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Patterns of replication within eukaryotic genomes correlate with gene expression, chromatin
structure, and genome evolution. Recent advances in genome-scale mapping of replication
kinetics have allowed these correlations to be explored in many species, cell types, and
growth conditions, and these large data sets have allowed quantitative and computational
analyses. One striking new correlation to emerge from these analyses is between replication
timing and the three-dimensional structure of chromosomes. This correlation, which is
significantly stronger than with any single histone modification or chromosome-bind-
ing protein, suggests that replication timing is controlled at the level of chromosomal
domains. This conclusion dovetails with parallel work on the heterogeneity of origin firing
and the competition between origins for limiting activators to suggest a model in which the
stochastic probability of individual origin firing is modulated by chromosomal domain struc-
ture to produce patterns of replication. Whether these patterns have inherent biological
functions or simply reflect higher-order genome structure is an open question.

Replication of eukaryotic chromosomes takes
place in segments that generally replicate

in a predictable temporal order. Because the
rate of elongation of replication forks varies
little throughout S phase, this “replication tim-
ing program” is largely mediated by the time of
initiation of replication within the correspond-
ing segments. However, it is the temporal order
of replication, not the sites of initiation, that is
conserved among species (Aladjem et al. 2002;
Farkash-Amar et al. 2008; Liachko et al. 2010;
Ryba et al. 2010; Yaffe et al. 2010; Di Rienzi et al.
2012; Muller and Nieduszynski 2012; Xu et al.
2012), suggesting that replication timing is
regulated independently of mechanisms speci-

fying origins. Despite this evolutionary conser-
vation, the biological significance of replication
timing has remained elusive. In multicellular
but not unicellular organisms, early replication
is correlated with transcriptional activity and is
developmentally regulated (Hiratani et al.
2009), but causal links have not been estab-
lished. Recent findings establish the importance
of large-scale chromatin folding in the regula-
tion of replication timing in both yeasts and
mammals and provide new promise for our un-
derstanding of both the significance and mech-
anism of the replication program. These results
suggest a unifying model of how structural
compartmentalization of the genome in the
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eukaryotic nucleus can influence overall func-
tional output.

In this chapter, we will begin by summariz-
ing the important contributions of genome-
scale methods to the field. Next we will examine
the relationships between replication timing and
the three-dimensional (3D) organization of
chromosomes in the nucleus. We will follow
this with a discussion of mechanistic insights
and conclude with speculation on the potential
biological significance of a replication timing
program. Along the way, we will refer the reader
to many outstanding recent reviews for more
detailed discussion of various aspects of this
complex topic.

CONTRIBUTIONS FROM GENOME-
SCALE METHODS

Although pioneering genome-scale studies of
replication timing were performed more than
10 years ago (Donaldson and Schildkraut 2006),
they have more recently been applied to many
different cell types and experimental conditions,
providing a comprehensive view of the temporal
program and a robust tool for experimentation.
In fact, replication timing profiles are such a
stable characteristic of particular cell types that
they can be used forcell type identification (Pope
et al. 2011; Ryba et al. 2011). Details of these
methods have been described in several recent
reviews (Farkash-Amar and Simon 2010; Ra-
ghuraman and Brewer 2010; Ryba et al. 2011).
Here we will focus on the salient findings from
these studies. Table 1 compiles a list of published
genome-wide replication timing data sets for
various species at the time of this writing.

Interpreting Genome-Wide
Replication Timing Profiles

Figure 1 shows exemplary profiles of replication
timing in human, Drosophila, and yeast cells,
and Figure 2 shows a schematic to help with
the interpretation of these profiles. In the large
genomes of multicellular organisms, the pro-
files consist of broad, computationally defined
constant timing regions (CTRs), or “replication

domains,” punctuated by slopes of progressive
change in timing, commonly referred to as tim-
ing transition regions (TTRs). The appearance
of constant timing across large replication do-
mains may in part be due to the resolution of
existing methodology, but the prevailing work-
ing model (Fig. 2) is that the similar timing on
the population level is due to the averaging
of heterogeneous firing on the individual cell
level from clusters of multiple origins or initia-
tion zones (regions within which different cells
initiate at different sites) that fire with similar
timing. The evidence for this model is indirect,
inferred from a combination of genome-scale
data that show similar average replication times
at 100-kb resolution and individual DNA fi-
ber origin-mapping data that reveal evidence
for clusters of initiation at sites that are hetero-
geneous between cells (Lebofsky et al. 2006;
Cayrou et al. 2011; Letessier et al. 2011; Besnard
et al. 2012).

