
DNA replication is required for faithful inheritance of the 
genome at each cell division. To what extent this process 
uses similar mechanisms in bacteria and complex organ-
isms is still debated. Multicellular organisms require addi-
tional layers of complexity to adapt to larger genomes and 
various cell fates, and the mechanism of DNA replication 
initiation is an example of such adaptation.

To be duplicated, a DNA double helix must open to 
allow the DNA synthesis machinery to copy each DNA 
strand. These opening sites, called replication origins, 
are recognized by specific proteins, and DNA synthesis 
progresses from these sites in a bidirectional manner 
(FIG. 1a). In Escherichia coli, DNA replication starts from a 
single, sequence-specific element, and the speed of the two 
replication forks (60 kb min–1) keeps pace with a rapid cell 
cycle (less than 30 min). The human genome is 700-fold 
larger than the E. coli genome, but the replication fork 
speed is 20-fold slower (2–3 kb min–1). Thus, it would take 
at least 20 days to achieve a single division if there was one 
origin per chromosome.

Pioneering work by Huberman and Riggs1 showed 
that in mammals, 30,000–50,000 origins are active at 
each cell cycle. Not all origins are activated at the same 
time; their activation follows the specific timing of DNA 
replication during the cell cycle (FIG. 1b). No consensus 
sequence has been identified to predict the localization  
of DNA replication origins in metazoans, and the degree of  
similarity between origin recognition in metazoans and 
the replicon model in E. coli2 (whereby sequence-specific 
proteins recognize a sequence-specific DNA element) 
is also questioned. Moreover, it is now recognized that 
potential replication origins are in excess and only a subset 

are activated at each cell cycle. This leads to the notion of 
flexible origins, which are used stochastically at each cell 
cycle or with an increased use in stress conditions or in 
specific cell cycles.

Here, I describe replication origin features and the spe-
cificity of origin selection. I discuss the use of origins, the 
notion of flexible or dormant origins and the relationship 
of origins with cell cycle checkpoint controls. The contribu-
tion of chromosomes and chromatin structure to origin 
selection and firing and the influence of transcription will 
also be discussed, as well as how origin selection is linked 
with differentiation and development. Other aspects of 
DNA replication, particularly the function of the proteins 
involved, have been reviewed elsewhere3.

Assembly of the replication complex
In metazoans, replication origins are set by a three-step 
process: recognition of origins, assembly of a pre-replica-
tion complex (preRC) during G1 phase and activation of 
the preRC (BOX 1). This process should be tightly control-
led as any origin that has been activated once should not 
be activated a second time in the same cell cycle. Proteins 
involved in origin recognition are relatively well conserved 
but the main origin binding factor, origin-recognition 
complex (ORC), varies in its sequence specificity.

Saccharomyces  cerevisiae  ORCs specifically 
recognize a 12 bp consensus sequence4, but Schizo
saccharomyces pombe and metazoan ORCs do not exhibit 
sequence specificity5,6. In metazoans, ORC1 seems to 
be more involved than the other ORC subunits in the 
selection of the active DNA replication origin (reviewed 
in REF. 7). S. pombe Orc4 has an AT-hook domain that 
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Replication fork
When replication starts, the 
opened DNA forms two 
branched structures on both 
sides of the replication origin 
that resemble forks. Fork 
progression is mediated by the 
action of DNA helicases that 
unwind the DNA and facilitate 
the movement of the DNA 
synthesis machinery.

Checkpoint
One of many points in the cell 
cycle at which the cell checks 
whether the cycle can progress 
normally or should be delayed 
or stopped to allow time for 
the current phase to be 
completed properly.

Eukaryotic DNA replication origins: 
many choices for appropriate answers
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Abstract | At each cell division in humans, 30,000–50,000 DNA replication origins are 
activated, and it remains unclear how they are selected and recognized by replication 
factors. DNA replication in multicellular organisms must accommodate variations in growth 
conditions and DNA damage. It must also adapt to changes in chromatin organization 
associated with cell differentiation and development. The selection of replication origins in 
metazoans seems to involve multiple choices, with the appropriate answers depending on 
the identity of the cell or the conditions of growth. This suggests that during evolution, the 
use of replication origins became more controlled by epigenetic mechanisms affecting 
chromosome dynamics and expression than by DNA synthesis per se.
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CpG island
A genomic region of at least 
200 bp with a high frequency 
of CpG sites. CpG islands are 
often found in the transcription 
promoter regions of 
mammalian genomes and  
are unmethylated when the 
gene is expressed.

Chromatin 
immunoprecipitation
A method used to localize the 
DNA-binding site of a protein 
using an antibody that 
specifically recognizes the 
protein on chromatin, which  
is previously broken into  
small pieces.

recognizes the AT-rich elements of the region8, and a 
putative AT-hook is also present in S. cerevisiae Orc2 
(REF. 9.) Drosophila melanogaster ORC does not exhibit 
sequence specificity but has higher affinity for nega-
tively supercoiled DNA5 and its binding sequences are 
more AT-rich than the average genome10. Although 
AT-richness alone is not sufficient to define an ORC-
binding site10, it may influence replication origin activ-
ity11,12. Similarly, the well-characterized human lamin  B2 
origin has an AT-rich region and a CpG island that 
participate in its activity13.

Analysis in S. cerevisiae and D. melanogaster showed 
interesting similarities of ORC proteins with E. coli 
DnaA14. DnaA and ORC are both AAA proteins that 
use ATP to bind DNA. DnaA proteins bind to repeated  
elements at the E. Coli origin (DnaA boxes) and open the 
adjacent AT-rich element. ATP binding induces the DnaA 
transition from a monomeric state to a right-handed 

helical oligomer (which remodels replication origins for 
preRC assembly15) that is a similar conformation to the 
D.  melanogaster ORC16.

All the other known factors that participate in the 
assembly of the replication initiation complex do not show 
much sequence specificity and depend on ORC for their 
binding to replication origins. Therefore, although the 
architectural features necessary for the assembly of the rep-
lication initiation complex are similar, none of the known 
preRC factors, including ORC, explain how specific rep-
lication origins are selected in multicellular eukaryotes. 
This is in contrast to transcription control, in which several  
transcription activators are sequence-specific.

DNA replication origin features
Several questions regarding replication origins in meta-
zoans remain unanswered. Does the sequence of origins 
contribute to their features? Is there a different replication 
origin code in different cell lineages? To what extent is their 
activation stochastic during the cell cycle? S. cerevisiae, 
in which the mechanism seems simpler, has been valuable 
for unravelling preRC protein functions.

Origins in the yeast genome. In S. cerevisiae, autonomous 
replication sequence (ARS) elements have a common, 
specific 12 bp consensus sequence (the autonomous 
consensus sequence (ACS)) that behaves as a replicator  
when inserted into plasmids17 and to which ORCs bind4. 
However, the presence of an ACS is not sufficient to 
predict a functional DNA replication origin — of the 
12,000 ACS sites in S. cerevisiae genomes, only 400 are 
functional18.

Genome-wide analyses to study replication timing19 
and map replication origins by chromatin immunoprecipi-
tation (ChIP) using anti-ORC and anti-minichromosome 
maintenance protein (MCM) antibodies20 did not 
uncover the known ACS consensus sequence element, 
unless ORC- and Mcm2-binding sites were considered 
together21. However, recent ChIP studies with anti-ORC 
antibodies coupled to high-throughput sequencing have 
identified the ACS motif22. Comparative genomics using 
different S. cerevisiae strains18 confirmed that the ACS ele-
ment was essential but not sufficient for origin activity and 
that a region of helical instability close to the ACS was 
also important. They also showed that S. cerevisiae origins 
are mainly located in intergenic regions. Thus, sequence 
specificity is essential but is not the only determinant of 
origin selection, even in S. cerevisiae. Other features, not 
obligatorily shared by all origins, may influence their 
selection, including transcription and/or the chromatin 
status (see below).

In S. pombe, ARS elements that allow autonomous 
replication of plasmids do not share a specific consensus 
sequence as in S. cerevisiae. Origins are characterized by 
AT-rich islands23–25, and poly-dA–poly-dT tracks can 
replace important regions in S. pombe ARS elements26. 
S. pombe origins are also found in intergenic regions, 
and genome-wide mapping of Orc1- and Mcm6-binding 
sites and the identification of early 5-bromodeoxyuridin e 
(BrdU)-labelled origins confirmed that preRCs are 
formed at long AT-rich intergenic regions27. Their main 

Figure 1 | Replication origins. a | At each replication origin, DNA synthesis starts with 
short RNA primers that are synthesized by DNA polymerase‑α. As DNA synthesis always 
occurs in the 5′–3′ direction, one strand of the DNA (the leading strand) will be synthesized 
continuously, whereas the other strand (the lagging strand) will be synthesized 
discontinuously by short RNA‑primed DNA fragments. Two other DNA polymerases  
(δ and ε) are recruited for the elongation of lagging and leading strands, respectively. 
b | Activation of replication origins during S phase. Pre‑replication complexes (preRCs) are 
assembled at replication origins during G1 phase. Activation of replication origins occurs 
throughout S phase, some during early (1 and 2), and some in mid (3) or late (4) S phase.
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Minichromosome 
maintenance protein
(MCM). One of a group of 
proteins that belong to the 
AAA+ ATPase family and  
have a conserved MCM box 
motif. The main eukaryotic 
DNA-dependent and 
ATPase-dependent DNA 
helicase is MCM2–7, a 
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characteristic is the presence of AT-rich islands23 that can 
be targeted by the S. pombe Orc4 subunit8, which con-
tains an AT-hook domain not found in ORC proteins 
from other species.

Metazoan origins. In multicellular organisms, ARS activity 
assays were unsuccessful and it was difficult to identify 
common features of replication origins. FIGURE 2 summa-
rizes the elements that have been found at origins, but 
none of these alone is predictive of a replication origin.

