

138. Chapman, J. R.; Barral, P.; Vannier, J.-B.; Borel, V.; Steger, M.; Tomas-Loba, A.;
Sartori, A. A.; Adams, |. R.; Batista, F. D.; Boulton, S. J. RIF1 Is Essential for 53BP1-
Dependent Nonhomologous End Joining and Suppression of DNA Double-Strand
Break Resection. Mol Cell 2013, 49, 858-871, doi:10.1016/j.molcel.2013.01.002.

139. Di Virgilio, M.; Callen, E.; Yamane, A.; Zhang, W.; Jankovic, M.; Gitlin, A. D;
Feldhahn, N.; Resch, W.; Oliveira, T. Y.; Chait, B. T.; Nussenzweig, A.; Casellas, R.;
Robbiani, D. F.; Nussenzweig, M. C. Rifl Prevents Resection of DNA Breaks and
Promotes Immunoglobulin Class Switching. Science 2013, 339,
doi:10.1126/science.1230624.

140. Escribano-Diaz, C.; Orthwein, A.; Fradet-Turcotte, A.; Xing, M.; Young, J. T. F.; Tka¢,
J.; Cook, M. A_; Rosebrock, A. P.; Munro, M.; Canny, M. D.; Xu, D.; Durocher, D. A
Cell Cycle-Dependent Regulatory Circuit Composed of 53BP1-RIF1 and BRCA1-CtIP
Controls DNA Repair Pathway Choice. Molecular Cell 2013, 49, 872—883,
doi:10.1016/j.molcel.2013.01.001.

141. Zimmermann, M.; Lottersberger, F.; Buonomo, S. B.; Sfeir, A.; Lange, T. de 53BP1
Regulates DSB Repair Using Rif1 to Control 5' End Resection. Science 2013, 339,
700-704, doi:10.1126/science.1231573.


http://dx.doi.org/10.20944/preprints201809.0440.v1
http://dx.doi.org/10.3390/ijms19113569

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 September 2018 d0i:10.20944/preprints201809.0440.v1

29 of 31

142. Feng, L.; Fong, K.-W.; Wang, J.; Wang, W.; Chen, J. RIF1 Counteracts BRCA1-
mediated End Resection during DNA Repair. J Biol Chem 2013, 288, 11135-11143,
do0i:10.1074/jbc.M113.457440.

143. Hayano, M.; Kanoh, Y.; Matsumoto, S.; Renard-Guillet, C.; Shirahige, K.; Masai, H.
Rif1 is a global regulator of timing of replication origin firing in fission yeast. Genes
Dev 2012, 26, 137-150, doi:10.1101/gad.178491.111.

144. Yamazaki, S.; Ishii, A.; Kanoh, Y.; Oda, M.; Nishito, Y.; Masai, H. Rifl regulates the
replication timing domains on the human genome. EMBO J 2012, 31, 3667-3677,
d0i:10.1038/emb0j.2012.180.

145. Kanoh, Y.; Matsumoto, S.; Fukatsu, R.; Kakusho, N.; Kono, N.; Renard-Guillet, C.;
Masuda, K.; lida, K.; Nagasawa, K.; Shirahige, K.; Masai, H. Rifl binds to G
guadruplexes and suppresses replication over long distances. Nature Structural &
Molecular Biology 2015, 22, 889-897, d0i:10.1038/nsmb.3102.

146. Hiraga, S.; Ly, T.; Garzdn, J.; Hofejsi, Z.; Ohkubo, Y.; Endo, A.; Obuse, C.; Boulton, S.
J.; Lamond, A. I.; Donaldson, A. D. Human RIF1 and protein phosphatase 1 stimulate
DNA replication origin licensing but suppress origin activation. EMBO Rep 2017, 18,
403-419, doi:10.15252/embr.201641983.

