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For more than three decades, investigators have sought to
identify the precise locations where DNA replication ini-
tiates in mammalian genomes. The development of mo-
lecular and biochemical approaches to identify start
sites of DNA replication (origins) based on the presence
of defining and characteristic replication intermediates
at specific loci led to the identification of only a handful
of mammalian replication origins. The limited number
of identified origins prevented a comprehensive and ex-
haustive search for conserved genomic features that
were capable of specifying origins of DNA replication.
More recently, the adaptation of origin-mapping assays
to genome-wide approaches has led to the identification
of tens of thousands of replication origins throughout
mammalian genomes, providing an unprecedented oppor-
tunity to identify both genetic and epigenetic features that
define and regulate their distribution and utilization. Here
we summarize recent advances in our understanding of
how primary sequence, chromatin environment, and nu-
clear architecture contribute to the dynamic selection
and activation of replication origins across diverse cell
types and developmental stages.

Every cell cycle, tens of thousands of start sites of DNA
replication must be established and coordinated to ensure
the accurate and complete duplication of >3 billion base
pairs (bp) of DNA in the human genome. Despite the crit-
ical role of the DNA replication program in ensuring the
inheritance of genetic information, the selection and acti-
vation of replication origins is remarkably dynamic and
plastic. Developmental and cell type-specific constraints
on the DNA replication program dictate the number and
distribution of origins throughout the genome. Extremes
include increased origin density during the rapid cell divi-
sions of early embryogenesis (Blumenthal et al. 1974;
Hyrien et al. 1995) and tissue-specific amplicons that arise
from the activation of select origins outside of the canon-

ical cell cycle (Spradling 1981; Claycomb and Orr-Weaver
2005; Hannibal and Baker 2016). Primary sequence, epige-
netic modifications, trans-acting factors, chromatin orga-
nization, and nuclear architecture all contribute to the
selection and activation of mammalian replication ori-
gins. Mutations in key replication initiation factors may
lead to severe developmental consequences (Bicknell
et al. 2011; Kuo et al. 2012) or genomic instability and, po-
tentially, tumorigenesis (Shima et al. 2007).
The location and distribution of replication origins

throughout the genome define replicons, which are large
sequence domains copied by the bidirectional movement
of the replication fork away from an origin.More than half
a century ago, the initial characterization of replicons us-
ing radiolabeled DNA fibers provided a rough accounting
of the number of origins required to duplicatemammalian
genomes (Cairns 1966). Depending on cell type, observed
replicon sizes ranged from 30 to 450 kb, suggesting consid-
erable variability in the distribution and utilization of rep-
lication origins (Berezney et al. 2000). Despite our
knowledge with pinpoint accuracy of origin locations in
prokaryotic and fungal genomes, researchers are just be-
ginning to understand how cell type-to-cell type variabil-
ity governs the density, distribution, and utilization of
mammalian origins.
The replicon model proposed by Jacob et al. (1963)

postulated that each replicon would be defined by a
trans-acting initiator and a cis-acting replicator sequence
representing the origin. This model elegantly accounted
for the fact that not all pieces of genetic material were ca-
pable of autonomous replication but ratherwere propagat-
ed only when integrated into the context of a larger
episome or chromosome that functioned as the replicon.
Although the model was proposed to explain the replica-
tion of prokaryotic and phage genomes, Jacob et al.
(1963) were remarkably clairvoyant when describing
how their model may apply to more complex genomes:
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“It is clear that chromosome reproduction in higher organ-
isms is a very elaborate process requiring multiple control
mechanisms which have to be coordinated. The analysis
of these mechanisms as well as the exact role of the struc-
tural elements involvedmay turn out to be very difficult.”

Manyof the basic tenets of themodel haveheld up surpris-
ingly well over time. Multiple conserved trans-acting fac-
tors function as the proposed initiator. The origin
recognition complex (ORC) is a heterohexameric protein
complex that binds DNA and is required to load Mcm2–
7, the replicative helicase, onto the DNA (Bell and Kaguni
2013). In the G1 phase of the cell cycle, ORC and Cdc6 fa-
cilitate the cooperative loading of two Cdt1–Mcm2–7
complexes onto the DNA in a head-to-head orientation
(Evrin et al. 2009; Remus et al. 2009). The loading of the
Mcm2–7 helicase on the DNA completes the assembly
of the prereplicative complex (pre-RC). Pre-RC assembly
“licenses” the origin for potential activation in the subse-
quent S phase (Siddiqui et al. 2013). As cells progress into S
phase, the activityof cyclin-dependentkinases (CDKs) and
Dbf4-dependent kinases (DDKs) stimulates the recruit-
ment of proteins, including Cdc45 andGINS, to the origin
that are required to form an active Cdc45/Mcm2–7/GINS
(CMG)helicase complex to initiateDNAunwinding, facil-
itate formation of the replisome, and prime DNA synthe-
sis (Zegerman 2015). The activation of replication origins
during S phase is in part regulated by limiting concentra-
tions of key activating factors (Mantiero et al. 2011; Tana-
ka et al. 2011; Collart et al. 2013). Importantly, the
separation of origin licensing (pre-RC assembly) and initi-
ation into distinct cell cycle phases of G1 and S ensures
that the genome is copied once and only once.

In contrast to the trans-activating initiator factors, the
identification of conserved cis-acting replicator sequences
that function as origins ofDNA replication and define spe-
cific replicons has been hampered by the size and com-
plexity of mammalian genomes. To date, only a handful
of efficient origins that are activated across a large popula-
tion of cells have been identified and characterized in
depth by multiple groups using multiple approaches. Se-
quence analysis and dissection of these origins have failed,
for the most part, to unveil a common and conserved cis-
acting replicator element.

The recent and widespread adoption of genomic tech-
nologies has allowed for systematic and comprehensive
genome-wide surveys to identify sites of DNA replication
initiation (Cadoret et al. 2008; Sequeira-Mendes et al.
2009; Mesner et al. 2011; Petryk et al. 2016). Instead of
cis-acting replicators being distributed across the genome
at regular intervals in fixed locations, a much more com-
plex and stochastic pattern of origin utilization has
emerged. First, origins are not randomly distributed across
the genome, as the density of mapped origins is highest in
early-replicating chromosomal domains (Cadoret et al.
2008; Besnard et al. 2012). Second, there are many more
potential origins established than there are activated initi-
ation events during S phase; these excess potential origins
serve as reserve origins during replicative stress (Ge et al.
2007; Ibarra et al. 2008). Third, there appears to be consid-

erable cell-to-cell variability in the utilization of replica-
tion origins (Demczuk et al. 2012). Fourth, some
primary sequence elements, including GC-rich sequences
with the potential to form G quadruplexes, have been as-
sociated with origin function (Besnard et al. 2012; Cayrou
et al. 2012); however, the low-complexity nature and
broad distribution of these sequences suggest that they
are not sufficient for origin activity. Finally, prior bio-
chemical experiments (Vashee et al. 2003; Remus et al.
2004) and the recent crystal structure of ORC (Bleichert
et al. 2015) revealed no obvious requirement or mecha-
nisms for sequence specificity. Combined, these results
indicate that the proposed replicator ismost likely defined
by a complex combination of sequence and chromatin-
based features in higher eukaryotes. Here we focus on re-
cent advances in the replication field to identify the distri-
bution and usage of replication origins and the different
mechanisms by which they are defined and regulated.