The use of ChIP methods to localize replication ori-
gins in higher eukaryotes was not as efficient as it was for 
transcription factors or chromatin proteins28. This might 

be because of the abundance of some of the preRC pro-
teins (such as MCMs) or because they are also involved in 
functions other than origin localization (such as ORCs). 
In addition, only a small fraction of assembled preRCs is 
activated at each cell cycle, and, therefore, ORC-binding 
sites are expected to outnumber active initiation sites  
(see below). Recent data in D. melanogaster show that 
only 30% of ORC-binding sites are associated with early  
replication origins29. Two-thirds of ORC-binding sites are 
at promoter regions, and no clear sequence specificity but 
preferential localization at open chromatin and sites of 
cohesin loading were found29.

In Xenopus laevis eggs, which contain replication pro-
teins in excess, any injected DNA replicates well30,31, with 
an efficiency that increases with DNA size31. Initiation 
occurs at any site, with some preference for AT-rich 
sequences, but this does not increase the overall efficiency 
of plasmid replication32. The same applies to endogenous 
chromosomes in X. laevis and D. melanogaster early 
embryos33,34. During early development, transcription is 
off and replication origins are set randomly at short, reg-
ular intervals. A transition from random to site-specific 
DNA replication occurs when transcription starts later in 
development35, and, in somatic cells, origins are located 
at specific sites in chromosomes, although no consensus 
sequence is discernible.

Recent genome-wide studies to map origins in mouse 
and human cells36,37 confirmed that there is a correlation 
with unmethylated CpG islands and promoter regions38 
(C. Carou, P. Coulombe and M.M., unpublished observa-
tions). CpG islands could be a mark of replication origins 
or of the associated transcription promoters, although 
some known replication origins do not have strict CpG 
islands, such as those at the βglobin and dihydrofolate 
reductase (DHFR) loci. CpG island methylation might 
regulate the timing of replication as origins at non- 
methylated CpG islands replicate earlier than those 
at methyl ated CpG islands39. However, origin activity 
does not seem to be altered by CpG methylation as ori-
gins are similarly used on both methylated, inactive and 
un methylated, active X chromosomes40. Sequence asym-
metries were also proposed as identifiers of replication 
origins41, but this remains debated as only a few origins 
have this property42.

In conclusion, CpG islands and AT-rich stretches seem 
to characterize metazoan DNA replication origins, but no 
consensus sequence has yet been revealed. A reason could 
be that metazoan origins are modular and are identified 
and regulated by defined combinations of sequence ele-
ments, similarly to transcription promoters. In early 
D. melanogaster and X. laevis embryos, where all compo-
nents necessary for DNA replication are stored in excess, 
sequence specificity might be more relaxed, alleviating the 
need for cooperative effects of different modules.

It is therefore possible that metazoans have several 
classes of replication origins that use different mod-
ules recognized by different subsets of proteins. Higher 
eukaryote genomes are packaged in chromosomes that 
contain longer regions of non-coding sequences than 
yeast genomes. Heterochromatic regions may also require 
specific factors to be recognized and opened. Thus, a 

 Box 1 | Assembly of the pre-replication complex at DNA replication origins

In eukaryotes, the origin recognition complex (ORC) — a heterohexamer with 
DNA-dependant ATPase activity — is the only initiation protein complex thought to 
directly recognize origins. After ORC binds to an origin, two factors, cell division cycle 6 
(CDC6) and CDT1, are recruited and have the role of loading the minichromosome 
maintenance protein (MCM) complex MCM2–7 onto the replication origin (see the 
figure). The MCM2–7 complex is a heterohexamer that has ATPase-dependent DNA 
helicase activity and forms a ring around the DNA at replication origins159. After 
this helicase has bound DNA, the origins are licensed, marking the end of pre-replication 
complex (preRC) assembly. CDT1 is a major regulator of this reaction, as it is negatively 
regulated by Geminin to restrict licensing to only once per cell cycle. In Xenopus laevis, 
Geminin is already present as a subcomplex with CDT1 (REF. 160), and MCM9, a recently 
discovered new protein from the MCM family, cooperates with CDT1 in the binding of 
MCM2–7 (REF. 161). At least two MCM complexes assemble at replication origins162,163. 
The preRC is further activated by a growing list of several other factors, including 
CDC45 and the GINS complex, CDC7–DBF4 and cyclin E–cyclin-dependent kinase 2 
(CDK2). This reaction enables the association of the DNA polymerase (Pol) machinery 
and MCM2–7 to travel ahead of the replication fork to open the double-stranded  
DNA and allow the synthesis of the complementary strand. As cells enter S phase,  
CDT1 is inactivated by both its release from origins by Geminin and by degradation. 
RPA, replication protein A; TOPBP1, DNA topoisomerase 2-binding protein 1.
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GINS complex 
A complex comprising four 
subunits — SLD5, PSF1,  
PSF2 and PSF3 — that are 
ubiquitous and evolutionarily 
conserved in eukaryotes. It 
interacts with the MCM2–7 
complex and CDC45 to 
activate the MCM2–7  
helicase activity.

DNA combing 
A method used to produce 
arrays of uniformly 
stretched DNA molecules on 
silanized glass. The in vivo 
incorporation of fluorescent 
deoxynucleotides during 
replication permits, after 
combing, the localization of 
DNA replication origins and the 
progression of the replication 
forks on the combed DNA 
molecules. 

universal origin consensus sequence might not be com-
patible with genome structure and expression plasticity of 
multicellular organisms.

Replication origins: a multiple choice
At each cell cycle, only a subset of replication origins are 
used to replicate eukaryotic genomes.

Different classes of origins. During G1 phase of the cell 
cycle, inactive MCM helicases are loaded on the preRCs. 
Activation of preRCs is regulated at two levels. First, ori-
gins are activated at different times throughout S phase 
and are classified as early-, mid- and late-activated origins. 
Second, only a fraction of all potential origins is used at 
each cell cycle, whereas others are ‘woken’ and used only 
in conditions that affect S phase, such as DNA damage or 
changes in growth conditions43. At first, DNA replication 
origin firing seems to be a relatively inefficient process 
in metazoans and yeast. In S. cerevisiae (where origins 
have a consensus sequence) and in S. pombe, the overall 
efficiency of origin firing is less than 50%25,44 but varies 
considerably across individual origins — some are used 
at almost every cell cycle and others are nearly inactive. 
In metazoans, the efficiency measured in specific replica-
tion domains is 5–20%45,46. Analysis of yeast ribosomal 
DNA (rDNA) replication origins in the rDNA cluster by 
DNA combing showed that not all origins in the 100–200 
identical copies of rDNA are activated. Instead, origins 
are activated by clusters of two or three consecutive units 
separated by large regions in which origins are silenced47. 
A similar situation is seen in human cells45.

According to their use, DNA replication origins can 
fall into three classes: flexible, dormant (or inactive) and 
constitutive (FIG. 3). Constitutive origins, which are a 
minority of the eukaryotic origins, are used all the time 
in any cell cycle or cell type. Flexible origins are potential 
origins that can be used stochastically in different cells 
and explain the low origin use seen in eukaryotic cells. 
They also elucidate the notion of an initiation zone, in 
which several origins are found at relatively close intervals 

in a domain, such as the DHFR locus. Here, multiple ori-
gins are used indifferently over a 50 kb region48. In re ality, 
if individual cells activate a single origin in a locus but 
at different places along the domain, the analysis of 
the whole cell population will score all the origins. The 
resulting pattern will reflect the sum of all individual 
situations and the stochastic nature of origin activation 
in this locus. If some origins are deleted, others nearby 
become more active or more efficient, reflecting a large 
choice of origins48,49. Flexible origins follow the ‘Jesuit 
Model’ proposed 17 years ago50 — “For many are called, 
but few are chosen” (Matthew 22:14, The Bible) — but 
flexibility could be lost in two ways. First, by increasing 
origin use in cases of poor growth conditions or DNA 
damage. Second, by decreasing the choice of origins in 
specific domains in cells engaged in specific differentia-
tion programmes (FIG. 3). Inactive or dormant origins are 
potential origins that are never used in the cell cycle in 
normal conditions but that can be woken in specific cell 
programmes or in stress conditions.

An important question is whether origin selection in a 
given cell is transmitted through cell divisions. In this case, 
flexibility would be linked to cell-to-cell variation rather 
than to a complete stochastic use of origins at each cell 
division. Chromatin fibre analysis showed that 70–90% of 
active origins were the same during two consecutive cell 
cycles51, suggesting that there is a memory for the selec-
tion of origins in a given cell. However, this memory effect 
seems to apply to replication clusters and replication foci52 
rather than to individual origins inside the clusters53.

Why are there so many potential replication origins? 
First, flexible origins could be abortive origins that on 
activation failed to elongate. Over-replication of short 
DNA regions (less than 200 bp) was seen during S phase 
in human cells, close to origin sites54, suggesting that all 
potential origins are activated but only a few succeed 
in elongating. Second, the efficiency of DNA replica-
tion origin firing could be regulated by a limiting factor,  
or factors, that is not present in sufficient amount to 
be recruited to all origins. Such factors may include 
the HSK1 and homologous cell division cycle 7 (Cdc7) 
kinases55, cyclin-dependent kinase (CDK) activities and 
CDC45 (REFS 56,57). These factors become available for 
late origins after being released from early replicated 
DNA. Third, several potential origins could provide  
a choice for the most suitable origin to be activated in a 
given chromatin context, which might vary in different 
cells or tissues (see below). This could explain why highly 
clustered origins are found in heterochromatic regions, 
such as subtelomeric areas27. The apparently stochastic 
nature of origin activation may therefore reflect the 
necessity to adapt DNA replication to the chromosomal 
context, developmental stage or growth conditions.