TTRs are the regions between CTRs that
have a gradient of replication timing from their
early-replicating sides to their late-replicating
sides (Fig. 2). Their replication timing is con-
sistent with either unidirectional forks emanat-
ing from the early CTRs toward the late CTRs
(Farkash-Amar et al. 2008; Hiratani et al. 2008;
Desprat et al. 2009; Ryba et al. 2010) or sequen-
tially firing origins (Guilbaud et al. 2011). At
least part of one TTR has been shown to repli-
cate predominantly as a single long unidirec-
tional fork in different human and mouse cell
lines (Norio et al. 2005; Schultz et al. 2010), and
sequences that can function as origins at their
normal locations rarely fire when inserted into
this TTR (Guan et al. 2009). Even strong tran-
scription or tethering of a potent histone ace-
tyltransferase near an origin within a TTR did
not alter its firing rate, whereas tethering similar
molecules near origins that do not reside within
a TTR strongly affects origin firing (Goren et al.
2008; Hassan-Zadeh et al. 2012). On the other
hand, the rate of replication through TTRs ge-
nome-wide has been estimated to vary by two-
to threefold more than global rate of fork elon-
gation (Takebayashi et al. 2005; Frum et al. 2009;
Ryba et al. 2010; Guilbaud et al. 2011), sug-
gesting that sequential firing of origins occurs
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Table 1. Genome-wide replication profiles

Species Cell type Cell line References

Homo sapiens hESC H1 Desprat et al. 2009; Ryba
et al. 2011

H7 Ryba et al. 2010
H9 Ryba et al. 2010
BG01 Ryba et al. 2010
BG02 Hansen et al. 2010; Ryba

et al. 2010
hiPSC iPSC4 Ryba et al. 2010

iPSC5 Ryba et al. 2010
Definitive endoderm BG02-derived Ryba et al. 2011
Mesendoderm BG02-derived Ryba et al. 2011
Mesoderm BG02-derived Ryba et al. 2011
Smooth muscle BG02-derived Ryba et al. 2011
Neural precursors BG01-derived Ryba et al. 2010
Myoblast 7 individuals Pope et al. 2011
Lymphoblastoid CO2O2 (male) Ryba et al. 2010

GM06990 (female) Hansen et al. 2010; Ryba
et al. 2011

TL010 Hansen et al. 2010
HO287 (male) Hansen et al. 2010
MOLT-4 Yaffe et al. 2010

Fibroblast IMR90 Pope et al. 2011
BJ Hansen et al. 2010
FFT Yaffe et al. 2010
HeLa Chen et al. 2010

Erythroid K562 Hansen et al. 2010
CD4þ-derived basophilic

erythroblasts
Desprat et al. 2009

Mus musculus mESC D3 Hiratani et al. 2008
46C Hiratani et al. 2008
TT2 Hiratani et al. 2008
TT2 flox G9a ESC: mock

and OHT
Yokochi et al. 2009

miPSC iPS Hiratani et al. 2008
iPSC1D4 Hiratani et al. 2010
iPSC2D4 Hiratani et al. 2010

pmiPSC piPSC1A2 Hiratani et al. 2010
piPSC1B3 Hiratani et al. 2010
piPSC1V3 Hiratani et al. 2010

Early primitive
ectoderm

D3-derived as embryoid
bodies

Hiratani et al. 2010

Early primitive
ectoderm

D3-derived as monolayer Hiratani et al. 2010

Definitive ectoderm D3-derived as embryoid
bodies

Hiratani et al. 2010

Neural precursors D3-derived as embryoid
bodies

Hiratani et al. 2008

46C-derived as monolayer Hiratani et al. 2008
TT2-derived as monolayer Hiratani et al. 2008
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Table 1. Continued