147. Shima, N.; Alcaraz, A.; Liachko, I.; Buske, T. R.; Andrews, C. A.; Munroe, R. J,;
Hartford, S. A.; Tye, B. K.; Schimenti, J. C. A viable allele of Mcm4 causes
chromosome instability and mammary adenocarcinomas in mice. Nature Genetics
2007, 39, 93-98, d0i:10.1038/ng1936.

148. Chuang, C.-H.; Wallace, M. D.; Abratte, C.; Southard, T.; Schimenti, J. C. Incremental
genetic perturbations to MCM2-7 expression and subcellular distribution reveal
exquisite sensitivity of mice to DNA replication stress. PLoS Genet. 2010, 6,
1001110, doi:10.1371/journal.pgen.1001110.

149. Alvarez, S.; Diaz, M.; Flach, J.; Rodriguez-Acebes, S.; Lopez-Contreras, A. J.; Martinez,
D.; Cafiamero, M.; Fernandez-Capetillo, O.; Isern, J.; Passegué, E.; Méndez, J.
Replication stress caused by low MCM expression limits fetal erythropoiesis and
hematopoietic stem cell functionality. Nature Communications 2015, 6, 8548,
doi:10.1038/ncomms9548.

150. Kawabata, T.; Luebben, S. W.; Yamaguchi, S.; llves, |.; Matise, I.; Buske, T.; Botchan,
M. R.; Shima, N. Stalled Fork Rescue via Dormant Replication Origins in
Unchallenged S Phase Promotes Proper Chromosome Segregation and Tumor
Suppression. Molecular Cell 2011, 41, 543-553, d0i:10.1016/j.molcel.2011.02.006.

151. Pruitt, S. C.; Bailey, K. J.; Freeland, A. Reduced Mcm2 Expression Results in Severe
Stem/Progenitor Cell Deficiency and Cancer. STEM CELLS 2007, 25, 3121-3132,
doi:10.1634/stemcells.2007-0483.

152. Shima, N.; Buske, T. R.; Schimenti, J. C. Genetic Screen for Chromosome Instability in
Mice: Mcm4 and Breast Cancer. Cell Cycle 2007, 6, 1135-1140,
do0i:10.4161/cc.6.10.4250.

153. Bai, G.; Smolka, M. B.; Schimenti, J. C. Chronic DNA Replication Stress Reduces
Replicative Lifespan of Cells by TRP53-Dependent, microRNA-Assisted MCM2-7
Downregulation. PLoS Genet 2016, 12, doi:10.1371/journal.pgen.1005787.


http://dx.doi.org/10.20944/preprints201809.0440.v1
http://dx.doi.org/10.3390/ijms19113569

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 September 2018 d0i:10.20944/preprints201809.0440.v1

30 of 31

154. Kunnev, D.; Rusiniak, M. E.; Kudla, A.; Freeland, A.; Cady, G. K.; Pruitt, S. C. DNA
damage response and tumorigenesis in Mcm2-deficient mice. Oncogene 2010, 29,
3630-3638, doi:10.1038/0nc.2010.125.

155. Ge, X. Q.; Han, J.; Cheng, E.-C.; Yamaguchi, S.; Shima, N.; Thomas, J.-L.; Lin, H.
Embryonic Stem Cells License a High Level of Dormant Origins to Protect the
Genome against Replication Stress. Stem Cell Reports 2015, 5, 185-194,
do0i:10.1016/j.stemcr.2015.06.002.

156. Matson, J. P.; Dumitru, R.; Coryell, P.; Baxley, R. M.; Chen, W.; Twaroski, K.; Webber,
B. R.; Tolar, J.; Bielinsky, A.-K.; Purvis, J. E.; Cook, J. G. Rapid DNA replication origin
licensing protects stem cell pluripotency. Elife 2017, 6, doi:10.7554/eLife.30473.