A link with the cell cycle and its checkpoints. When in 
the cell cycle are origin sites chosen? A series of elegant 
experiments showed that during G1 there is a specific 
point — the origin decision point (ODP) — at which 
replication origins are selected58. Mitosis also seems to 
be a crucial stage for the reorganization of the nucleus 
that is  needed for the selection of origins. Differentiated 

Figure 2 | Features of DNA replication origins. Summary of the features seen in 
DNA replication origins in eukaryotes. Several characteristics have been described at 
metazoan replication origins, but they are not present at all origins. Rather, they 
represent different marks or modules that can contribute to the selection of a given 
origin. At the sequence level, AT‑rich elements and CpG islands have been reported as 
well as DNA regions that easily unwind (DNA unwinding elements (DUEs)), but their 
importance or role remains elusive. At the DNA structure level, bent DNA (or cruciform 
DNA) and the formation of loops has been described. At the chomatin level, 
nucleosome‑free regions, histone acetylation and DNase‑sensitive sites have been seen, 
but their direct participation in origin recognition as opposed to being a consequence of 
chromatin organization for transcription is sometimes difficult to estimate. The possible 
links of transcription features with replication origin recognition have been described 
but evidence for direct interactions between replication origin factors and transcription 
factors remains scarce. MAR, matrix attachment region.
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nuclei adopt short inter-origin spacing characteristics of 
early development only after exposure to a mitotic con-
text59. This phenomenon is controlled by topoisomerase II 
and correlates with the size of chromatin loops. 
Topoisomerase II also interacts with the human replica-
tion origin located on the lamin B gene60. Similarly, mito-
sis is important to reset inter-origin spacing in Chinese 
hamster ovary cells61.

Origin selection seems to be relatively independent 
from the timing of replication, which is defined earlier 
in the cell cycle than origin selection58,62. In addition, the 
timing of replication seems to be determined at the level 
of clusters of origins or even larger replication domains 
rather than at the level of individual origins63,64.

The relationship between cell cycle checkpoints and 
increased use or activation of dormant origins has been 
the focus of recent investigations. Dormant origins might 
be spare origins that rescue DNA replication when fork 
progression is perturbed during replication stress65. 
Usually, inhibitors of DNA damage or DNA synthesis 
activate the S phase checkpoint, which prevents the firing  
of late origins, allowing DNA repair to take place before 
further S phase progression65–67. In conditions of reduced 
nucleotide precursor concentration, late origins are 
inhibited by the checkpoint activity, whereas dormant 
origins are activated68,69. Similarly, a double-strand DNA 
break enhances the use of origins proximal to the break70. 
Therefore, the checkpoint response to poor cell growth 
conditions prevents S phase progression but could also 
increase the use of flexible origins or activate dormant 
origins to rescue under-replicated domains. This sug-
gests that the excess of potential origins in G1 represents 

an efficient safeguard against possible S phase problems. 
Spare origins must be ‘put on stand-by’ before S phase 
because during S phase, new preRC formation (by the 
licensing reaction) is not possible in order to strictly 
avoid re-replication. All potential origins are there-
fore licensed at the end of G1 phase, and a few of them  
are used during the cell cycle. According to this model, 
the excess of MCM and ORC proteins in a cell allows the 
licensing of all potential origins. Indeed, it was found that 
lowering the MCM concentration by small interfering 
RNA suppresses the use of dormant origins69. In agree-
ment, a hypomorphic allele of MCM4 causes chromosomal 
instability in mice68,71.

These observations led to the question of whether 
checkpoint kinases are involved in origin activation in 
the absence of DNA damage. The ataxia telangiectasia 
mutated (ATM) and the ATM-related (ATR) genes72 
encode kinases that are involved in the checkpoint 
response to DNA damage. ATR is activated by the stalling 
of replication forks73, and two other checkpoint kinases — 
CHK1 (also known as CHEK1) and CHK2 (also known 
as CHEK2) — are downstream targets that are involved in 
the inhibition of late-origin activation74. Replication stress 
activates ATR, leading to phosphorylation of CHK1, the 
inhibition of late-origin firing and the stabilization of 
stalled replication forks.

The movement of replication forks can also be hin-
dered by physiological constraints of the genome. First, 
some DNA sequence elements may be more difficult 
to duplicate than others. Second, chromatin-associated 
factors, insulator elements and specific nuclear structures 
may slow down or stall a replication fork in the absence 
of replication stress. Indeed, in X. laevis, treatment with 
caffeine, an inhibitor of the ATM and ATR checkpoint, 
slows down replication forks and increases the number 
of replication origins75,76. Similarly, in CHK1-depleted 
cells, the speed of replication forks is decreased and more 
origins are activated77–79. So why are late origins inhibited 
and why does the use of early origins increase following 
replication stress? I suggest the existence of two pathways 
(FIG. 4). The first is a general ATR-dependant pathway that 
inhibits late-origin firing and limits the origin usage in 
clusters of early origins (lateral inhibition), and the activ-
ity of which is increased by DNA damage. The second 
pathway is specifically induced during replication stress 
and overrides ATR inhibition of dormant origins. So, 
when ATR is inhibited by caffeine, both late and dormant 
origins are activated. When ATR levels are increased by 
replication stress, late origins are suppressed, whereas 
early-origin use is increased by overriding the ATR inhibi-
tory effect on early origins. It is also possible that in some 
regions, a passive mechanism is at play, whereby slowing 
down of a replication fork gives time for a potential origin 
to become activated before the fork passes through it (see 
also REFS 69,74).

ATR and CHK1 might regulate the activation of repli-
cation origins by controlling CDC45 assembly at replica-
tion origins. Activation of the S phase checkpoints inhibits 
the association of CDC45 with chromatin80–82 and there-
fore inhibits the transition of the preRC to the preinitiation 
complex. Two newly described factors are involved in this 

Figure 3 | Different types of DNA replication origins. Potential DNA replication 
origins are set during mitosis–G1 phase by the assembly of pre‑replication complex 
(preRC) proteins. The selection of the origins that will be activated at the next S phase 
occurs at G1 phase and may vary according to the cell fate or environmental conditions. 
Four examples of DNA replication origin positions are shown in different cells in a 
growing cell population. A cluster of flexible origins contains origins that can be used 
differently in different cells. Their use could increase or decrease according to 
physiological or abnormal growth conditions. Inactive or dormant origins are rarely used 
or are not used at all. Constitutive origins are fixed origins that are always set at the same 
position by chromatin or transcriptional constraints. Replication stress can activate 
dormant origins or increase the use of flexible origins, resulting in an increased number 
of origins per replication cluster.
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transition: treslin (also known as TICRR)83,84 and Geminin 
coiled-coil domain-containing protein 1 (GEMC1)85. 
Both factors interact with DNA topoisomerase 2-binding 
protein 1 (TOPBP1; homologous to Cut5 (also known as 
Rad4)), a general activator of ATR involved in the check-
point response that regulates the association of CDC45 
with replication origins86–89.

Epigenetic features and nuclear organization
The selection of a replication origin amid the many poten-
tial ones is predominantly regulated by local chromatin 
structure and epigenetics (FIG. 5).

Chromatin structure. Generally, it is thought that to be 
efficient a replication origin should be located in a rela-
tively open chromatin domain. In S. cerevisiae, positioning 
of a single nucleosome on the ACS consensus sequence is 
sufficient to block the use of the corresponding origin90. 
Similarly, nucleosome positioning by ORC facilitates DNA 
replication initiation91 by promoting preRC assembly. A 
recent study on the nucleosome patterns at replication ori-
gins in S. cerevisiae shows that ACS is sufficient to exclude 
nucleosomes, whereas ORC is necessary for ordered 
nucleosome positioning around the origin22. Therefore, 
chromatin arrangement at origins seems to be crucial for 
a two-step process of origin selection and function.

Chromatin remodelling complexes also facilitate the 
formation of the origin complex in S. cerevisiae and higher 
organisms92. In yeast, a genome-wide scan showed that 
origins are more active at open chromatin structures93. 
Similarly, histone acetylation, which is associated with 
higher chromatin accessibility, correlates with origin acti-
vation94,95. In agreement, Sir2 histone deacetylase inhibits 
the activity of five replication origins in S. cerevisiae by 
favouring an unsuitable positioning of nucleosomes at 
replication origins96. Recently, it was shown that multiple 
acetylation of histones H3 and H4 enhances DNA syn-
thesis in a replicating plasmid97. Histone acetyltransferase 

binding to ORC1 (HBO1; also known as MYST2), a 
major H4 histone acetylase, is required for DNA replica-
tion licensing of origins98–100. However, acetylation is not 
a universal feature of replication origins36,101,102. It can be 
used to select some origins, but generally it seems to  
be linked to the timing of origin activation rather than 
to their selection64,103–105. It should also be stressed that 
histone modifications might only be transient at replica-
tion origins and that only highly synchronized systems 
will unravel them.

An unexpected finding was the link between hetero-
chromatin and replication origins. In S. cerevisiae, silencer 
elements contain replication origins106, which assemble 
the ORC107. The ORC subunit Orc1 is more related to 
Sir3, which is involved in heterochromatin silencing, 
than to any other ORC subunits of other species108. Orc1 
interacts with Sir1 (REF. 109) to establish a silenced state 
independently from its role in DNA replication. In higher 
eukaryotes, Sir1 is not present and the ORC1 domain 
that interacts with Sir1 is lost. However, this interplay is 
replaced by the interaction of ORC with heterochroma-
tin protein 1 (HP1)110. These conserved links between 
heterochromatin and ORC are intriguing in view of the 
general idea that an open chromatin structure is more 
suitable for DNA replication-origin activity. Three expla-
nations could be envisaged. Because heterochromatin 
is less accessible to preRC proteins, a direct interaction 
between HP1 and the main origin-recognition protein, 
ORC, would help heterochromatin to assemble the preRC.  
This would constitute an important sequence-independent  
recruitment of ORC to origins at less accessible chroma-
tin domains. In agreement with this hypothesis, ISWI, a 
chromatin remodelling factor, is required for replication 
of heterochromatin in mammalian cells92 but not for the 
less compacted chromatin of early X. laevis embryos111. 
Another possibility would be that HP1 is used not only at 
heterochromatin but also at subnuclear structures impli-
cated in preRC assembly at euchromatin regions. Finally, 
in S. pombe, Swi6 (the HP1 homologue) activates origins 
by recruiting Dbf4-dependent kinase (DDK) and Cdc7 
to heterochromatin foci112 and by allowing Sld3 assembly 
at origins. Sld3 is needed to recruit DNA polymerase 
and to establish a replication fork at replication origins in 
yeast113. No Sld3 homologue has been identified in higher 
eukaryotes, but functional homologues have recently been 
detected83,84.