Species Cell type Cell line References

TT2 flox G9a-derived:
mock and OHT

Yokochi et al. 2009

Endoderm GscSox17-EB5-derived Hiratani et al. 2010
Mesoderm GscSox17-EB5-derived Hiratani et al. 2010
mEpiSC EpiSC5 Hiratani et al. 2010

EpiSC7 (female) Hiratani et al. 2010
Lymphoblastoid L1210 Farkash-Amar et al. 2008;

Hiratani et al. 2010
Fibroblast C127 mammary Lu et al. 2010

MEF male and female Hiratani et al. 2010; Yaffe
et al. 2010

Myoblast J185a Hiratani et al. 2010
Drosophila melanogaster Wing imaginal disc Cl8 Schwaiger et al. 2009

Embryonic Kc Schwaiger et al. 2009; Eaton
et al. 2011

Kc HP1 knockdown Schwaiger et al. 2010
S2 Eaton et al. 2011

Neuronal Bg3 Eaton et al. 2011
Chicken Lymphoid DT40 Hassan-Zadeh et al. 2012
Arabidopsis thalania Col-0 (chromosome 4 only) Lee et al. 2010
Saccharomyces cerevisiae wt Raghuraman et al. 2001

wt Yabuki et al. 2002
wt Feng et al. 2006
rad35D Feng et al. 2006
wt Alvino et al. 2007
wt þ HU Alvino et al. 2007
wt McCune et al. 2008
clb5D McCune et al. 2008
clb5D clb6D McCune et al. 2008
wt Knott et al. 2009
rpd3D Knott et al. 2009
eaf3D (Rpd3S) Knott et al. 2009
set2D (Rpd3S) Knott et al. 2009
rco1D (Rpd3S) Knott et al. 2009
dep1D (Rpd3L) Knott et al. 2009
cti6D (Rpd3L) Knott et al. 2009
rpd3D set2D Knott et al. 2009
rpd3D cti6D Knott et al. 2009
rpd3D eaf3D Knott et al. 2009
cti6D eaf3D Knott et al. 2009
dep1D eaf3D Knott et al. 2009
rco1D eaf3D Knott et al. 2009
eaf3D set2D Knott et al. 2009
wt Crabbe et al. 2010
rad9 Crabbe et al. 2010
rev3 rad30 Crabbe et al. 2010
eco1 Crabbe et al. 2010
ctf4 Crabbe et al. 2010
ddc1 Crabbe et al. 2010
rad24 Crabbe et al. 2010
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Table 1. Continued

Species Cell type Cell line References

pol2-12 Crabbe et al. 2010
elg1 Crabbe et al. 2010
tof1 Crabbe et al. 2010
mrc1AQ Crabbe et al. 2010
mrc1AQ rad9 Crabbe et al. 2010
ctf8 Crabbe et al. 2010
ctf18 Crabbe et al. 2010
mrc1 Crabbe et al. 2010
ddc1 Crabbe et al. 2010
ctf18 rad9 Crabbe et al. 2010
mec1-100 Crabbe et al. 2010
mec1-100 Crabbe et al. 2010
mec1-100 Crabbe et al. 2010
mec1-100 Crabbe et al. 2010
rad53 Crabbe et al. 2010
wt Lian et al. 2011
yku70D Lian et al. 2011
wt Koren et al. 2010
sic1D Koren et al. 2010
dia2D Koren et al. 2010
clb5D Koren et al. 2010
mrc1D Koren et al. 2010
rrm3D Koren et al. 2010
dpb3D Koren et al. 2010
dpb4D Koren et al. 2010
rnr1D Koren et al. 2010
rad27D Koren et al. 2010
ura7D Koren et al. 2010
tda3D Koren et al. 2010
met7D Koren et al. 2010
gln3D Koren et al. 2010
arg2D Koren et al. 2010
wt Tanaka et al. 2011
Overexpression of Sld3,

Sld7, and Cdc45
Tanaka et al. 2011

Overexpression of Dbf4 Tanaka et al. 2011
Overexpression of Cdc7

and Dbf4
Tanaka et al. 2011

wt Knott et al. 2012
fkh1D Knott et al. 2012
fkh2D Knott et al. 2012
fkh1D fkh2D Knott et al. 2012