Identification of mammalian replication origins

Early work in mammalian cells used tritium labeling
and fiber autoradiography to directly visualize the size dis-
tribution of the replicons resulting from bidirectional
DNA replication (Edenberg and Huberman 1975). The
density of the autoradiographic signal was proportional
to the specific activity of the 3H thymidine; thus, replica-
tion forkmovement away from the origin could be readily
detected by pulse labelingwith different specific activities
of radioactive thymidine. A heterogeneous range of repli-
con sizeswas observed from30 to 450 kb per replicon, sug-
gesting lower and upper bounds of∼7000 and∼100,000 for
the number of replication origins inmammalian genomes
(Berezney et al. 2000). The variance in the size distribution
of replicons and thus the number of potential origins were
thought to be due in part to cell type-specific determi-
nants and foreshadowed the complexity and diversity of
the mammalian DNA replication program.

The advent of molecular biology started a race to pre-
cisely identify the location and cis-acting features that
define start sites of DNA replication in higher eukaryotes.
Origins were identified by characteristic molecular inter-
mediates of bidirectional DNA replication (Okazaki frag-
ments, nascent strands, and bubbles) and plasmid-based
genetic assays.

Genetic assays

In smaller eukaryotes like the budding yeast Saccharomy-
ces cerevisiae, cis-acting replicator elements were first
identified by their ability to ensure the long-term propaga-
tion and maintenance of episomal DNA. Functional
screens identified hundreds of short sequence fragments,
termed autonomously replicating sequence (ARS) ele-
ments, that were necessary for the faithful duplication
and inheritance of the plasmid every cell cycle (Stinch-
comb et al. 1979). Despite the success of ARS-based genet-
ic screens in small eukaryotes (and prokaryotes), the assay
has been a challenge to scale to higher eukaryotes, as the
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maintenance of a plasmid requires not only that it is rep-
licated but that both copies are also segregated into each
daughter cell following cell division. These challenges
were overcome in part by using a modified version of
the EBV replication origin that was functional for segrega-
tion, but not EBNA-mediated replication, to screen a large
library of human DNA clones for replicator function (Kry-
san et al. 1989). Sequence length—not composition—was
most strongly correlated with plasmid maintenance
(Heinzel et al. 1991). Although these experiments argue
that there is little sequence specificity required for repli-
cation initiation on a plasmid, it was also clear that se-
quence inserts derived from bacterial sources were less
efficient at promoting plasmid replication. Thus, while
no clear short stretches of primary sequences emerged,
there did indeed appear to be encoded information specific
to mammalian DNA that was important for efficient
initiation of DNA replication in the context of a plasmid.
Finally, given the complex nuclear organization of verte-
brate genomes (Lieberman-Aiden et al. 2009; Dixon
et al. 2012), it remains to be determined whether the epi-
some/plasmid-based approaches in higher eukaryotes will
adequately reflect and/or capture the higher-order chro-
mosome organization and structure that are likely to be
involved in the specification of initiation sites along
chromosomes.

Identification of origins by characteristic molecular
intermediates

Initiation of DNA replication and the semiconservative
nature of the bidirectional replication forks result in the
generation of specific molecular intermediates that are in-
dicative of origin activation (Fig. 1). A number of ex-
perimental approaches have been developed to enrich
and capture these replication intermediates in an effort
to identify start sites of DNA replication across the mam-
malian genome. Replication intermediates include the
generation of “bubbles” of localized regions of 2N DNA
content as the forks move outward from the origin as
well as two types of nascent strands. Okazaki fragments
are short discontinuous nascent strands (∼150 bp) pro-
duced by lagging strand synthesis and primed by DNA po-
lymerase α-mediated RNA synthesis. A consequence of
bidirectional DNA replication is that there will be a sharp
transition in the strandedness of Okazaki fragments at the
origin. In contrast, short nascent strands are significantly
longer than Okazaki fragments and result from RNA-
primed leading strand synthesis at the origin.
The 55-kb intergenic region between the convergently

transcribed genes DHFR and 2BE2121 fromChinese ham-
ster ovary (CHO) cells is perhaps the best-characterized
mammalian replicon with regard to replication initiation
(Hamlin et al. 2010). This locus has long served as the par-
adigm for the development of assays to detectmammalian
replication origins in their chromosomal context. During
the late 1980s and early 1990s, a complex and often con-
flicting view of origin usage emerged from this locus,
which only served to highlight the strengths and weak-
nesses of each origin-mapping approach. Initial studies

from the Hamlin laboratory (Heintz and Hamlin 1982)
took advantage of the 800-fold tandem amplification of
the DHFR locus in response to methotrexate to identify
the “earliest labeling restriction fragments” (ELFs) from
this region, which corresponded to two nonoverlapping
fragments of 6 and 11 kb termed Ori-β and Ori-γ.
The location of Ori-β was subsequently refined to near-

nucleotide resolution by the DePamphilis group (Burhans
et al. 1990) by analyzing the distribution of Okazaki frag-
ments. Alkaline hydrolysis of the RNA primer provided a
5′-OH for P32 end labeling of Okazaki fragments. The la-
beled Okazaki fragments were then hybridized to
strand-specific sequences surrounding Ori-β, revealing a
marked transition in strandedness that occurred within
a 500-bp window. Together, these results suggested that
80% of the replication intermediates at the DHFR locus
originated from a specific replicator element at Ori-β.
An alternative approach to identify origins was by the

location of nascent strands—short molecular intermedi-
ates that arise from the elongating strand immediately fol-
lowing initiation of DNA replication (Vassilev and
Johnson 1989). Nascent strands were enriched by pulse-