Non-coding RNAs. At present, evidence of non-coding 
RNAs regulating DNA replication initiation is scarce. 
However, as non-coding RNAs play an essential part in 
the epigenetic control of transcription, a function in DNA 
replication would be predicted. A specific class of RNAs 
called Y RNAs has been proposed to be involved in replica-
tion initiation in vertebrates, although no interaction of 
such RNAs with replication proteins has been detected so 
far114. In Tetrahymena thermophila, rDNA amplification, 
which occurs during macronucleus development, is regu-
lated by the binding of ORC to a non-coding RNA that 
corresponds to the 3′ end of the 26S rDNA115. However, 
this reaction is specific for the amplification of rDNA 
and not for other replication origins116. The replication 

Figure 4 | Checkpoint control of replication origins firing. During DNA replication, a 
DNA lesion caused by stresses such as ultraviolet damage, oxidative damage, genotoxic 
drugs or growth medium deprivation may slown down or even arrest progression of the 
replication fork. Replication stress can induce or increase a signal transduction cascade, 
called the checkpoint response, which tries to maintain the integrity of the replication 
forks and facilitate DNA repair in coordination with the cell cycle. The checkpoint 
signalling through ataxia telangiectasia mutated‑related (ATR) results in the inhibition of 
late origins. The frequency of origin usage in clusters of early origins might also be 
negatively regulated by the ATR pathway, through a lateral inhibition of activated origins 
on the potential neighbouring origins. However, replication stress might induce a second 
pathway that cancels this inhibitory effect on early origins, resulting in activation of 
dormant early origins.
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of the Epstein-Barr virus (EBV) requires EBV nuclear 
antigen 1 (EBNA1), a virus-encoded protein that allows 
the recruitment of ORC to the viral replication origin by 
an RNA-dependent interaction117.

Organization of DNA replication origins in the nucleus. 
Nakamura et al. were the first to show that DNA replica-
tion takes place at discrete nuclear structures118 that form 
up to 1,000 foci per nucleus52,119. Each focus can contain 
10–100 replicons, constituting a replication domain52,120,121. 
These replication factories comprise various proteins 
involved in the elongation of DNA replication. It was pro-
posed that replication foci are stable chromatin territor-
ies120,121 but recent data suggest that they are characterized 
by small replicon clusters that associate in large replication 
domains63. It is thought that each focus is formed by sev-
eral synchronously activated replicons. These replication 
clusters are often thought to form chromatin loops that 
are anchored to a matrix structure122. Although this long-
standing hypothesis remains controversial, the correlation 
between replicons, chromatin loops and replication foci 
deserves to be experimentally revisited using genome-
wide approaches for origin mapping and new imaging 
technologies.

The excess of potential origins in the genome might be 
explained by additional roles of ORC. Several studies now 
point to a function of ORC in cohesin recruitment and 
chromosome structure during S phase. ORC-binding sites 
seem to correlate with cohesin-binding sites in D. mela
nogaster 29,123,124, and ORC depletion inhibits cohesin 
loading in X. laevis129. Sister chromatid cohesion is also 
impaired in Orc2-depleted yeast cells, although cohesin 
seems to be normally associated with chromatin130. 
Therefore, all ORC-bound origins, including those that 
are inactive, might play a part in sister chromatid cohesion 
during S phase.

It is important to know whether preRCs are already 
assembled in preformed nuclear foci before DNA synthe-
sis is initiated. Studies in X. laevis suggest that this could 
be the case125,126 as replication protein A (RPA) foci can be 
clearly detected before S phase initiation. However, it is 
still debated whether these foci form only when initiation 
of DNA synthesis is engaged. By definition, replication 
foci are detected with BrdU pulses or by immunofluores-
cence using antibodies against elongation proteins, there-
fore only after initiation of DNA synthesis. As they are 
not clearly seen with antibodies against preRC proteins, it 
remains questionable whether replication origins already 
assemble in replication foci at the preRC stage.

Is the mechanism for selecting clusters of replication 
origins independent from the mechanism for selecting 
individual origins? Firing at a given DNA replication 
origin may inhibit firing at nearby origins by an origin 
interference mechanism45,127 that leads to the 100–120 kb 
average size of a replicon. A specific origin among several 
flexible origins would be chosen by this mechanism and 
a local checkpoint response might inhibit this mechanism 
(FIG. 4). Interestingly, although individual replication ori-
gins are flexible, large replication domains128 and replica-
tion clusters are not, and the same clusters of replication 
origins are activated in subsequent cell cycles52,53. Control 
elements, either distant from the origin cluster or in the 
domain, could control the firing of the whole cluster.

At the level of global chromosome organization, rep-
lication domains are not uniformly distributed along chro-
mosomes. Instead, early and late replication domains are 
interspersed; in mammalian cells they have a size ranging 
from 200 kb up to 2 megabases63,129 (C. Carou, P. Coulombe 
and M.M., unpublished results), whereas they are much 
shorter in D. melanogaster10,64 and S. pombe27. Our recent 
data show that early replication domains are origin-rich, 
whereas late replication domains are origin-poor. In yeast 
and mammalian cells, late-activated origins preferen-
tially localize at the nuclear periphery, suggesting that the 
localization of the domains in the nucleus correlates with 
the timing of their replication130. Some sequence determi-
nants control the timing of replication origin firing130,131 
but do not correlate with the localization of origins at the 
nuclear periphery.

Transcription and DNA replication origins
Links between transcription and replication result in 
either negative or positive regulation. Transcription may 
affect the activity or the choice of replication origins or 
may influence chromatin structure at replication origins. 
DNA synthesis itself may provide a window of opportunity 
to assemble or erase transcription factors as chromatin is 
opened and reassembled during the passage of the repli-
cation fork. A clear connection exists in viral genomes, 
in which the replication initiation protein can be both a 
transcription factor and a replication factor132.

The interplay between metazoan replication origin 
selection and transcription correlates more with the timing 
of replication. First, in animal cells, there is a well-known 
relationship between replication origins that are activated 
early and actively transcribed genes, whereas origins acti-
vated late in S phase are associated with non-transcribed 

Figure 5 | Chromatin and replication origins. Binding of 
the origin recognition complex (ORC) to replication origins 
may be favoured by the chromatin remodelling complexes 
of nucleosomes that can also facilitate the access of histone 
acetylases (HATs) and thus the acetylation of nucleosomes. 
This, in turn, would facilitate pre‑replication complex 
(preRC) assembly at origins. Proteins from the preRC,  
such as the minichromosome maintenance protein  
(MCM) complex, might also be modified by histone 
acetyltransferase binding to ORC1 (HBO1; also known as 
MYST2), a histone H4 acetylase and coactivator of CDT1. 
Associated factors, such as transcription factors (TFs)  
and heterochromatin protein 1 (HP1), can cooperate.  
The assembly of the preRC also results in an ordered 
positioning of the nucleosome around the region,  
leaving the origin free of nucleosomes.

R E V I E W S

734 | OCTOBER 2010 | VOLUME 11  www.nature.com/reviews/molcellbio

© 20  Macmillan Publishers Limited. All rights reserved10



Nature Reviews | Molecular Cell Biology

M M

S

S

G2
G1

G2

a  Somatic cells b  Early embryos

ODP

Unspecified

Unspecified

Specific

regions as heterochromatin133–135. Transcriptionally active 
genes have more efficient origins, and this has been shown 
for individual genes72,136 and in genome-wide studies10,36,37. 
However, this correlation is not seen in S. cerevisiae19,20, 
and a recent genome-wide analysis showed that it is not 
always the case in D. melanogaster64 or mouse cells63. In 
several cases, the assembly of a chromatin domain devoted 
to transcription rather than transcription per se affects 
origin activity95,137.

Second, active transcription in a gene silences replica-
tion origins inside that gene138–140 or reduces the size of 
the initiation zone137,141. This implies that origins activated 
in non-transcribed genes might be erased in transcribed 
alleles, further complicating genome-wide analysis. In 
addition, an origin is activated on a gene only during 
a specific time in the cell cycle; if transcription of the  
corresponding domain does not occur at the same time, 
the origin might not be affected.

Third, although active transcription may prevent fir-
ing of a potential replication origin (negative regulation), 
the presence of a promoter may help the selection of an 
active origin (positive regulation)49,142. This might be 
due to increased chromatin accessibility at the promoter 
region and to crosstalk between replication initiation 
proteins and transcription factors. In D. melanogaster, 
ORC is often associated with RNA polymerase II-binding 
sites10 but direct interactions between preRC proteins and 
transcription factors have not been convincingly shown. 
Promising results were obtained in D. melanogaster, in 
which MYB, E2F1 and retinoblastoma (RB) were found 
to be associated with elements that control the amplifica-
tion of the Chorion locus and to interact with ORC143,144. 
Such or similar associations have not yet been described 
for standard origins. The clustering of origins in promoter 
regions may also eliminate possible head-to-head collision 

between the DNA polymerase and RNA polymerase 
machineries, as seen in bacteria145.

As well as being associated with promoters36,37, many 
origins are also found inside genes. The enrichment  
of origins in intergenic regions is more convincing in 
yeast than in metazoans. However, as most replication 
origins are obviously present in non-coding regions, 
other mechanisms of origin selection must be at work.

Development and DNA replication origins
The often discussed relationship between transcription 
and DNA replication may reflect a link between DNA 
replication and cell identity146. Indeed, during X. laevis 
or D. melanogaster early embryonic development, when 
transcription is off, replication origins are activated at very 
short intervals, every 10–20 kb33,35,147. When transcription 
resumes in the embryos, origins are set at specific sites and 
at larger intervals35,148, and the experimental assembly of 
a transcription-competent promoter is sufficient to drive 
site-specific replication origins95. The explanation might 
be that early X. laevis or D. melanogaster embryos use all 
potential origins to accelerate S phase as they have no tran-
scription constraints. In somatic cells or in late embryos, 
transcription would restrain origin use and contribute to 
the establishment of a flexible origin usage, adapted to the 
cell fate. Another possibility is that a specific organization 
of the chromosomes during early development imposes 
a regular setting of origins at short intervals. A link 
between chromatin loops and replicon size, seen in dif-
ferent organisms149 and in reprogramming experiments59, 
may contribute to the organization of replication origins. 
Changes in the choice of origins were observed in other 
developmental or differentiation processes, such as during 
cell differentiation in Physarum polycephalum136, neural 
differentiation of mouse cells101, embryonic development 
of the fly Sciara coprophila137, B cell development72, and at 
the chicken β-globin locus during erythroid differentia-
tion102. Links between replication and development are 
also established at the level of the timing of replication 
rather than at the level of origin localization and selection. 
A series of extensive analyses in mouse and human embry-
onic stem cells have emphasized the evidence for changes 
in replication timing during differentiation63,150, which 
were also seen during D. melanogaster cell differentia-
tion64. A more recent analysis carried out using cells from 
different germ layers during mouse development con-
firms these results and the interplay between replication  
timing and transcription151.