Schizosaccharomyces
pombe wt Heichinger et al. 2006

wt Feng et al. 2006
wt Hayashi et al. 2007
wt Eshaghi et al. 2007
wt Mickle et al. 2007b
wt Mickle et al. 2007a
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within at least some TTRs (Guilbaud et al.
2011). Furthermore, origin activity has been de-
tected within TTRs (Cadoret et al. 2008; Cayrou
et al. 2011). The frequency of initiation within
TTRs may be influenced by factors that slow
replication fork movement, which may induce
the firing of dormant origins within the TTRs.
TTRs terminate by merging with forks coming
from an opposing TTR or a later-replicating

CTR (Fig. 2). Merging TTRs create a U-shaped
valley in the replication profiles resulting from
the population average of forks terminating at
different sites, without the need to invoke late-
firing origins. Some of these late-replicating re-
gions coincide with common fragile sites and
fail to activate origins even under conditions
of replicational stress (Le Tallec et al. 2011; Le-
tessier et al. 2011; Debatisse et al. 2012). Large

Table 1. Continued

Species Cell type Cell line References

wt Kumar and Huberman 2009
wt Wu and Nurse 2009
wt Hayano et al. 2011
wt Hayano et al. 2011
wt Xu et al. 2012

hESC, human embryonic stem cells; hiPSC, human-induced pluripotent stem cells; mESC, mouse embryonic stem cells;

OHT, 4-hydoxytamoxifen; miPSC, mouse-induced pluripotent stem cells; pmiPSC, partially reprogrammed mouse-induced

pluripotent stem cells; mEpiSC, mouse epiblast-derived stem cells; wt, wild type; HU, hydroxyurea.

10 Mb
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100 kb

Early, high
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Budding yeast

Late, low
efficiency
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Several medium-
efficiency origins?

Human

Many low-
efficiency origins?
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Figure 1. Scales of replication timing in species with different-sized genomes. Smoothed replication profiles of
segments of the human (Ryba et al. 2010), fly (Schwaiger et al. 2009), and budding yeast genomes (Alvino et al.
2007; Yang et al. 2010). Although the profiles look qualitatively similar, they show features on very different
scales. In yeasts, the peaks in the replication profiles represent individual origins and the average replication
times of origins are determined by a combination of their average firing times and the frequency with which they
are passively replicated by forks originating at neighboring origins. In mammals, what appear to be sharp peaks
of early replication flatten at higher resolution to broad, near-megabase-sized domains, which contain many
unresolved individual replicons. This lack of resolution can be accounted for by spatial or temporal heteroge-
neity in origin firing within each domain. Fly genomes are an order of magnitude smaller than human, and their
domains of coordinate replication are similarly smaller but still probably contain multiple unresolved replicons.
The slope of the curves moving away from early-replicating regions is often interpreted as being proportional to
the rate of replication in that region. However, even in budding yeasts, where origins can be very efficient, this
correlation is not strong; the slope is determined more by the ratio of fork directions than by the rate of those
forks (Sekedat et al. 2010; Retkute et al. 2011).
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late replication domains, however, likely contain
late-firing origins that fire heterogeneously but
with similar average timing, much as early CTRs
do (Frum et al. 2009; Guilbaud et al. 2011; Le
Tallec et al. 2011; Letessier et al. 2011; Debatisse
et al. 2012). Ultimately, accurate interpretation
of these temporal profiles will require more ex-
tensive studies of origin site selection that com-
bine ensemble and DNA fiber origin-mapping
methods (Cayrou et al. 2011).

In multicellular organisms with smaller ge-
nomes, such as Drosophila and Arabidopsis (Lee
et al. 2010), replication timing profiles are qual-
itatively similar but at a different scale. Whereas
replication domains in mammals range from
several hundred kilobases to many megabases
(Hiratani et al. 2008; Ryba et al. 2010), domains
in these organisms range from 75 to 250 kb

(MacAlpine et al. 2004; Schwaiger et al. 2009),
which is small enough to be initiated from one
or a few closely spaced origins (Fig. 1). Unfor-
tunately, there are no studies of fork rates in
Drosophila or Arabidopsis that can inform the
interpretation of replication timing profiles in
these species.