Figure 1. Mapping molecular intermediates of replication initi-
ation. Schematic representation of replication intermediates and
their detection by enrichment for short nascent strands (SNSs),
replication bubbles, and Okazaki fragments. Three potential ori-
gins (two highly efficient and one inefficient) are depicted in a 25-
kb region. For simplicity, initiation events are represented on the
samemolecule as an aggregate across the entire population; how-
ever, in reality, initiation events are stochastic and sparse, with
the likelihood of more than one origin being activated in this re-
gion being very low. Restriction sites used for fragmentation for
the bubble-seq method are indicated (restriction sites). Detection
of replication bubbles is very sensitive but limited by the resolu-
tion of the restriction fragments and subject to false negatives
when a restriction site is within the replication bubble. The dis-
tribution of Okazaki fragments and the DNA strand (Watson or
Crick) to which they map provides information about replication
fork direction (RFD); sharp transitions in strandedness mark ori-
gins and termination zones. However, this method cannot dis-
criminate between a zone of initiation and a region containing
several specific sites used in a stochastic manner. SNS mapping
by treatment with λ-exonuclease provides increased resolution
but can detect only themost efficient origins of DNA replication.
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labeling proliferating cells with BrdU, denaturing the du-
plexDNA, and enriching for BrdU-labeled nascent strands
by immunoprecipitation. The BrdU-enriched DNA was
subsequently size-fractionated by alkaline sucrose gradi-
ents and amplified to isolate the short (<1-kb) nascent
strand replication intermediates. Similar to the Okazaki
fragment studies, there was clear enrichment of nascent
strands at Ori-β (Vassilev et al. 1990). A major advance
in the nascent strand abundance assay used λ-exonuclease
to selectively degrade small, broken DNA lacking a 5′

RNA–DNA junction indicative of polymerase α-mediated
priming. (Bielinsky and Gerbi 1998).

In 1987, Brewer and Fangman (1987) developed an inno-
vative two-dimensional (2D) gel electrophoresis approach
to map and identify replication intermediates not by
their molecular or biochemical properties but rather by
their shape and structure. Specifically, linear DNA will
migrate through an agarose gel with different kinetics
than branched DNAs (replication fork) or those with
2N “bubbles” (origins). Strikingly, analysis of the 55-kb
DHFR intergenic region identified “bubble” replication
intermediates throughout the entire intergenic region
(Vaughn et al. 1990). Thus, unlike the nascent strand
abundance assay, which indicated that there were two
preferred and well-defined replicators, the 2D gel electro-
phoresis data were consistent with the entire intergenic
spacer functioning as a replication initiation zone, with
low-frequency initiation events being observed every-
where except within the DHFR and 2BE2121 transcribed
sequences.

These contrasting views ignited a firestormof debate re-
garding the nature of origins: Do they arise from defined
locations in the genome, or are there instead zones of po-
tential initiation? In retrospect, these results are at least
partially reconcilable given the scale of each approach,
the breadth of the search space, the nature of the biochem-
ical enrichment of replication intermediates, and the use
of bulk population-based assays. Single-molecule DNA-
combing assays, in which the incorporation of nucleotide
analogs are visualized on single DNA fibers, also support
the zone of initiation model at the DHFR locus (Lubelsky
et al. 2011), but there are also examples of locus-specific
origins being detected at other genomic locations
(Anglana et al. 2003). However, despite providing a direct
readout on how often an origin was used in a population,
the combing assays were labor-intensive and difficult to
scale horizontally (across the genome) and vertically
(number of molecules detected) and thus often lacked suf-
ficient statistical power.

Genome-wide surveys of replication origins

The development of genomic technologies to comprehen-
sively survey and explore genome function, first bymicro-
array-based approaches and more recently by next-
generation sequencing, has significantly expanded the
catalog of replication initiation events from several dozen
to >100,000 across the entire genome (Cadoret et al. 2008;
Sequeira-Mendes et al. 2009; Mesner et al. 2011; Besnard
et al. 2012). Not surprisingly, the debate of specific repli-

cators versus nonspecific initiation zones has continued
from its humble beginnings at theDHFR locus into the ge-
nomic era. However, despite differences in resolution, the
number of origins detected, and apparent concordance
among and between assays, a general consensus is emerg-
ing that, while much of the genome is capable of support-
ing low levels of replication initiation events, preferred
sites of initiation include regulatory elements (transcrip-
tion start sites [TSSs] and enhancers).

Nascent strand abundance

Adaptation of short nascent strand (SNS) abundance as-
says to genome-wide approaches was relatively straight-
forward, and the first experiments used microarrays to
survey ∼1% of human (HeLa) and mouse (mESC [mouse
embryonic stem cell]) genomes for replication origins
(Cadoret et al. 2008; Sequeira-Mendes et al. 2009). Size-se-
lected nascent strands were enriched and purified from
broken contaminating chromosomal fragments by treat-
ment with excess λ-exonuclease before hybridization to
microarrays. It should be noted that excess λ-exonuclease
is important for the accurate identification of bona fide na-
scent strands, as the nuclease exhibits an intrinsic se-
quence bias that can lead to false positives (Foulk et al.
2015). Despite surveying only a limited portion of the ge-
nome, it was possible to estimate a population-based aver-
age interorigin distance of ∼60 kb (Cadoret et al. 2008).
Notably, the distribution of replication origins was not
random, as studies in both mouse (Sequeira-Mendes
et al. 2009) and human cells (Cadoret et al. 2008) identified
significant enrichment of nascent strands at DNase I-hy-
persensitive sites and gene regulatory elements. Further
analysis of the sequence features associated with origins
found that 35% of the nascent strands accumulated in
the vicinity of CpG islands (CGIs) (Cadoret et al. 2008).
This association was in agreement with a pioneering sin-
gle-locus study that had previously implicated CGIs in
vertebrate replication initiation (Delgado et al. 1998) and
may suggest a common regulatory role for CGIs in both
transcription andDNA replication. Although a third of or-
igins were associated with CGIs, CGIs were not sufficient
or necessary for origin function. These initial studies also
established a clear correlation between origin density and
GC content and identified large regions devoid of strong
replication initiation sites (Cadoret et al. 2008), establish-
ing a link between origin density and replication timing.

The microarray-based studies laid the foundations for
comprehensive genome-wide studies using next-genera-
tion sequencing (Martin et al. 2011; Besnard et al. 2012; Pi-
card et al. 2014; Cayrou et al. 2015). These comprehensive
surveys of origin activity were able to identify >80,000 or-
igins that were activated in a variety of human ESC and
mESC lines. Nearly 35% of surveyed origins were shared
across multiple cell lines (Besnard et al. 2012). These con-
stitutive origins are among the strongest and are enriched
for regulatory CGI elements. In contrast, origins specific
to a single cell line accounted for only 10% of the identi-
fied origins. The ability to resolve origins to <1000 bp by
the SNS assay provided an opportunity to identify
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sequence features that may be associated with the selec-
tion or activation of origins (discussed below).