A link between origins and differentiation programmes 
is also suggested by the unexpected involvement of preRC 
proteins in differentiation. For instance, in D. melanogaster, 
Latheo, a protein that interacts with ORC, is involved in 
neural differentiation152. Furthermore, Geminin plays a 
crucial part in inactivating the preRC complex after DNA 
synthesis has started and also has a function in neural dif-
ferentiation that is related to the transcriptional control 
of the Hox genes153–155 and chromatin remodelling153. In 
Arabidopsis thaliana, GEM (which, like Geminin, inter-
acts with CDT1), is involved in root epidermis pattern-
ing156. More recently, the homeotic protein HOXC13 was 
found at three human replication origins157.

Figure 6 | Selection of specific origins of DNA replication during the cell cycle. 
a | In somatic cells, the events occurring from mid‑G1 phase (the origin decision point 
(ODP)) in the cell cycle select the DNA replication origins to be used from the many 
potential origins set between the end of mitosis (M) and early G1 phase (blue),58. After the 
ODP, replication origin sites are set (red). b | Early Drosophila melanogaster and Xenopus 
laevis embryos go through a series of cell divisions that consist of overlapping S and M 
phases without clear G1 and G2 phases. DNA replication origins, which have been 
deprogrammed in mitosis59, are not reprogrammed and remain unspecified because of 
the absence of G1 phase. Embryonic stem cells, which are characterized by a very short 
G1 period, may also have a larger choice of DNA replication origins.
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Perspectives
Recent work emphasizes that we have many more rep-
lication origins than needed at each cell cycle and that 
their use is highly flexible. Flexibility is probably needed 
to adapt to environmental cues, obstacles encountered 
by the replication machinery and developmental features 
that require reorganization of the genome or nuclear 
structures. This might explain the difficulties in finding 
a common rule that specifies replication origins. Origins 
are probably multi-modular and their use might depend 
on the combination of modules and the concentration 
and affinity of the proteins that bind them. An interest-
ing question is to what extent genome-wide studies can 
define these modules and predict their usage according 
to the combination.

Flexibility, however, does not mean that initiation is 
totally random. Recent genome-wide studies indicate that 
this is not the case36,37. Origins are reproducibly found at 
the same sites in a given cell population and flexibility 
refers to the choice of the activated origins among these 
sites in a given cell or tissue. A remaining issue is how 
constitutive or master origins and secondary origins that 
are used only in specific cell contexts are established. 
Origins that are activated by the checkpoint response 
following a replication stress may fall into this second 
category. A more open chromatin structure, owing to the 
presence of a transcription promoter region, might be 
suitable for setting a replication origin, but other chro-
matin features, not obligatorily linked to transcriptional 
permissiveness, might be important as well.

The flexible use of replication origins in somatic cells 
and the extreme use of origins in transcriptionally quies-
cent embryos strongly suggest that a strict positioning 
of origins in the metazoan genome is not required for 
a regulated, once-per-cell-cycle type of DNA synthesis. 
The role of transcription promoters and the associated 
chromatin features that are present in some specific cases 

does not seem to be a general determinant for origins. 
Inversely, setting a replication origin in a given chromatin 
domain does not necessarily favour transcriptional activ-
ity. It might be that neither replication origins control 
transcription nor transcription controls replication, but 
that an underlying structure of a chromosome fixes the 
regulation of both transcription and the replication ori-
gins of a domain. It might be argued that S phase rules are 
in fact set during the formation of mitotic chromosomes 
at the previous cell cycle. Indeed, in X. laevis59, mamma-
lian cells61 and yeast57, origin use during a given cell cycle 
is regulated by events that occur during previous mitoses. 
In this case, the selection of replication origins among 
several potential origins might be achieved in two steps. 
Mitosis might be an important first step to reset the origin 
code of a given cell and might be used to deprogramme 
its corresponding genome. The replication origins to be 
activated might be further fixed in G1 phase (FIG. 6) and 
adapted to the gene expression programme. Interestingly, 
pluripotent stem cells have a short G1 period and replica-
tion origin choice might be more flexible. In agreement, 
nuclear transfer experiments showed that adult somatic 
chromosomes are efficiently reprogrammed in mitotic 
zygotes but not in interphase zygotes158. The reprogram-
ming of replication origins in mitosis might therefore 
be crucial for somatic cell reprogramming, even in the 
induction of pluripotent stem cells.

The possibility of multicellular organisms reprogram-
ming their origins at each cell cycle might contribute to 
the segmentation of the genome into autonomous units 
of replication and transcription. This might help to 
organize chromosomes for different transcription pro-
grammes in different cell lineages during development 
and differentiation. Therefore, DNA replication origins 
might be much more than just entry sites for replication 
factories; they might be essential regulatory elements that 
organize the genome according to cell fate.

1. Huberman, J. A. & Riggs, A. D. Autoradiography of 
chromosomal DNA fibers from Chinese hamster cells. 
Proc. Natl Acad. Sci. 55, 599–606 (1966).

2. Jacob, F., Brenner, J. & Cuzin, F. On the regulation of 
DNA replication in bacteria. Cold Spring Harbor Symp. 
Quant. Biol. 28, 329–348 (1963).

3. DePamphilis, M. L. DNA Replication and Human 
Disease (Cold Spring Harbor Laboratory Press, 
2006).

4. Bell, S. P. & Stillman, B. ATP-dependent recognition of 
eukaryotic origins of DNA replication by a multiprotein 
complex. Nature 357, 128–134 (1992).
The first article describing the ORC.

5. Remus, D., Beall, E. L. & Botchan, M. R. DNA topology, 
not DNA sequence, is a critical determinant for 
Drosophila ORC-DNA binding. EMBO J. 23, 897–907 
(2004).

6. Vashee, S. et al. Sequence-independent DNA binding 
and replication initiation by the human origin 
recognition complex. Genes Dev. 17, 1894–1908 
(2003).

7. DePamphilis, M. L. et al. Regulating the licensing of 
DNA replication origins in metazoa. Curr. Opin. Cell 
Biol. 18, 231–239 (2006).

8. Chuang, R. Y. & Kelly, T. J. The fission yeast homologue 
of Orc4p binds to replication origin DNA via multiple 
AT-hooks. Proc. Natl Acad. Sci. USA 96, 2656–2661 
(1999).

9. Duncker, B. P., Chesnokov, I. N. & McConkey, B. J. 
The origin recognition complex protein family. Genome 
Biol. 10, 214 (2009).

10. MacAlpine, D. M., Rodriguez, H. K. & Bell, S. P. 
Coordination of replication and transcription along a 

Drosophila chromosome. Genes Dev. 18, 3094–3105 
(2004).

11. Wang, L., Lin, C. M., Lopreiato, J. O. & Aladjem, M. I. 
Cooperative sequence modules determine replication 
initiation sites at the human β-globin locus. Hum. Mol. 
Genet. 15, 2613–2622 (2006).

12. Kong, D., Coleman, T. R. & DePamphilis, M. L. Xenopus 
origin recognition complex (ORC) initiates DNA 
replication preferentially at sequences targeted by 
Schizosaccharomyces pombe ORC. EMBO J. 22, 
3441–3450 (2003).

13. Paixao, S. et al. Modular structure of the human lamin 
B2 replicator. Mol. Cell Biol. 24, 2958–2967 (2004).

14. Mott, M. L. & Berger, J. M. DNA replication initiation: 
mechanisms and regulation in bacteria. Nature Rev. 
Microbiol. 5, 343–354 (2007).

15. Erzberger, J. P., Mott, M. L. & Berger, J. M. Structural 
basis for ATP-dependent DnaA assembly and 
replication-origin remodeling. Nature Struct. Mol. Biol. 
13, 676–683 (2006).

16. Clarey, M. G. et al. Nucleotide-dependent 
conformational changes in the DnaA-like core of the 
origin recognition complex. Nature Struct. Mol. Biol. 
13, 684–690 (2006).
References 14–16 describe how DnaA recognizes 
the E. coli replication origin.

17. Stinchcomb, D. T., Struhl, K. & Davis, R. W. Isolation 
and characterisation of a yeast chromosomal replicator. 
Nature 282, 39–43 (1979).

18. Nieduszynski, C. A., Knox, Y. & Donaldson, A. D. 
Genome-wide identification of replication origins in 
yeast by comparative genomics. Genes Dev. 20, 
1874–1879 (2006).

19. Raghuraman, M. K. et al. Replication dynamics of 
the yeast genome. Science 294, 115–121 (2001).

20. Wyrick, J. J. et al. Genome-wide distribution of ORC 
and MCM proteins in S. cerevisiae: high-resolution 
mapping of replication origins. Science 294, 
2357–2360 (2001).

21. Xu, W., Aparicio, J. G., Aparicio, O. M. & Tavare, S. 
Genome-wide mapping of ORC and Mcm2p binding 
sites on tiling arrays and identification of essential ARS 
consensus sequences in S. cerevisiae. BMC Genomics 
7, 276 (2006).

22. Eaton, M. L., Galani, K., Kang, S., Bell, S. P. & 
MacAlpine, D. M. Conserved nucleosome positioning 
defines replication origins. Genes Dev. 24, 748–753 
(2010).

23. Segurado, M., de Luis, A. & Antequera, F. Genome-wide 
distribution of DNA replication origins at A+T-rich 
islands in Schizosaccharomyces pombe. EMBO Rep. 4, 
1048–1053 (2003).