In the budding and fission yeasts, in which
the genomes are 100-fold smaller than in mam-
mals, the replication profiles look qualitatively
similar to those of metazoans (Fig. 1). However,
because origins are well-defined loci in yeasts, it
is possible to resolve individual origins. There-
fore the peaks in the yeast profiles correspond to
actual origins, not just early-replicating regions.
This resolution allows information about the
efficiency and timing of individual origin firing
to be extracted from yeast replication timing

M
et

az
oa

n

CTR
Late replication domain

CTR
Middle replication domain

CTR
Early replication domain

Yeast (euchromatin)

Yeast (heterochromatin)

TTRTTR

Figure 2. Interpreting replication profiles in different species. A hypothetical segment of a replication timing
profile contains regions of constant timing (CTRs), or “replication domains,” that replicate at different times
during S phase, and regions of temporal transition (TTRs). However, these regions can be interpreted differently
depending on genome size and computational parameters. In metazoan genomes, replication domains can be
operationally defined regions where replication timing differs by 10%–20% of the length of S phase. The
similarity of replication timing within such domains is proposed to be due in part to the heterogeneous,
population-averaged firing of adjacent origins (green bubbles) with similar firing times, but in the case of large
CTRs can be due to the nearly simultaneous firing of adjacent but independently regulated replication domains.
The actual number of initiation sites within each domain that can potentially be used in a population of cells is
believed to be in the dozens (origin clusters) to hundreds (initiation zones). TTRs are regions of suppressed
origin activity (indicated as a gray “slime”), which may be replicated either by a single fork (black arrows)
moving unidirectionally through time (y-axis) or—if slow-moving forks stimulate firing of inefficient or
“dormant” origins—by sequentially activated origins (red bubbles). In contrast, the entire genome in less
complex organisms such as yeasts can be thought of as a single replication domain, with the majority of
regulation controlled by more origin-proximal mechanisms. The exception is the late-replicating heterochro-
matin, such as telomeres, which form the equivalents of TTRs, being passively replicated by forks originating in
neighboring euchromatic regions.
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profiles. Although at the population level ori-
gins show distinct average firing times, at the
single-cell level origin firing is heterogeneous,
in that a different subset of origins is activated in
a different timing pattern in each cell (Patel et al.
2006; Czajkowsky et al. 2008). Therefore, forks
from neighboring origins can passively replicate
even the earliest origins at some frequency, and
caution must be used in interpreting the pro-
files. For instance, variations in the slope of rep-
lication profiles is generally due to the ratio of
fork directions, not due to variations in individ-
ual fork speed (Sekedat et al. 2010; Retkute et al.
2011). Likewise, the probability of an origin fir-
ing is not directly proportional to its efficiency
(i.e., the fraction of cells in which it fires); effi-
ciency is determined by a combination of an
origin’s firing probability and its proximity to
other origins with higher or lower probabilities
of firing earlier and generating a replication fork
that passively replicates the origin (de Moura et
al. 2010). As in metazoans, there are early- and
late-replicating segments of the yeast genome
(Heichinger et al. 2006; McCune et al. 2008);
however, these segments are not due to the clus-
tering of early or late origins per se (Yang et al.
2010). Instead, the early-replicating segments
have both early and late origins, but the late or-
igins are usually passively replicated by forks
from their early neighbors. In another similarity
to metazoans, the latest-replicating sequences in
the budding and fission yeast genomes are het-
erochromatin. However, because heterochro-
matin constitutes such a small portion of yeast
genomes, these regions do not form late-repli-
cating CTRs, as in metazoans, but rather form
TTRs, which are often passively replicated by
forks originating from neighboring euchromat-
ic segments.

The availability of high-resolution, ge-
nome-wide replication timing profiles has per-
mitted the development of mathematical mod-
els of replication kinetics. These models have
been used to interpret population-averaged rep-
lication timing profiles, taking into account sin-
gle-molecule DNA fiber data, and have generat-
ed testable hypotheses (Lygeros et al. 2008; de
Moura et al. 2010; Hyrien and Goldar 2010; Luo
et al. 2010; Yang et al. 2010). Many of these

models have concluded that replication timing
profiles can be accounted for by a combination
of the probability with which origins in a region
fire and their proximity to other origins with
higher or lower probabilities, which determines
the frequency of inactivation of neighboring or-
igins by passive replication. In such models, fac-
tors that establish the probability of origin firing
determine the replication timing program.