157. Flach, J.; Bakker, S. T.; Mohrin, M.; Conroy, P. C.; Pietras, E. M.; Reynaud, D.;
Alvarez, S.; Diolaiti, M. E.; Ugarte, F.; Forsberg, E. C.; Le Beau, M. M.; Stohr, B. A,;
Méndez, J.; Morrison, C. G.; Passegué, E. Replication stress is a potent driver of
functional decline in ageing haematopoietic stem cells. Nature 2014, 512, 198-202,
doi:10.1038/nature13619.

158. Casey, J. P.; Nobbs, M.; McGettigan, P.; Lynch, S.; Ennis, S. Recessive mutations in
MCM4/PRKDC cause a novel syndrome involving a primary immunodeficiency and a
disorder of DNA repair. Journal of Medical Genetics 2012, 49, 242-245,
doi:10.1136/jmedgenet-2012-100803.

159. Gineay, L.; Cognet, C.; Kara, N.; Lach, F. P.; Dunne, J.; Veturi, U.; Picard, C.; Trouillet,
C.; Eidenschenk, C.; Aoufouchi, S.; Alcais, A.; Smith, O.; Geissmann, F.; Feighery, C,;
Abel, L.; Smogorzewska, A.; Stillman, B.; Vivier, E.; Casanova, J.-L.; Jouanguy, E.
Partial MCM4 deficiency in patients with growth retardation, adrenal insufficiency,
and natural killer cell deficiency. J Clin Invest 2012, 122, 821-832,
doi:10.1172/JCl61014.

160. Hughes, C. R.; Guasti, L.; Meimaridou, E.; Chuang, C.-H.; Schimenti, J. C.; King, P. J,;
Costigan, C.; Clark, A. J. L.; Metherell, L. A. MCM4 mutation causes adrenal failure,
short stature, and natural killer cell deficiency in humans. J Clin Invest 2012, 122,
814-820, doi:10.1172/1Cl60224.

161. Sheu, Y.-J.; Stillman, B. The Dbf4-Cdc7 kinase promotes S phase by alleviating an
inhibitory activity in Mcm4. Nature 2010, 463, 113—-117, doi:10.1038/nature08647.

162. Bicknell, L. S.; Bongers, E. M. H. F.; Leitch, A.; Brown, S.; Schoots, J.; Harley, M. E.;
Aftimos, S.; Al-Aama, J. Y.; Bober, M.; Brown, P. A. J.; Bokhoven, H. van; Dean, J.;
Edrees, A.Y.; Feingold, M.; Fryer, A.; Hoefsloot, L. H.; Kau, N.; Knoers, N. V. A. M.;
MacKenzie, J.; Opitz, J. M.; Sarda, P.; Ross, A.; Temple, I. K.; Toutain, A.; Wise, C. A.;
Wright, M.; Jackson, A. P. Mutations in the pre-replication complex cause Meier-
Gorlin syndrome. Nature Genetics 2011, 43, 356—-359, doi:10.1038/ng.775.

163. Guernsey, D. L.; Matsuoka, M.; Jiang, H.; Evans, S.; Macgillivray, C.; Nightingale, M.;
Perry, S.; Ferguson, M.; LeBlanc, M.; Paquette, J.; Patry, L.; Rideout, A. L.; Thomas,
A.; Orr, A.; McMaster, C. R.; Michaud, J. L.; Deal, C.; Langlois, S.; Superneau, D. W.;
Parkash, S.; Ludman, M.; Skidmore, D. L.; Samuels, M. E. Mutations in origin
recognition complex gene ORC4 cause Meier-Gorlin syndrome. Nature Genetics
2011, 43, 360-364, doi:10.1038/ng.777.


http://dx.doi.org/10.20944/preprints201809.0440.v1
http://dx.doi.org/10.3390/ijms19113569

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 September 2018 d0i:10.20944/preprints201809.0440.v1

31 of 31

164. Bleichert, F.; Balasov, M.; Chesnokov, |.; Nogales, E.; Botchan, M. R.; Berger, J. M. A
Meier-Gorlin syndrome mutation in a conserved C-terminal helix of Orc6 impedes
origin recognition complex formation Available online:
https://elifesciences.org/articles/00882 (accessed on Aug 8, 2018).