24. Dai, J., Chuang, R. Y. & Kelly, T. J. DNA replication 
origins in the Schizosaccharomyces pombe genome. 
Proc. Natl Acad. Sci. USA 102, 337–342 (2005).

25. Heichinger, C., Penkett, C. J., Bahler, J. & Nurse, P. 
Genome-wide characterization of fission yeast DNA 
replication origins. EMBO J. 25, 5171–5179 
(2006).

26. Okuno, Y., Satoh, H., Sekiguchi, M. & Masukata, H. 
Clustered adenine/thymine stretches are essential for 
function of a fission yeast replication origin. Mol. Cell 
Biol. 19, 6699–6709 (1999).

27. Hayashi, M. et al. Genome-wide localization of pre-RC 
sites and identification of replication origins in fission 
yeast. EMBO J. 26, 1327–1339 (2007).

R E V I E W S

736 | OCTOBER 2010 | VOLUME 11  www.nature.com/reviews/molcellbio

© 20  Macmillan Publishers Limited. All rights reserved10



28. Schepers, A. & Papior, P. Why are we where we are? 
Understanding replication origins and initiation sites in 
eukaryotes using ChIP-approaches. Chromosome Res. 
18, 63–77 (2010).

29. MacAlpine, H. K., Gordan, R., Powell, S. K., 
Hartemink, A. J. & MacAlpine, D. M. Drosophila ORC 
localizes to open chromatin and marks sites of cohesin 
complex loading. Genome Res. 20, 201–211 (2010).

30. Laskey, R. A. & Harland, R. M. Replication origins in the 
eukaryotic chromosome. Cell 24, 283–284 (1981).

31. Mechali, M. & Kearsey, S. Lack of specific sequence 
requirement for DNA replication in Xenopus eggs 
compared with high sequence specificity in yeast.  
Cell 38, 55–64 (1984).

32. Stanojcic, S., Lemaitre, J. M., Brodolin, K., Danis, E. & 
Mechali, M. In Xenopus egg extracts DNA replication 
initiates preferentially at or near asymmetric AT 
sequences. Mol. Cell Biol. 28, 5265–5274 (2008).

33. Hyrien, O. & Méchali, M. Chromosomal replication 
initiates and terminates at random sequences but at 
regular intervals in the ribosomal DNA of Xenopus early 
embryos. EMBO J. 12, 4511–4520 (1993).

34. Nishiyama, T. et al. Rac p21 is involved in insulin-
induced membrane ruffling and Rho p21 is involved in 
hepatocyte growth factor- and 
12-O-tetradecanoylphorbol-13-acetate (TPA)-induced 
membrane ruffling in KB cells. Mol. Cell Biol. 14, 
2447–2456 (1994).

35. Hyrien, O., Maric, C. & Mechali, M. Transition in 
specification of embryonic metazoan DNA replication 
origins. Science 270, 994–997 (1995).
This study shows that a transition from non-specific 
to specific locations of DNA replication origins 
occurs during development in X. laevis.

36. Cadoret, J. C. et al. Genome-wide studies highlight 
indirect links between human replication origins and 
gene regulation. Proc. Natl Acad. Sci. USA 105, 
15837–15842 (2008).
The first genome-wide study of human DNA 
replication origins.

37. Sequeira-Mendes, J. et al. Transcription initiation 
activity sets replication origin efficiency in mammalian 
cells. PLoS Genet. 5, e1000446 (2009).

38. Delgado, S., Gomez, M., Bird, A. & Antequera, F. 
Initiation of DNA replication at CpG islands in 
mammalian chromosomes. EMBO J. 17, 2426–2435 
(1998).
This study shows a link between CpG islands and 
initiation of DNA replication.

39. Gomez, M. & Brockdorff, N. Heterochromatin on the 
inactive X chromosome delays replication timing 
without affecting origin usage. Proc. Natl Acad. Sci. 
USA 101, 6923–6928 (2004).

40. Cohen, S. M., Brylawski, B. P., Cordeiro-Stone, M. & 
Kaufman, D. G. Same origins of DNA replication 
function on the active and inactive human 
X chromosomes. J. Cell Biochem. 88, 923–931 (2003).

41. Touchon, M. et al. Replication-associated strand 
asymmetries in mammalian genomes: toward detection 
of replication origins. Proc. Natl Acad. Sci. USA 102, 
9836–9841 (2005).

42. Necsulea, A., Guillet, C., Cadoret, J. C., Prioleau, M. N. 
& Duret, L. The relationship between DNA replication 
and human genome organization. Mol. Biol. Evol. 26, 
729–741 (2009).

43. Gilbert, D. M. Replication origin plasticity, Taylor-made: 
inhibition vs recruitment of origins under conditions of 
replication stress. Chromosoma 116, 341–347 (2007).

44. Friedman, K. L., Brewer, B. J. & Fangman, W. L. 
Replication profile of Saccharomyces cerevisiae 
chromosome VI. Genes Cells 2, 667–678 (1997).

45. Lebofsky, R., Heilig, R., Sonnleitner, M., Weissenbach, J. 
& Bensimon, A. DNA replication origin interference 
increases the spacing between initiation events in 
human cells. Mol. Biol. Cell 17, 5337–5345 (2006).

46. Hamlin, J. L. et al. A revisionist replicon model for 
higher eukaryotic genomes. J. Cell Biochem. 105, 
321–329 (2008).

47. Pasero, P., Bensimon, A. & Schwob, E. Single-molecule 
analysis reveals clustering and epigenetic regulation of 
replication origins at the yeast rDNA locus. Genes Dev. 
16, 2479–2484 (2002).

48. Mesner, L. D., Li, X., Dijkwel, P. A. & Hamlin, J. L. The 
dihydrofolate reductase origin of replication does not 
contain any nonredundant genetic elements required 
for origin activity. Mol. Cell. Biol. 23, 804–814 
(2003).

49. Kalejta, R. F. et al. Distal sequences, but not 
ori-β/OBR-1, are essential for initiation of DNA 
replication in the Chinese hamster DHFR origin.  
Mol. Cell 2, 797–806 (1998).

50. DePamphilis, M. L. Eukaryotic DNA replication: 
anatomy of an origin. Annu. Rev. Biochem. 62, 29–63 
(1993).

51. Li, F., Chen, J., Solessio, E. & Gilbert, D. M. Spatial 
distribution and specification of mammalian replication 
origins during G1 phase. J. Cell Biol. 161, 257–266 
(2003).

52. 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. J. Cell Biol. 140, 
1285–1295 (1998).

53. Takebayashi, S. I., Manders, E. M., Kimura, H., 
Taguchi, H. & Okumura, K. Mapping sites where 
replication initiates in mammalian cells using DNA 
fibers. Exp. Cell Res. 271, 263–268 (2001).

54. Gomez, M. & Antequera, F. Overreplication of short 
DNA regions during S phase in human cells. Genes Dev. 
22, 375–385 (2008).

55. Patel, P. K. et al. The Hsk1(Cdc7) replication kinase 
regulates origin efficiency. Mol. Biol. Cell 19, 
5550–5558 (2008).

56. Krasinska, L. et al. Cdk1 and Cdk2 activity levels 
determine the efficiency of replication origin firing in 
Xenopus. EMBO J. 27, 758–769 (2008).

57. Wu, P. Y. & Nurse, P. Establishing the program of origin 
firing during S phase in fission Yeast. Cell 136, 
852–864 (2009).

58. Wu, J. R. & Gilbert, D. M. A distinct G1 step required to 
specify the Chinese hamster DHFR replication origin. 
Science 271, 1270–1272 (1996).
This study unravels a major event occurring during 
G1 that enables the localization of replication 
origins to be specified.

59. Lemaitre, J. M., Danis, E., Pasero, P., Vassetzky, Y. & 
Mechali, M. Mitotic remodeling of the replicon and 
chromosome structure. Cell 123, 1–15 (2005).
Shows that mitosis has a big influence on the 
organization of the genome for DNA replication, 
allowing the remodelling of chromosome  
structure and DNA replication origin spacing of  
differentiated adult nuclei, in a reaction that is 
topoisomerase II-dependent.

60. Abdurashidova, G. et al. Functional interactions of DNA 
topoisomerases with a human replication origin.  
EMBO J. 26, 998–1009 (2007).

61. Courbet, S. et al. Replication fork movement sets 
chromatin loop size and origin choice in mammalian 
cells. Nature 455, 557–560 (2008).
Shows the effect of growth conditions on the loop 
size and localization of DNA replication origins.

62. Dimitrova, D. S. & Gilbert, D. M. The spatial position 
and replication timing of chromosomal domains are 
both established in early G1 phase. Mol. Cell 4, 
983–993 (1999).

63. Hiratani, I. et al. Global reorganization of replication 
domains during embryonic stem cell differentiation. 
PLoS Biol. 6, e245 (2008).

64. Schwaiger, M. et al. Chromatin state marks cell-type- 
and gender-specific replication of the Drosophila 
genome. Genes Dev. 23, 589–601 (2009).
References 63 and 64 are detailed genome-wide 
analyses of replication timing domains in mouse and 
D. melanogaster cells, respectively.

65. Branzei, D. & Foiani, M. The DNA damage response 
during DNA replication. Curr. Opin. Cell Biol. 17, 
568–575 (2005).

66. Santocanale, C. & Diffley, J. F. A Mec1- and 
Rad53-dependent checkpoint controls late-firing origins 
of DNA replication. Nature 395, 615–618 (1998).

67. Shirahige, K. et al. Regulation of DNA-replication 
origins during cell-cycle progression. Nature 395, 
618–621 (1998).

68. Ibarra, A., Schwob, E. & Mendez, J. Excess MCM 
proteins protect human cells from replicative stress by 
licensing backup origins of replication. Proc. Natl Acad. 
Sci. USA 105, 8956–8961 (2008).

69. 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. 21, 
3331–3341 (2007).

70. Doksani, Y., Bermejo, R., Fiorani, S., Haber, J. E. & 
Foiani, M. Replicon dynamics, dormant origin firing, 
and terminal fork integrity after double-strand break 
formation. Cell 137, 247–258 (2009).
References 68–70 emphasize the control of 
replication origin firing by replication stresses.