Replication Timing and DNA Sequence
Composition

In multicellular organisms there are statistically
significant links between replication timing and
features of primary genomic sequence. Gene
density correlates with early replication, while
the density of repetitive elements associated
with heterochromatin correlates with late repli-
cation. In vertebrates a general correlation exists
between early replication and gene-rich, LINE-
poor, GC-rich regions of the genome (Fig. 3,
top), often segmented into regions called iso-
chores (Schmegner et al. 2007; Costantini et al.
2009). However, these DNA sequence features
are clearly not sufficient to dictate replication
timing. Changes in replication timing during
development (see below) can strongly influence
the genome-wide alignment of replication tim-
ing to isochores (Hiratani et al. 2010; Ryba et al.
2010). Moreover, homologous loci can replicate
at different times in the same cells (Karnani et al.
2007; Farkash-Amar et al. 2008; Hansen et al.
2010). Isochores that exhibit the most extreme
of the above-mentioned sequence compositions
tend to replicate at the same time in all tissues,
whereas regions with intermediate or mixed se-
quence features are more prone to change repli-
cation timing during development (Fig. 3, top),
suggesting that sequence composition has some
indirect influence on replication timing. There
is also evidence that replication timing can in-
fluence sequence composition. At about 1000
sites in the human genome, there are significant
transitions in nucleotide composition that co-
incide with peaks of earliest regional replication
timing (Touchon et al. 2005; Huvet et al. 2007);
a similar phenomenon is seen in yeast genomes
(Agier and Fischer 2012; Marsolier-Kergoat and
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Figure 3. Relationship between isochore properties and replication timing regulation, subnuclear positioning,
and transcription. (Top) Isochores with unusual sequence properties are subject to replication timing regulation.
The mammalian genome is partitioned into isochores with different GC content, LINE composition, and gene
density, which are generally correlated. Isochores that are high in GC and gene density but low in LINE density
are replicated early in S phase, whereas the alternate extremes are replicated late. Isochores with intermediate or
mixed sequence features are frequently subject to replication timing regulation during differentiation (specu-
latively labeled “Facultative heterochromatin”) (Hiratani et al. 2008; Ryba et al. 2010). (Bottom) Changes in
replication timing that traverse the middle of S phase accompany changes in subnuclear position and tran-
scriptional potential. Replication early in S phase (patterns I and II) takes place within the interior euchromatic
compartment, whereas replication later in S phase (patterns III, IV, and V) takes place at the nuclear periphery
(pattern III), at the nucleolar periphery (pattern III), and at internal blocks of heterochromatin (patterns IVand
V) (Berezney et al. 2000; McNairn and Gilbert 2003). Note the dramatic transition from euchromatic to
heterochromatic replication pattern during mid-S phase (from pattern II to III). In addition, a strong relation-
ship between earlier replication timing and transcription is observed for genes that replicate during mid- to late
stages of S phase (“strong correlation”; corresponds to pattern III) (Hiratani et al. 2008). Very few genes are
replicated at the end of S phase. In contrast, genes that are replicated in the first third of S phase have equally high
probability of being expressed (“no correlation”), and thus even large changes within this period may not
accompany changes in subnuclear repositioning and/or transcriptional competence may be inconsequential
for transcription. (Legend continues on following page.)
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Goldar 2012). These transitions are believed to
arise from different mutation frequencies expe-
rienced by leading versus lagging strands, leav-
ing an evolutionary imprint of replication fork
polarity.

Relationships to Transcription: Divergence of
Multicellular and Single-Celled Organisms