165. Stiff, T.; Alagoz, M.; Alcantara, D.; Outwin, E.; Brunner, H. G.; Bongers, E. M. H. F.;
O’Driscoll, M.; Jeggo, P. A. Deficiency in origin licensing proteins impairs cilia
formation: implications for the aetiology of Meier-Gorlin syndrome. PLoS Genet.
2013, 9, e1003360, doi:10.1371/journal.pgen.1003360.

166. Vogelstein, B.; Pardoll, D. M.; Coffey, D. S. Supercoiled loops and eucaryotic DNA
replicaton. Cell 1980, 22, 79-85.

167. Buongiorno-Nardelli, M.; Micheli, G.; Carri, M. T.; Marilley, M. A relationship
between replicon size and supercoiled loop domains in the eukaryotic genome.
Nature 1982, 298, 100-102.

168. Lemaitre, J.-M.; Danis, E.; Pasero, P.; Vassetzky, Y.; Méchali, M. Mitotic remodeling
of the replicon and chromosome structure. Cell 2005, 123, 787-801,
doi:10.1016/j.cell.2005.08.045.

169. Terret, M.-E.; Sherwood, R.; Rahman, S.; Qin, J.; Jallepalli, P. V. Cohesin acetylation
speeds the replication fork. Nature 2009, 462, 231-234, doi:10.1038/nature08550.

170. Hsiung, C. C. S.; Morrissey, C.; Udugama, M.; Frank, C.; Keller, C. A.; Baek, S.;
Giardine, B.; Crawford, G. E.; Sung, M.-H.; Raj, A.; Hardison, R. C.; Blobel, G. A.
Epigenetics of Cellular Memory: Insights from the Chromatin Accessibility
Landscape of the Mitotic Genome. Blood 2014, 124, 4342-4342.

171. Kim, M.; Costello, J. DNA methylation: an epigenetic mark of cellular memory.
Experimental & Molecular Medicine 2017, 49, e322, doi:10.1038/emm.2017.10.

172. Cavalli, G. Chromatin and epigenetics in development: blending cellular memory
with cell fate plasticity. Development 2006, 133, 2089-2094,
do0i:10.1242/dev.02402.

173. Erdel, F. How Communication Between Nucleosomes Enables Spreading and
Epigenetic Memory of Histone Modifications. Bioessays 2017, 39,
d0i:10.1002/bies.201700053.

174. Erdel, F.; Greene, E. C. Generalized nucleation and looping model for epigenetic
memory of histone modifications. PNAS 2016, 113, E4180-E4189,
doi:10.1073/pnas.1605862113.

175. Lamke, J.; Baurle, |. Epigenetic and chromatin-based mechanisms in environmental
stress adaptation and stress memory in plants. Genome Biology 2017, 18, 124,
d0i:10.1186/s13059-017-1263-6.

176. Pirrotta, V. The Necessity of Chromatin: A View in Perspective. Cold Spring Harb
Perspect Biol 2016, 8, a019547, doi:10.1101/cshperspect.a019547.

177. Gonzalez, M. A.; Tachibana, K. K.; Laskey, R. A.; Coleman, N. Control of DNA
replication and its potential clinical exploitation. Nat. Rev. Cancer 2005, 5, 135-141,
do0i:10.1038/nrc1548.

178. Blow, J. J.; Gillespie, P. J. Replication Licensing and Cancer - a Fatal Entanglement?
Nat Rev Cancer 2008, 8, 799-806, doi:10.1038/nrc2500.


http://dx.doi.org/10.20944/preprints201809.0440.v1
http://dx.doi.org/10.3390/ijms19113569