Bubble trapping

The initiation of DNA replication within a linear frag-
ment of DNA results in a 2N “bubble” replication inter-
mediate. The reduced electrophoretic mobility of these
bubble structures provided amechanism to enrich for rep-
lication initiation events across the genome by trapping
them in agarose plugs during gel electrophoresis (Mesner
et al. 2006). Analyzing the 1% of the human genome tar-
geted by ENCODE,Mesner et al. (2011) found evidence for
replication initiation events across nearly 20% of the
surveyed genome. As the bubble-trapping assay is depen-
dent on prior restriction digest to linearize the chromo-
somes, it lacks the precision of the nascent strand
abundance assay; however, it is more sensitive to detect-
ing low-level initiation events over broad regions. Origin
initiation events were distributed in both genic and inter-
genic regions but were significantly enriched for tran-
scribed genes with activating chromatin marks at the
promoter, which is consistent with the nascent strand
abundance studies. Expansion of bubble trapping to the
entire genome by next-generation sequencing linked ori-
gin activity and the density of bubble intermediates not
with transcription units per se but rather with large do-
mains of accessible DNase I-hypersensitive chromatin
(Mesner et al. 2013).

Okazaki fragments

A comprehensive accounting of the strand-specific distri-
bution of Okazaki fragments throughout the genome in
theory can describe the precise location and efficiency of
replication origins and the direction of replication fork
movement within a replicon as well as identify termina-
tion zones. In a landmark study, Smith and Whitehouse
(2012) provided the first genome-wide map of Okazaki
fragments in the budding yeast S. cerevisiae. Okazaki frag-
ments were enriched by inactivation of DNA ligase I and
subsequently purified from asynchronous cells. The
strand-specific nature of the Okazaki fragments was pre-
served during high-throughput sequencing, and origins
of DNA replication were readily marked by the sharp
transition in strandedness (Watson to Crick) surrounding
an origin.
Application of Okazaki fragment mapping to the hu-

man genome reinforced the emerging paradigm that repli-
cation initiation in mammalian systems is a flexible
system with very few highly efficient origins being used
in the majority of cells (Petryk et al. 2016). Out of the en-
tire human genome, only 66 origins could be identified by
a sharp transition in Okazaki fragments that occurred
within a 5-kb window, corresponding to <0.01% of the
surveyed genome. Instead, much broader initiation zones
were observed, with gradual transitions in Okazaki frag-
ment strand distributions occurring over large domains
with a mean size of 30 kb (6–150 kb). Unlike the SNS
data, which identified discrete start sites of DNA replica-

tion throughout the genome, the Okazaki fragment anal-
ysis indicated that there were very few discrete sites of
initiation used across the population of cells and that ini-
tiation events were distributed over broad zones. These
seemingly conflicting results are at least partially recon-
cilable if start sites detected by SNSs represent an ensem-
ble of all possible initiation events and if their stochastic
usage throughout the population results in the broad
zones of initiation detected by theOkazaki fragment anal-
ysis. Again, consistent with prior nascent strand- and bub-
ble-trapping methods, CGIs and expressed genes were
frequently colocalized with the borders of these initiation
zones. Interestingly, the distribution of Okazaki frag-
ments revealed that the directions of transcription and
replication forks were frequently co-oriented, which
mayminimize the possibility of head-to-head polymerase
collisions (Azvolinsky et al. 2009; Hoffman et al. 2015)
and may explain the frequent colocalization of origins
near TSSs.

Initiators to map potential origins

Chromatin immunoprecipitation coupled with microar-
rays or next-generation sequencing has been a powerful
approach to map the binding sites of transcription factors
and other DNA-binding proteins throughout genomes of
most eukaryotes (Landt et al. 2012). ORC was one of the
first DNA-binding complexes to be mapped by chromatin
immunoprecipitation in S. cerevisiae (Wyrick et al. 2001).
Despite the early successes inmappingORC-binding sites
in S. cerevisiae and Drosophila (Wyrick et al. 2001; Mac-
Alpine et al. 2010), it has been a challenge to identify
ORC-binding sites inmammalian systems.Despite the ef-
forts of many laboratories, comprehensive maps of ge-
nome-wide ORC localization have become available
only recently (Dellino et al. 2013; Miotto et al. 2016).
No sequence motifs emerged from the analysis of the
ORC-associated DNA, but rather ORC was found to be
highly enriched in open DNase I-accessible chromatin at
regulatory enhancers and promoters marked by activating
histone chromatin modifications (Miotto et al. 2016).
These data, together with biochemical data demonstrat-
ing a lack of sequence specificity for metazoan ORC
(Vashee et al. 2003; Remus et al. 2004), suggest that
ORC’s association with DNA may be promiscuous and/
or dependent on specific epigenetic features.

Concordance, controversy, and coalescence

The precise identification and localization of replication
origins have been hotly contested subjects for nearly three
decades (Hamlin et al. 2010). Despite the conservation of
the eukaryotic trans-activating initiation factors, specific
cis-activating replicator elements that are used in amajor-
ity of cells in a population have failed to emerge. The field
has been mired in a quest for a precise accounting of the
number and location of mammalian replication origins
(Fig. 1). Nascent strand abundance assays, despite their
nucleotide precision, enrich only for strong initiation
events across a population of cells; bubble-trapping

Defining mammalian replication origins

GENES & DEVELOPMENT 1687

 Cold Spring Harbor Laboratory Press on August 25, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


approaches are very sensitive at detecting initiation
events but lack precision; Okazaki fragmentmapping pro-
vides information about replication fork direction, but
only a handful of robust origins with defined transitions
in Okazaki fragments emerge from the overwhelming sig-
nal of passive replication. Except for a handful of loci, the
majority of the genome appears to be passively replicated
by the stochastic utilization of many potential and pre-
ferred initiation sites. Together, these data support a
“flexible replicon” model (Cayrou et al. 2011) in which
replicons are defined by not a single origin but rather mul-
tiple potential origins that are used in a stochastic fashion.

Identification of ORC-binding sites should provide a
complete catalog of loci with the potential to function
as origins of replication (Dellino et al. 2013; Miotto et al.
2016). ORC-binding sites share similarities with SNS-de-
tected origins, including enrichment in early replicating
domains and at gene regulatory elements. However, a
large fraction of ORC-binding sites does not overlap
with SNS-detected origins (Miotto et al. 2016), suggesting
an uncoupling of replication initiation from the site of
ORC binding. Recent in vitro and in vivo experiments in
yeast suggest that transcription can slide the Mcm2–7
complex and displace the site of initiation (Gros et al.
2015). Transcription has also been shown to shape the dis-
tribution of the Mcm2–7 complex in a metazoan (Powell
et al. 2015). These results suggest thatMcm2–7 redistribu-
tion during origin licensing may represent an additional
mechanism to establish and shape the DNA replication
program in a cell type-specific manner.