71. Shima, N. et al. A viable allele of MCM4 causes 
chromosome instability and mammary 
adenocarcinomas in mice. Nature Genet. 39, 93–98 
(2007).

72. Norio, P. et al. Progressive activation of DNA replication 
initiation in large domains of the immunoglobulin heavy 
chain locus during b cell development. Mol. Cell 20, 
575–587 (2005).

73. Abraham, R. T. Cell cycle checkpoint signaling through 
the ATM and ATR kinases. Genes Dev. 15, 2177–2196 
(2001).

74. Zegerman, P. & Diffley, J. F. DNA replication as a target 
of the DNA damage checkpoint. DNA Repair (Amst) 8, 
1077–1088 (2009).

75. Shechter, D., Costanzo, V. & Gautier, J. ATR and ATM 
regulate the timing of DNA replication origin firing. 
Nature Cell Biol. 6, 648–655 (2004).

76. Marheineke, K. & Hyrien, O. Control of replication 
origin density and firing time in Xenopus egg extracts: 
role of a caffeine-sensitive, ATR-dependent checkpoint. 
J. Biol. Chem. 279, 28071–28081 (2004).
References 75 and 76 show the role of ATM and 
ATR on the regulation of DNA replication.

77. Petermann, E. et al. Chk1 requirement for high global 
rates of replication fork progression during normal 
vertebrate S phase. Mol. Cell Biol. 26, 3319–3326 
(2006).

78. Seiler, J. A., Conti, C., Syed, A., Aladjem, M. I. & 
Pommier, Y. The intra-S-phase checkpoint affects  
both DNA replication initiation and elongation:  
single-cell and -DNA fiber analyses. Mol. Cell Biol. 27, 
5806–5818 (2007).

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. EMBO J. 26, 2719–2731 (2007).

80. Aparicio, O. M., Stout, A. M. & Bell, S. P. Differential 
assembly of Cdc45p and DNA polymerases at early 
and late origins of DNA replication. Proc. Natl Acad. 
Sci. USA 96, 9130–9135 (1999).

81. Costanzo, V. et al. Reconstitution of an ATM-dependent 
checkpoint that inhibits chromosomal DNA replication 
following DNA damage. Mol. Cell 6, 649–659 (2000).

82. Liu, P. et al. The Chk1-mediated S-phase checkpoint 
targets initiation factor Cdc45 via a Cdc25A/Cdk2- 
independent mechanism. J. Biol. Chem. 281, 
30631–30644 (2006).

83. Kumagai, A., Shevchenko, A. & Dunphy, W. G. Treslin 
collaborates with TopBP1 in triggering the initiation of 
DNA replication. Cell 140, 349–359 (2010).

84. Sansam, C. L. et al. A vertebrate gene, Ticrr, is an 
essential checkpoint and replication regulator. Genes 
Dev. 24, 183–194 (2010).

85. Balestrini, A., Cosentino, C., Errico, A., Garner, E. & 
Costanzo, V. GEMC1 is a TopBP1-interacting protein 
required for chromosomal DNA replication. Nature Cell 
Biol. 12, 484–491 (2010).

86. Mordes, D. A., Glick, G. G., Zhao, R. & Cortez, D. 
TopBP1 activates ATR through ATRIP and a PIKK 
regulatory domain. Genes Dev. 22, 1478–1489 (2008).

87. Kumagai, A., Lee, J., Yoo, H. Y. & Dunphy, W. G. TopBP1 
activates the ATR-ATRIP complex. Cell 124, 943–955 
(2006).

88. Hashimoto, Y. & Takisawa, H. Xenopus Cut5 is essential 
for a CDK-dependent process in the initiation of DNA 
replication. EMBO J. 22, 2526–2535 (2003).

89. Kubota, Y. et al. A novel ring-like complex of Xenopus 
proteins essential for the initiation of DNA replication. 
Genes Dev. 17, 1141–1152 (2003).

90. Simpson, R. T. Nucleosome positioning can affect the 
function of a cis-acting DNA element in vivo. Nature 
343, 387–389 (1990).

91. Lipford, J. R. & Bell, S. P. Nucleosomes positioned by 
ORC facilitate the initiation of DNA replication. Mol. 
Cell 7, 21–30 (2001).

92. Collins, N. et al. An ACF1-ISWI chromatin-remodeling 
complex is required for DNA replication through 
heterochromatin. Nature Genet. 32, 627–632 (2002).

93. Field, Y. et al. Distinct modes of regulation by chromatin 
encoded through nucleosome positioning signals. PLoS 
Comput. Biol. 4, e1000216 (2008).

94. Aggarwal, B. D. & Calvi, B. R. Chromatin regulates 
origin activity in Drosophila follicle cells. Nature 430, 
372–376 (2004).

95. Danis, E. et al. Specification of a DNA replication origin 
by a transcription complex. Nature Cell Biol. 6, 
721–730 (2004).

96. Crampton, A., Chang, F., Pappas, D. L., Jr, Frisch, R. L. 
& Weinreich, M. An ARS element inhibits DNA 
replication through a SIR2-dependent mechanism.  
Mol. Cell 30, 156–166 (2008).

97. Unnikrishnan, A., Gafken, P. R. & Tsukiyama, T. 
Dynamic changes in histone acetylation regulate origins 
of DNA replication. Nature Struct. Mol. Biol. 17, 
430–437 (2010).

R E V I E W S

NATURE REVIEWS | MOLECULAR CELL BIOLOGY  VOLUME 11 | OCTOBER 2010 | 737

© 20  Macmillan Publishers Limited. All rights reserved10



98. Doyon, Y. et al. ING tumor suppressor proteins are 
critical regulators of chromatin acetylation required for 
genome expression and perpetuation. Mol. Cell 21, 
51–64 (2006).

99. Miotto, B. & Struhl, K. HBO1 histone acetylase activity 
is essential for DNA replication licensing and inhibited 
by Geminin. Mol. Cell 37, 57–66 (2010).

100. Iizuka, M., Matsui, T., Takisawa, H. & Smith, M. M. 
Regulation of replication licensing by acetyltransferase 
Hbo1. Mol. Cell. Biol. 26, 1098–1108 (2006).

101. Gregoire, D., Brodolin, K. & Mechali, M. HoxB domain 
induction silences DNA replication origins in the locus 
and specifies a single origin at its boundary. EMBO 
Rep. 7, 812–816 (2006).

102. Dazy, S., Gandrillon, O., Hyrien, O. & Prioleau, M. N. 
Broadening of DNA replication origin usage during 
metazoan cell differentiation. EMBO Rep. 7, 806–811 
(2006).

103. Aparicio, J. G., Viggiani, C. J., Gibson, D. G. & 
Aparicio, O. M. The Rpd3-Sin3 histone deacetylase 
regulates replication timing and enables intra-S origin 
control in Saccharomyces cerevisiae. Mol. Cell. Biol. 
24, 4769–4780 (2004).

104. Vogelauer, M., Rubbi, L., Lucas, I., Brewer, B. J. & 
Grunstein, M. Histone acetylation regulates the time of 
replication origin firing. Mol. Cell 10, 1223–1233 
(2002).

105. Knott, S. R., Viggiani, C. J., Tavare, S. & Aparicio, O. M. 
Genome-wide replication profiles indicate an expansive 
role for Rpd3L in regulating replication initiation timing 
or efficiency, and reveal genomic loci of Rpd3 function 
in Saccharomyces cerevisiae. Genes Dev. 23, 
1077–1090 (2009).

106. Fox, C. A., Loo, S., Rivier, D. H., Foss, M. A. & Rine, J. 
A transcriptional silencer as a specialized origin of 
replication that establishes functional domains of 
chromatin. Cold Spring Harb. Symp. Quant. Biol. 58, 
443–455 (1993).

107. Foss, M., McNally, F. J., Laurenson, P. & Rine, J. Origin 
recognition complex (ORC) in transcriptional silencing 
and DNA replication in S. cerevisiae. Science 262, 
1838–1844 (1993).

108. Gavin, K. A., Hidaka, M. & Stillman, B. Conserved 
initiator proteins in eukaryotes. Science 270, 
1667–1671 (1995).

109. Triolo, T. & Sternglanz, R. Role of interactions between 
the origin recognition complex and SIR1 in 
transcriptional silencing. Nature 381, 251–253 
(1996).

110. Pak, D. T. et al. Association of the origin recognition 
complex with heterochromatin and HP1 in higher 
eukaryotes. Cell 91, 311–323 (1997).

111. Demeret, C., Bocquet, S., Lemaitre, J. M., Francon, P. & 
Mechali, M. Expression of ISWI and its binding to 
chromatin during the cell cycle and early development. 
J. Struct. Biol. 140, 57–66 (2002).

112. Hayashi, M. T., Takahashi, T. S., Nakagawa, T., 
Nakayama, J. & Masukata, H. The heterochromatin 
protein Swi6/HP1 activates replication origins at the 
pericentromeric region and silent mating-type locus. 
Nature Cell Biol. 11, 357–362 (2009).

113. Remus, D. & Diffley, J. F. Eukaryotic DNA replication 
control: lock and load, then fire. Curr. Opin. Cell Biol. 
21, 771–777 (2009).

114. Christov, C. P., Gardiner, T. J., Szuts, D. & Krude, T. 
Functional requirement of noncoding Y RNAs for human 
chromosomal DNA replication. Mol. Cell. Biol. 26, 
6993–7004 (2006).

115. Mohammad, M. M., Donti, T. R., Sebastian Yakisich, J., 
Smith, A. G. & Kapler, G. M. Tetrahymena ORC 
contains a ribosomal RNA fragment that participates 
in rDNA origin recognition. EMBO J. 26, 5048–5060 
(2007).

116. Donti, T. R., Datta, S., Sandoval, P. Y. & Kapler, G. M. 
Differential targeting of Tetrahymena ORC to ribosomal 
DNA and non-rDNA replication origins. EMBO J. 28, 
223–233 (2009).