Genome-wide studies have revealed a strong
positive correlation between early replication
and transcriptional activity in multicellular or-
ganisms, including plants, particularly when
transcriptional output is integrated across repli-
cation domains (MacAlpine et al. 2004; Hiratani
et al. 2008; Lee et al. 2010). In contrast, no such
correlation can be found in budding or fission
yeasts, except for the fact that the few silent
heterochromatic regions of yeasts, such as telo-
meres, are late-replicating (Raghuraman et al.
2001; Heichinger et al. 2006). One way of recon-
ciling this discrepancy is to consider that in high-
er eukaryotes there is no correlation between
transcription and replication timing through-
out the entire first half of S phase; the observed
correlation is accounted for by genes that rep-
licate in the second half of S (Fig. 3, bottom).
Moreover, in multicellular organisms, any giv-
en cell type replicates 75% of genes in the first
half of S phase. In this sense the bulk of the
yeast genome can be likened to early-replicat-
ing domains in multicellular organisms, with
only the heterochromatic regions, which com-
prise a small fraction of the yeast genome, acting
as later-replicating domains. Perhaps the “ex-
ploitation” of heterochromatin by multicellu-

lar organisms led to the expansion of the het-
erochromatic chromatin compartment and
more extensive late-replicating domains (Gil-
bert 2002).

Developmental Control and Stable
Epigenetic States

Another property of replication timing in mul-
ticellular organisms is developmental control.
At least half the mammalian genome is subject
to developmentally regulated changes in repli-
cation timing that occur in units of 400–800 kb
and are generally coordinated with changes in
transcriptional regulation of a certain class of
promoters (Hiratani et al. 2008; Ryba et al.
2010). The smaller and more uniform size of
these developmentally regulated replication do-
mains suggests that larger domains of constant
replication timing observed in any given cell
type consist of multiple units that can be in-
dependently regulated during development. In
fact, replication domains in pluripotent cells are
smaller and their replication timing becomes
aligned to consolidate them into larger domains
during differentiation. Some differences in rep-
lication timing have also been observed between
Drosophila melanogaster cell lines, and these also
occur in smaller units than the replication do-
mains found within a cell type (Schwaiger et al.
2009). As expected from the correlation to tran-
scription, changes in replication timing gen-
erally coincide with changes in transcription.
However, this coordination is promoter-specific
in mammals; changes in transcription of genes
with low- but not high-CpG-content promoters

Figure 3. (Continued) The figure illustrates how the durations of different spatial replication patterns are likely to
relate to the probability of transcription based on published results (Dimitrova and Gilbert 1999; Hiratani et al.
2008). These relationships imply that genome-wide replication timing analyses provide a means to infer changes
in subnuclear position and transcriptional potential (Hiratani et al. 2008). Together these observations strongly
suggest that changes in replication timing that traverse the mid-S phase (i.e., pattern II to III or vice versa)
accompany subnuclear repositioning and altered transcriptional potential, with the latter likely confined to
certain classes of genes. We submit that although genome-wide analysis of subnuclear position changes by
fluorescence in situ hybridization is impractical, these spatiotemporal patterns of replication provide a proxy of
their 3D distribution. Genome-wide replication timing analyses provide a means to infer changes in subnuclear
position and even transcriptional potential using these relationships (Hiratani et al. 2008). Photos are decon-
volved images from Chinese hamster cells pulse-labeled with bromodeoxyuridine at different times during S
phase (J Lu and DM Gilbert, unpubl.). (From Hiratani et al. 2009; adapted, with permission, from Elsevier.)
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correlate with replication timing changes (Hi-
ratani et al. 2008, 2010). Given that replica-
tion domains are 400–800 kb, many genes can
change replication timing coordinately, with
some showing coordinated transcriptional
changes and others not, which has made dis-
section of this relationship difficult. However,
when the analysis is focused on low-CpG-con-
tent promoters during the course of stem cell
differentiation, transcription and replication
switches are so closely coordinated that it is still
difficult to answer the long-standing question of
which change occurs first (Hiratani et al. 2010).

What is clear, however, is that switches in
replication timing are correlated with epigenet-
ically stable transitions in cell state and gene re-
sponsiveness. Dosage compensation in mam-
mals occurs by the inactivation of one of the
two female X chromosomes, accompanied by
a switch to late replication. Interestingly, mono-
tremes, marsupials, and eutherian mammals
have widely different molecular mechanisms
to silence transcription on the inactive X, but a
switch to late replication is common to all of
these clades (Hiratani and Gilbert 2010). More-
over, genome-wide studies uncovered a specific
set of autosomal replication domains that switch
from early to late replication coincident with
X inactivation (Hiratani et al. 2010). These re-
gions remain late-replicating in all committed
tissues queried, such that their early replication
constitutes a “pluripotency fingerprint” (Ryba
et al. 2011). These timing changes coincide with
a loss in the ability of cells to colonize blasto-
cysts, make chimeras, or revert to the embryonic
state. Importantly, they reflect a discrete epige-
netic barrier to cellular reprogramming; both
early replication and transcription of genes
within these regions are blocked in somatic cells
that fail to reprogram to induced pluripotent
stem cells (iPSCs), and the expressed transcrip-
tion factors Oct4, Sox2, Nanog, and Klf4 fail to
bind to their promoters (Hiratani et al. 2010).