Given the complexity and plasticity of the mammalian
DNA replication program and that almost any sequence
has some potential to function as an origin, it will be ben-
eficial going forward to develop comprehensive new tech-
nologies to study DNA replication at the single-molecule
level (e.g., individual chromosomal fragments). This could
be accomplished by single-cell adaptations of genomic
techniques to profile DNA copy number (Knouse et al.
2014) and chromatin structure (Cusanovich et al. 2015)
or by recent advances in single-molecule sequencing
approaches. For example, nanopore sequencing translo-
cates ssDNA through protein nanopores, and combina-
tions of individual nucleotides are detected as discrete
voltage changes across a membrane (Deamer and Branton
2002; Schneider and Dekker 2012). Analogous to DNA
combing, it may be possible to pulse-label replicons with
nucleotide analogs in order to identify and deconvolve rep-
licated sequences by nanopore sequencing. In theory, this
technology could overcome the current limitations of
DNA combing (limited sample size and lack of sequence-
level resolution) and provide robust estimates of the
frequency, location, and distribution of initiation events.

Defining an origin

Sequence

A comprehensive catalog of tens of thousands of replica-
tion origins has provided an opportunity to revisit the
role of primary sequence in defining replication origins.

Although prior plasmid-based assays failed to identify a
conserved cis-acting sequence (Heinzel et al. 1991), they
did demonstrate that origin activity in human cells
was more pronounced on mammalian DNA. Similarly,
experiments at the human B-globin locus demonstrated
that an 8-kb sequencewas sufficient to promoteDNA rep-
lication in an ectopic location (Aladjem et al. 1998). Com-
putational analysis of sequences flanking origins mapped
by SNS provided evidence that a specific structural fea-
ture of GC-rich DNA may be involved in the initiation
of DNA replication (Cayrou et al. 2011, 2012; Besnard
et al. 2012). Specifically, nascent strands accumulated
∼220 bp downstream from G-rich sequences with the
potential of forming a noncanonical four-stranded helical
structure termed the G quadruplex (G4). The basic struc-
tural unit is the G quartet, a square planar assembly of
four Hoogsteen-bonded guanine bases. The signature
motif predictive of G4 formation is four tracts of at least
three guanines separated by other bases that can fold to
form the secondary structure of the G4 (Rhodes and
Lipps 2015). There are >370,000 predicted G4 motifs in
the human genome (Huppert and Balasubramanian
2007), which is significantly more than the 80,000 identi-
fied origins, suggesting that G4s are not sufficient for ori-
gin activity.

Taking advantage of efficient homologous recombina-
tion in chicken DT40 cells (Winding and Berchtold
2001), investigators have been able to precisely insert an
efficient origin comprising the chicken βA globin promot-
er into an ectopic location devoid of strong initiation
events, which is replicated in mid-S phase (Hassan-Zadeh
et al. 2012; Valton et al. 2014). Insertion of the chicken βA

promoter origin was sufficient to produce short nascent
strands, thus demonstrating its ability to function as an
ectopic replicator; however, insertion of this replicator
was insufficient to advance replication timing. Flanking
the ectopic replicator with binding sites for the USF tran-
scription factor induced a change in the local histone H3
acetylation andH3K4me2 and an advancement in replica-
tion timing that was dependent on the βA promoter origin.
The synergistic impact of USF-binding and -activating
chromatin marks on βA function may indicate a potential
feed-forward mechanism that promotes the coordinated
activation of neighboring cryptic origins to advance repli-
cation timing. The role of a prominent G4 motif in the βA

promoter origin was also dissected genetically (Valton
et al. 2014). Pointmutations affecting the in vitro stability
of G4 also impacted origin efficiency, thus providing
evidence for a critical role of G4 formation in replication
initiation. Not surprisingly, based on the asymmetric dis-
tribution of SNS intermediates surrounding potential G4
motifs from prior genome-wide studies (Cayrou et al.
2012), the orientation of the G4 motif within the βA pro-
moter origin determined the position of replication
initiation.

These findings highlight key questions concerning the
mechanismbywhich specific sequences likeG4smay im-
pact origin function (Fig. 2). Potential models for G4 func-
tion include precisely positioning nucleosomes flanking
the origin (Cayrou et al. 2015), which may facilitate pre-
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RC formation (Lipford and Bell 2001). Alternatively, G4
structures may be recognized by specific factors involved
in the formation of a functional origin—both ORC and
RecQL4 (human ortholog of Sld2) interact with G4 struc-
tures in vitro (Hoshina et al. 2013; Keller et al. 2014). G4
structures may also cooperate with other adjacent cis-act-
ing sequence modules (Valton et al. 2014). For example,
G4 structures may function to transiently pause the elon-
gation of nascent strands that initiated within the imme-
diate vicinity of the predicted structure. This is supported
by their orientation-dependent function (Valton et al.
2014) and the polar accumulation of nascent strands 3′

from the G-rich sequence (Besnard et al. 2012; Cayrou
et al. 2012). Replication of G4 structures is at least partial-
ly dependent on specialized polymerases and helicases.
The Pif1 helicase unwinds G4 structures, and loss of
Pif1 results in replication fork stalling (Lopes et al. 2011;
Paeschke et al. 2011) and genomic instability (Paeschke
et al. 2013). In addition, Rev1, a translesion polymerase,
facilitates passage of the replication fork through G4 sec-
ondary structures, and loss of Rev1 activity uncouples ca-
nonical chromatin assembly from DNA synthesis,
resulting in a failure to properly re-establish the epigenetic
landscape and gene expression patterns (Schiavone et al.
2014). However, point mutations in the βA G4 structure
disrupt not only SNS accumulation (as expected for a rep-
lication fork pause) but also the advancement in replica-
tion timing, which implies that the βA G4 has a bona
fide role in initiation (Valton et al. 2014). Recent advances
in genome editing will provide the tools to comprehen-
sively and systematically assess the function of specific
replicator sequences (including G4 structures) in contrib-
uting to origin efficiency and replication timing.

Epigenetic features

The plasticity of the mammalian DNA replication pro-
gram is thought to be due in large part to epigenetic fea-
tures that modulate the selection and activation of

replication origins (Fig. 2; Table 1). For example, the acti-
vation of a predominant replication origin near the human
β-globin locus is developmentally programmed to occur
early in S phase in erythroid cells and in late S phase in
nonerythroid cells (Kitsberg et al. 1993). This change in
replication timing is correlatedwith differences in histone
acetylation between erythroid and nonerythroid cells
(Goren et al. 2008). Importantly, tethering different his-
tone acetylases to the locus is sufficient to promote early
replication in lymphoblastoid cells, and, conversely, the
tethering of a histone deacetylase is sufficient to repress
early replication in erythroid cells.
The histone acetyltransferase (HAT) Hbo1 acetylates