117. Norseen, J. et al. RNA-dependent recruitment of the 
origin recognition complex. EMBO J. 27, 3024–3035 
(2008).

118. Nakamura, H., Morita, T. & Sato, C. Structural 
organizations of replicon domains during DNA synthetic 
phase in the mammalian nucleus. Exp. Cell Res. 165, 
291–297 (1986).

119. Ma, H. et al. Spatial and temporal dynamics of DNA 
replication sites in mammalian cells. J. Cell Biol. 143, 
1415–1425 (1998).

120. Berezney, R., Dubey, D. D. & Huberman, J. A. 
Heterogeneity of eukaryotic replicons, replicon clusters, 
and replication foci. Chromosoma 108, 471–484 
(2000).

An excellent review on the elusive replication cluster 
and replication foci.

121. Shaw, A., Olivares-Chauvet, P., Maya-Mendoza, A. & 
Jackson, D. A. S-phase progression in mammalian 
cells: modelling the influence of nuclear  
organization. Chromosome Res. 18, 163–178 
(2010).

122. Gilbert, D. M. & Gasser, S. M. In DNA Replication and 
Human Disease (ed. DePamphilis, M. L.) (Cold Spring 
Harbor Laboratory Press, 2006).

123. Takahashi, T. S., Yiu, P., Chou, M. F., Gygi, S. & 
Walter, J. C. Recruitment of Xenopus Scc2 and cohesin 
to chromatin requires the pre-replication complex. 
Nature Cell Biol. 6, 991–996 (2004).

124. Shimada, K. & Gasser, S. M. The origin recognition 
complex functions in sister-chromatid cohesion in 
Saccharomyces cerevisiae. Cell 128, 85–99 
(2007).
Together with references 29 and 123, this study 
establishes a link between cohesin and replication 
origins.

125. Adachi, Y. & Laemmli, U. K. Study of the cell cycle-
dependent assembly of the DNA pre-replication centres 
in Xenopus egg extracts. EMBO J. 13, 4153–4164 
(1994).

126. Francon, P. et al. A hypophosphorylated form of RPA34 
is a specific component of pre-replication centers. J. Cell 
Sci. 117, 4909–4920 (2004).

127. Brewer, B. J. & Fangman, W. L. Initiation at closely 
spaced replication origins in a yeast chromosome. 
Science 262, 1728–1731 (1993).

128. Labit, H., Perewoska, I., Germe, T., Hyrien, O. & 
Marheineke, K. DNA replication timing is deterministic 
at the level of chromosomal domains but stochastic at 
the level of replicons in Xenopus egg extracts. Nucleic 
Acids Res. 36, 5623–5634 (2008).

129. White, E. J. et al. DNA replication-timing analysis of 
human chromosome 22 at high resolution and different 
developmental states. Proc. Natl Acad. Sci. USA 101, 
17771–17776 (2004).

130. Heun, P., Laroche, T., Raghuraman, M. K. & 
Gasser, S. M. The positioning and dynamics of origins of 
replication in the budding yeast nucleus. J. Cell Biol. 
152, 385–400 (2001).

131. Friedman, K. L. et al. Multiple determinants controlling 
activation of yeast replication origins late in S phase. 
Genes Dev. 10, 1595–1607 (1996).

132. Kohzaki, H. & Murakami, Y. Transcription factors and 
DNA replication origin selection. Bioessays 27, 
1107–1116 (2005).

133. Gilbert, D. M. Replication timing and transcriptional 
control: beyond cause and effect. Curr. Opin. Cell Biol. 
14, 377–383 (2002).

134. Schwaiger, M. & Schubeler, D. A question of timing: 
emerging links between transcription and replication. 
Curr. Opin. Genet. Dev. 16, 177–183 (2006).

135. Donaldson, A. D. Shaping time: chromatin structure 
and the DNA replication programme. Trends Genet. 21, 
444–449 (2005).

136. Maric, C., Benard, M. & Pierron, G. Developmentally 
regulated usage of Physarum DNA replication origins. 
EMBO Rep. 4, 474–478 (2003).

137. Lunyak, V. V., Ezrokhi, M., Smith, H. S. & Gerbi, S. A. 
Developmental changes in the sciara II/9a initiation 
zone for DNA replication. Mol. Cell. Biol. 22, 8426–37 
(2002).

138. Haase, S. B., Heinzel, S. S. & Calos, M. P. Transcription 
inhibits the replication of autonomously replicating 
plasmids in human cells. Mol. Cell. Biol. 14, 
2516–2524 (1994).

139. Mesner, L. D. & Hamlin, J. L. Specific signals at the 3′ 
end of the DHFR gene define one boundary of the 
downstream origin of replication. Genes Dev. 19, 
1053–1066 (2005).

140. Sasaki, T. et al. The Chinese hamster dihydrofolate 
reductase replication origin decision point follows 
activation of transcription and suppresses initiation of 
replication within transcription units. Mol. Cell. Biol. 
26, 1051–1062 (2006).

141. Saha, S., Shan, Y., Mesner, L. D. & Hamlin, J. L. The 
promoter of the Chinese hamster ovary dihydrofolate 
reductase gene regulates the activity of the local origin 
and helps define its boundaries. Genes Dev. 18, 
397–410 (2004).

142. Ghosh, M., Liu, G., Randall, G., Bevington, J. & 
Leffak, M. Transcription factor binding and induced 
transcription alter chromosomal c-Myc replicator 
activity. Mol. Cell. Biol. 24, 10193–10207 (2004).

143. Beall, E. L. et al. Role for a Drosophila Myb-containing 
protein complex in site-specific DNA replication. Nature 
420, 833–837 (2002).

144. Bosco, G., Du, W. & Orr-Weaver, T. L. DNA replication 
control through interaction of E2F-RB and the origin 
recognition complex. Nature Cell Biol. 3, 289–295 
(2001).

145. Kunst, F. et al. The complete genome sequence of the 
Gram-positive bacterium Bacillus subtilis. Nature 390, 
249–256 (1997).

146. Mechali, M. DNA replication origins: from sequence 
specificity to epigenetics. Nature Rev. Genet. 2, 
640–645 (2001).

147. Blumenthal, A. B., Kriegstein, H. J. & Hogness, D. S. 
The units of DNA replication in Drosophila 
melanogaster chromosomes. Cold Spring Harb. Symp. 
Quant. Biol. 38, 205–223 (1974).

148. Sasaki, T., Sawado, T., Yamaguchi, M. & Shinomiya, T. 
Specification of regions of DNA replication initiation 
during embryogenesis in the 65-kilobase DNApolα-
dE2F locus of Drosophila melanogaster. Mol. Cell. Biol. 
19, 547–555 (1999).

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

150. Desprat, R. et al. Predictable dynamic program of 
timing of DNA replication in human cells. Genome Res. 
19, 2288–2299 (2009).

151. Hiratani, I. et al. Genome-wide dynamics of replication 
timing revealed by in vitro models of mouse 
embryogenesis. Genome Res. 20, 155–169 
(2010).

152. Pinto, S. et al. Latheo encodes a subunit of the origin 
recognition complex and disrupts neuronal proliferation 
and adult olfactory memory when mutant. Neuron 23, 
45–54 (1999).

153. Seo, S. et al. Geminin regulates neuronal differentiation 
by antagonizing Brg1 activity. Genes Dev. 19, 
1723–1734 (2005).

154. Luo, L., Yang, X., Takihara, Y., Knoetgen, H. & 
Kessel, M. The cell-cycle regulator geminin inhibits Hox 
function through direct and polycomb-mediated 
interactions. Nature 427, 749–753 (2004).

155. Del Bene, F., Tessmar-Raible, K. & Wittbrodt, J. Direct 
interaction of geminin and Six3 in eye development. 
Nature 427, 745–749 (2004).

156. Caro, E., Castellano, M. M. & Gutierrez, C. A chromatin 
link that couples cell division to root epidermis 
patterning in Arabidopsis. Nature 447, 213–217 
(2007).

157. Comelli, L. et al. The homeotic protein HOXC13 is a 
member of human DNA replication complexes.  
Cell Cycle 8, 454–459 (2009).

158. Egli, D., Rosains, J., Birkhoff, G. & Eggan, K. 
Developmental reprogramming after chromosome 
transfer into mitotic mouse zygotes. Nature 447, 
679–685 (2007).

159. Remus, D. et al. Concerted loading of MCM2–7 double 
hexamers around DNA during DNA replication origin 
licensing. Cell 139, 719–730 (2009).

160. Lutzmann, M., Maiorano, D. & Mechali, M. 
A Cdt1-geminin complex licenses chromatin for DNA 
replication and prevents rereplication during S phase in 
Xenopus. EMBO J. 25, 5764–5774 (2006).

161. Lutzmann, M. & Mechali, M. MCM9 binds Cdt1 and is 
required for the assembly of prereplication complexes. 
Mol. Cell 31, 190–200 (2008).

162. Ilves, I., Petojevic, T., Pesavento, J. J. & Botchan, M. R. 
Activation of the MCM2–7 helicase by association with 
Cdc45 and GINS proteins. Mol. Cell 37, 247–258 
(2010).

163. Pacek, M., Tutter, A. V., Kubota, Y., Takisawa, H. & 
Walter, J. C. Localization of MCM2–7, Cdc45, and 
GINS to the site of DNA unwinding during eukaryotic 
DNA replication. Mol. Cell 21, 581–587 (2006).

Acknowledgements
I would like to thank E. Andermarcher for critical reading of this 
manuscript. The M.M laboratory is supported by the European 
Research Council (ERC advanced grant FP7/2007-2013, Grant 
Agreement no. 233339), the ANR, the ‘Association pour la 
Recherche contre le Cancer’, and the ‘Ligue Nationale contre 
le Cancer’.

Competing interests statement
The authors declare no competing financial interests.

FURTHER INFORMATION
Marcel Méchali’s homepage: 
http://www.igh.cnrs.fr/equip/mechali/

ALL LINKS ARE ACTIVE IN THE ONLINE PDF

R E V I E W S

738 | OCTOBER 2010 | VOLUME 11  www.nature.com/reviews/molcellbio

© 20  Macmillan Publishers Limited. All rights reserved10

http://www.igh.cnrs.fr/equip/mechali/