histone H4 on Lys5, Lys8, and/or Lys12. Hbo1 was initial-
ly identified via an interactionwith Orc1 (Iizuka and Still-
man 1999) and has been subsequently shown to interact
with multiple pre-RC components (Burke et al. 2001;
Iizuka et al. 2006), Hbo1 is recruited to origins via an inter-
action with Cdt1 (Miotto and Struhl 2008) and results in
elevated H4ac levels local to the origin (Miotto and Struhl
2010). AlthoughHbo1 is essential for cellular proliferation
in transformed culture cells, HBO1-null mutant Droso-
phila (McConnell et al. 2012) and primary mouse embry-
onic fibroblasts (MEFs) (Kueh et al. 2011) exhibit only
mild defects inDNA replication and cellular proliferation,
indicating that redundant chromatin-based mechanisms
must exist to regulate origins. Hbo1 also interacts with
BRPF3 to direct the preferential acetylation of H3K14
near TSSs (Feng et al. 2016). Depletion of BRPF3 induces
replicative stress, decreases origin density, and reduces
Cdc45 recruitment to chromatin. Altogether, these data
suggest a role for Hbo1 in the control of both origin licens-
ing and firing; however, the absence of this function can
be compensated for by other mechanisms, including in-
creased fork speed.
Methylation of histone H4K20 is also thought to influ-

ence the selection of replication origins across metazoan
genomes. The bromo-adjacent homology (BAH) domain
of Orc1 specifically interacts with H4K20me2 in higher

Figure 2. Defining a replication origin. Several fea-
tures have been proposed to contribute to local origin
activity. Nucleosome-free regions (NFRs)may be pref-
erential sites forORCbinding, pre-RC formation, and/
or activation. G4 motifs may also favor the formation
of NFRs and/or recruitment of specific factors in-
volved in origin licensing or activation. Cooperation
with neighboring cis-regulatory sequences and chro-
matin modifications may also increase the capacity
to form a NFR or contribute to the recruitment of
trans-factors, influencing origin selection and activa-
tion. The site of initiation (ORI) is located ∼220 bp
3′ of the G4 structure, which may also function to
transiently impede fork progression on the leading
strand.
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eukaryotes, and mutating the Orc1-BAH domain results
in an S-phase delay and reduced ORC occupancy at select
origins (Kuo et al. 2012). Themethylation of H4K20 isme-
diated by the methyltransferases PR-Set7 (H4K20me) and
Suv4-20h1/2 (H4K20me2/3). PR-Set7 is cell cycle-regulat-
ed and is targeted for proteasome-mediated degradation in
S phase (Abbas et al. 2010; Oda et al. 2010; Tardat et al.
2010). Deregulation of PR-Set7 activity via stabilization
or overexpression results in rereplication and genomic in-
stability presumably via inappropriate pre-RC assembly,
as tethering of PR-Set7 is sufficient to promote Mcm2–7
helicase loading at select origins (Tardat et al. 2010). Effi-
cient pre-RC assembly during mouse development is de-
pendent on both PR-Set7 and Suv4-20h1/2 (Beck et al.
2012), suggesting that dimethylation of H4K20 is the crit-
ical methylation state for defining origins.

At the genome-wide scale, it is hard to envision
H4K20me2 as a specificity factor for origins because
H4K20me2 is the most abundant histone post-transla-
tional modification, accounting for >80% of the total H4
population (Yang et al. 2008). Thus, >95% of all nucleo-
somes will contain at least one H4 subunit dimethylated
at Lys20. Despite the conservation of PR-Set7 and cata-
strophic developmental phenotypes resulting from the
loss of PR-Set7 activity in both mammalian and Droso-
phila systems, recent studies using engineered histone ar-
rays demonstrated that H4K20A mutants were viable in
flies (McKay et al. 2015). These results indicate that
H4K20 methylation is not strictly required for cell prolif-
eration and instead may function to stabilize ORC on
chromatin via the Orc1-BAH domain.

The transcription and DNA replication programs
have long been thought to respond to similar chromatin
cues, with chromatin environments that activate or
repress transcription being associated with early- and
late-replicating domains, respectively. Early studies from
ENCODE (The ENCODE Project Consortium 2007) iden-
tified correlations between time of replication and specific
chromatin marks over broad domains. The comprehen-
sive mapping of replication origins throughout the ge-
nome provided an opportunity to identify specific and
combinatorial patterns of chromatin modifications that
may function to directly specify origin selection and acti-
vation at discrete chromosomal loci. A discriminant anal-
ysis of origins and chromatin landscape in human cells—
aiming at pinpointing combinations of chromatin marks
that characterize early-, mid-, and late-firing origins—
found that early origins were characterized by their prox-
imity to the combination of open chromatin marks
(H3K9ac, H3K4me3, and H2AZ) and H4K20me1 (Picard
et al. 2014). Similar results were observed in mESCs
(Cayrou et al. 2015). H3K79me2 is also enriched at active
genes and correlated with origin activity (Fu et al. 2013).
Given the frequent colocalization of origins with TSSs
and regulatory CGIs, it is not surprising that there is sig-
nificant enrichment for chromatin signatures representa-
tive of promoters, enhancers, and active transcription.

More surprising was the correlation with polycomb-re-
pressive chromatin found in human cell lines (Picard et al.
2014) and mESCs (Cayrou et al. 2015). Although not ex-
plicitly tested, these polycomb-repressive domains may
represent a bivalent chromatin state enriched for both

Table 1. Genomic and epigenetic features associated with mammalian origin activity

Feature Factor Evidence

G4 quadruplex Primary sequence Enriched in the vicinity of replication origins (Besnard et al. 2012;
Cayrou et al. 2012); may position nucleosomes, interact with
replication factors; necessary but not sufficient for origin
function (Valton et al. 2014)

NFR (nucleosome-
free region)

Primary sequence and ATP-dependent
chromatin remodelers

Decreased nucleosome density at origins of replication and ORC-
binding sites (Lubelsky et al. 2011; Lombraña et al. 2013;
Cayrou et al. 2015)

H4K20 methylation PR-Set7, Suv4-20h1/2 The ORC1-BAH (bromo-adjacent homology) domain interacts
with H4K20me2 (Kuo et al. 2012); dysregulation of PR-Set7
impacts DNA replication and genomic stability (Tardat et al.
2010)

H3K79me2 DOT1L Enriched at origins and limits reinitiation (Fu et al. 2013)
H4K5ac, H4K8ac,
H4K12A

HBO1 Interacts with ORC1 (Iizuka and Stillman 1999) and promotes
pre-RC assembly (Miotto and Struhl 2008, 2010) and origin
activation (Feng et al. 2016)

H3K4me3 KDM5C/JARID1C Enriched at replication origins (Picard et al. 2014; Cayrou et al.
2015); demethylation promotes origin activation (Rondinelli
et al. 2015)

H3ac/H4ac Various histone acetyltransferases (HATs)
and histone deacetylases (HDACS)

Enriched at replication origins (Cadoret et al. 2008; Sequeira-
Mendes et al. 2009); hyperacetylation promotes origin activity
and advances replication timing (Goren et al. 2008); binding of
USF near an origin advances replication timing (Hassan-Zadeh
et al. 2012), likely due to recruitment of PCAF, CBP, and p300
(West et al. 2004)

H3K27me3 Polycomb-repressive chromatin Enriched at replication origins (Picard et al. 2014; Cayrou et al.
2015)
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activating chromatin (H3K4me3) and polycomb-repres-
sive chromatin (H3K27me), which are frequently found
at developmentally regulated transcripts (Bernstein et al.
2006). The presence of bivalent chromatin at replication
origins may provide a mechanism for the rapid develop-
mentally programmed shifts in replication timing ob-
served for select loci (e.g., β-globin).
The widespread availability of genome-wide DNA rep-

lication and chromatin data has identified many intrigu-
ing correlations that may have regulatory potential.
However, it is important to stress that correlation does
not equal causation. Complicating matters is the nonuni-
form distribution of replication origins across the genome.
The frequent co-occurrence of replication origins with
TSSs and regulatory elements makes it difficult to decon-
volve the contribution of specific chromatin marks to the
regulation of transcription, replication, or both. In addi-
tion, epigenetic writers (e.g., HATs and methyltransfer-
ases) are primarily thought of as modifying histone
lysines but also frequently target lysines on nonhistone
targets. Both HBO1 and PR-Set7 are known to directly
modify nonhistone lysine targets, including critical cell
cycle and pre-RC factors (Shi et al. 2007; Iizuka et al.
2008; Takawa et al. 2012); thus, the effects at a particular
origin may be independent of the local chromatin
environment.
Genome editing and the development of engineered his-

tone arrays will facilitate a mechanistic understanding of
how epigenetic features modulate the DNA replication
program. CRISPR/Cas9 will allow for not only the rapid
introduction of specific mutations into cis-acting se-
quences likeCGIs andG4 structures but also the insertion
of potential replicator sequences at ectopic locations. In
addition, HATs and histone methyltransferases as well
as histone deacetylases (HDACS) and histone demethy-
lases can be directly targeted to specific loci by CRISPR/
dCas9 fusion constructs with surgical precision (Thakore

et al. 2016). Targeting of regulatory epigenetic writers and
erasers to specific replicons will allow investigators to
decipher the local epigenetic rules that regulate the
DNA replication programwhileminimizing the potential
for pleiotropic effects due to global dysregulation of tran-
scription. Similarly, the development and use of engi-
neered histone arrays (McKay et al. 2015) in mammalian
systems will identify the specific role of key histone tail
lysine residues inmodulating the selection and activation
of DNA replication origins.

Regulation of origins on the chromosome scale

In higher eukaryotes, large chromosomal domains repli-
cate at characteristic times during S phase (Rhind and Gil-
bert 2013). The density, distribution, and activation of
replication origins define this temporal DNA replication
program. A hierarchy of interdependent and intradepend-
ent features contributes to the regulation of replication or-
igins and the establishment of the DNA replication
timing program (Fig. 3). These features include nuclear ar-
chitecture, isochores, gene density, chromatin state, tran-
scriptional activity, histone modifications, nucleosome
positioning, primary sequence, and the availability of
rate-limiting initiation factors. Together, they provide
for a potentially massive combinatorial code by which
to modulate and fine-tune the DNA replication program
for different cell types and developmental stages.
Mammalian replication timing domains were first de-

scribed using microarray-based approaches either at very
low resolution (Woodfine et al. 2004) or targeting a chro-
mosome arm (White et al. 2004) or select regions of the ge-
nome (Jeon et al. 2005). More recently, these approaches
were extended genome-wide by tiling arrays (Hiratani
et al. 2008) and next-generation sequencing (Hansen
et al. 2010; Koren et al. 2014; Mukhopadhyay et al.
2014). The mammalian genome is segmented into broad

Figure 3. Hierarchy of temporal regulation. Active
early, mid-, and late S-phase replication origins are
represented as small green, blue, and red dots, respec-
tively. Constant early-replicating domains are en-
riched for GC content, genes, regulatory elements
(transcription factor-binding and enhancer sites),
DNase I-hypersensitive sites, and origins of DNA rep-
lication. Early-replicating domains are found in the
interior of the nucleus and are frequently associated
with activating chromatin modifications and histone
variants, including H3K4me3, H2AZ, and H3K9ac.
Timing transition zones are also origin-rich and fre-
quently associated with polycomb-repressive chro-
matin environments (H3K27me3). In contrast, late-
replicating regions are AT-rich and gene-poor and ex-
hibit a decreased density of origins. Late-replicating
domains are associated with nuclear lamins and
Rif1 (Rap1-interacting factor 1), which may lead to
the formation of amicroenvironment at the periphery
of the nucleus or the nucleolus that restricts the activ-
ity of critical kinases (DDK and CDK) and/or limiting
initiation factors.
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regions with constant replication timing (early, mid, or
late S phase) and narrow timing transition zones by which
the replication timing switches from one domain to the
next. The vast majority of protein-coding genes is located
in early-replicating domains, suggesting that there is evo-
lutionary pressure to ensure that protein-coding genes are
duplicated early in S phase, as there is an increased accu-
mulation of mutations in late-replicating domains (Sta-
matoyannopoulos et al. 2009; Koren et al. 2012).

Replication timing domains are remarkably conserved
between different cell types (Ryba et al. 2011), individuals
of the same species (Koren et al. 2014), and even different
species (Ryba et al. 2010). Although still highly correlated
on the megabase scale, at increased resolution, it is possi-
ble to find a significant number of smaller changes in rep-
lication timing that are developmentally regulated
(Rivera-Mulia et al. 2015) or linked to the underlying ge-
notype (Koren et al. 2014). For example, replication timing
changes that occur during differentiation of mESCs typi-
cally involve the consolidation of smaller neighboring rep-
lication domains (Hiratani et al. 2008).

Constant replication timing domains are significantly
larger than individual replicons, implying the coordinat-
ed activation of multiple replication origins across the
domain. Indeed, early-replicating domains have a high
density of efficient replication origins (Cadoret et al.
2008; Besnard et al. 2012). In contrast, late-replicating do-
mains have far fewer origins detected by methods like
SNS; however, that is not to imply that late-replicating
regions are the consequence of being replicated from a
replication fork emanating from a neighboring domain,
as the distribution of Okazaki fragments is not consistent
with the passage of a single fork (Petryk et al. 2016).
Rather, it appears to be a cascade of stochastic and ineffi-
cient initiation events (Mesner et al. 2013) proceeding
from the transition zone into the late domain (Petryk
et al. 2016).

The time at which a locus replicates in S phase has long
been associated with nuclear architecture (Li et al. 2001;
Zhou et al. 2002). Late-replicating sequences are associat-
ed with the nuclear periphery and colocalized with lamin-
associated domains (LADs) (Peric-Hupkes et al. 2010).
More recently, genome-wide chromatin interaction
maps generated via Hi-C (Lieberman-Aiden et al. 2009) re-
vealed strong correlations between nuclear architecture
and the DNA replication timing program (Ryba et al.
2010). Specifically, the boundaries of topologically associ-
ated domains (TADs) (Dixon et al. 2012) frequently
demarcate replication timing domain boundaries (Pope
et al. 2014). The mechanisms responsible for establishing
and maintaining topological domains are being actively
deciphered. The insulator element CTCF is enriched at
the borders of TADs (Dixon et al. 2012), and ablation of
a specific CTCF site at theHox gene cluster permits an ex-
pansion of permissive chromatin and disruption of a TAD
boundary (Narendra et al. 2015). Presumably, although it
remains to be tested, the loss of the TAD boundary and ex-
pansion of open and active chromatin would result in an
increased density of initiation events and an alteration
in replication timing.

The conservation of replication timing domains sug-
gests that they are hardwired into the genome at some fun-
damental level that is likely dependent on chromatin
accessibility and nuclear architecture. Not surprisingly,
it has proven difficult to globally disrupt the replication
timing program. Recently, Rif1 (Rap1-interacting factor
1) has been identified as a global regulator of replication
timing (Cornacchia et al. 2012;Hayano et al. 2012). Initial-
ly identified as a telomere-binding protein required for
maintenance of telomere length in S. cerevisiae (Hardy
et al. 1992), it was subsequently implicated in advancing
the time of activation of late-replicating origins both at
the telomeres and within the chromosome in Schizosac-
charomyces pombe (Hayano et al. 2012). In mammalian
systems, Rif1 is an essential factor required for organismal
development. Depletion of Rif1 results in a consolidation
of early- and late-replicating domains to be instead repli-
cated in mid-S phase (or randomly throughout S phase)
(Cornacchia et al. 2012). Rif1 localizes to late-replicating
domains, many of which are concordant with LADs
(Foti et al. 2016). Late-replicating regions of the genome
marked only by Rif1 are most susceptible to advancing
their time of replication in the absence of Rif1 function.
However, in early-replicating regions of the genome, it is
unclear what mediates the transition to later replication
in the absence of Rif1. The change in timing could be di-
rect due to alteration of interchromatin architecture or in-
direct via the increased competition for rate-limiting
initiation factors (Yoshida et al. 2014).

While the molecular mechanisms that govern nuclear
architecture and long-range chromatin interactions and
how they impact the DNA replication timing program re-
main to be elucidated, it is worthwhile to step back and
consider the replication program in the context of broader
chromosomal features. In addition to topological do-
mains, gene density and isochores of differing GC content
are also excellent proxies for predicting replication tim-
ing. Early-replicating domains are enriched for GC con-
tent and gene regulatory elements, including promoters
and enhancers. The high density of regulatory elements
contributes to an open or accessible chromatin environ-
ment that is permissive for ORC binding (Dellino et al.
2013; Miotto et al. 2016). In Drosophila, ORC localizes
to highly occupied target (HOT) regions of the genome
where multiple DNA-binding factors colocalize (The
modEncode Consortium et al. 2010). HOT regions are
conserved in higher eukaryotes (Gerstein et al. 2010;
The ENCODE Project Consortium 2012) and may repre-
sent a unique chromatin environment for the promiscu-
ous and transient recruitment of regulatory DNA-
binding factors. Other common regulatory features like
CGIs contribute to the formation of G4 structures, which
are implicitly associated with replication initiation
events (Besnard et al. 2012; Cayrou et al. 2012). Finally,
chromatin accessibility over the gene-dense early-repli-
cating isochores facilitates intradomain chromatin inter-
actions, which provide a localized environment for the
coordinated activation of multiple origins throughout
the domain. The domain-specific coordinated activation
of replication origins is likely established in part by
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limiting concentrations of initiation factors (Mantiero
et al. 2011; Tanaka et al. 2011) that serve to shape a pre-
cise replication timing program.
The mechanisms that govern how gene-poor and AT-

rich isochores are copied late in S phase remain amystery.
The availability of open chromatin and nucleosome-free
DNA for ORC recruitment is diminished and is reflected
in the low density of identified ORC-binding sites and ini-
tiation events (Besnard et al. 2012; Dellino et al. 2013;
Miotto et al. 2016). Despite the temporal delay in the ac-
tivation of replication, these domains are copied for the
most part with the same kinetics as early-replicating do-
mains. That is to say that, at a single-molecule level, a
similar number of active replicons contribute to the dupli-
cation of early- and late-replicating domains. However,
there are exceptions, like developmentally regulated chro-
mosome fragile sites (CFSs). For example, the CFS FRA3B
is late-replicating in both lymphoblastoid and fibroblast-
derived human cell lines (Letessier et al. 2011). However,
in lymphoblastoid cells, there is an absence of initiation
events within the 700-kb domain encompassing the
fragile site, thereby rendering the domain dependent on
replication forks emanating from outside the locus. In-
triguingly, genomic instability at these developmentally
regulated fragile sites may also be dependent on transcrip-
tion of ultralong genes (>500 kb) (Wilson et al. 2015). It re-
mains to be determined whether the breaks and resulting
genomic instability are due to collisions between tran-
scription and replication forks (Helmrich et al. 2011) or
the generation of RNA:DNA hybrid R loops (Stirling
et al. 2012) or, alternatively, whether cell type-specific
transcription through these loci serves to displace the
Mcm2–7 helicase complex from the template DNA
(Gros et al. 2015; Powell et al. 2015), further reducing po-
tential initiation events.
The past year, 2015, has seen remarkable advances in

theDNA replication field. Decades of biochemical studies
have culminated in what can only be described as finding
the holy grail—multiple times. Detailed atomic- and near-
atomic-resolution structures were obtained by X-ray
crystallography and cryo-electron microscopy for ORC
(Bleichert et al. 2015) and the Mcm2–7 complex (Li et al.
2015), respectively. In addition, the Diffley laboratory
(Yeeles et al. 2015) has reconstituted licensed DNA repli-
cation in vitro using 42 polypeptides, providing insight
into the precise order of events leading to initiation and
defining the minimal complement of factors required for
regulated eukaryotic DNA replication. Future in vitro ex-
periments using purified proteins from mammalian sys-
tems will lead the way forward to explicitly test the
minimal cis- and trans-acting factors required for regulat-
ed initiation from a defined locus. However, it will be dif-
ficult, if not impossible, to capture the full complexity of
the mechanisms and nuclear features that regulate chro-
mosomal replication in vivo. Analogous to the varied
mechanisms by which transcription is regulated at indi-
vidual genes, it is likely that diverse chromatin-mediated
mechanismswill exist to regulate individual origins to en-
sure the faithful inheritance of genetic information across
cell types and developmental stages.
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