Relationships to Chromatin Proteins

Early studies reported a close correlation of
replication timing with R and G chromosome
banding patterns, which presumably arise from

heterogeneous protein composition along the
lengths of chromosomes, but genomic analy-
ses revealed that this alignment breaks down
at molecular resolution (Pope et al. 2010). How-
ever, such studies prompted the search for other
known properties of chromatin that correlate
with replication timing. As expected given the
correlation to transcriptional activity, early rep-
lication correlates well with general nuclease ac-
cessibility (Gilbert et al. 2004; Bell et al. 2010),
histone modification, and chromatin proteins
associated with active transcription (Hiratani
et al. 2008; Ryba et al. 2010). However, the cor-
relation with repressive or heterochromatin his-
tone marks was found to be highly cell-type-
specific and quite poor in some cell types (Hi-
ratani et al. 2008; Ryba et al. 2010), consistent
with earlier cytogenetic findings (Wu et al.
2005). To date, none of these chromatin marks
were confined to the boundaries of replication
timing, although some were found enriched at
the borders of early replication domains (Ryba
et al. 2010). Surprisingly, despite a strong cor-
relation of early replication to chromatin ac-
cessibility (Prendergast et al. 2007; Bell et al.
2010), accessibility does not change coordinate-
ly with replication timing; regions that change
replication timing remain relatively inaccessible
whether early- or late-replicating (Takebayashi
et al. 2012). It is important to point out, how-
ever, that computational methods that integrate
the density of proteins or protein modifications
could miss important localized features of chro-
matin.

A more stringent test of the role of a protein
or histone modification is to determine whether
it is necessary to maintain replication timing. In
the past such studies were limited to testing ef-
fects of gene knockouts on the replication timing
of a few specific regions (Stevenson and Gottsch-
ling 1999; Vogelauer et al. 2002; Aparicio et al.
2004; Jorgensen et al. 2007). Genomic methods
are now robust enough to routinely perform an
unbiased search for regions of the genome affect-
ed by mutations. In mammals the timing pro-
gram is surprisingly resilient to such mutations
(Jorgensen et al. 2007; Yokochi et al. 2009). For
example, a strong statistical and spatial correla-
tion between late replication and H3K9me2 in
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mouse embryonic stem cells (ESCs) was tested
using a conditional knockout of the histone
methyltransferase G9a. This mutation caused
a near complete ablation of this mark on late-
replicating chromatin but had no effect on rep-
lication timing or developmentally regulated
changes in replication timing during differenti-
ation (Yokochi et al. 2009). It is possible that
multiple redundant modifications maintain a
robust replication timing program, and studies
combining mutations with chemical inhibitors
of chromatin-modifying enzymes are consistent
with this conclusion (Casas-Delucchi et al.
2012). Moreover, replication timing is not a bi-
nary early or late phenomenon but rather a con-
tinuum throughout S phase; hence it is not sur-
prising that many mutations in both mammals
and yeasts usually have only minor effects on
replication timing. However, some chromatin
mutations do exhibit profound localized effects
on replication timing (Li et al. 2005; Wu et al.
2006; Bergstrom et al. 2007; Hayashi et al. 2009;
Schwaiger et al. 2010), and a few examples of
gene disruptions causing broad misregulation
of mammalian replication timing are emerging
(Cornacchia et al. 2012; Yamazaki et al. 2012).

Results measuring replication timing in
yeasts that have been disrupted for chroma-
tin modification enzymes have revealed similar
complex effects. Disruption of the histone ace-
tyltransferase Rpd3L advances the firing time
of approximately 100 origins (about 30% of
detected origins) in Saccharomyces cerevisiae
(Knott et al. 2009), and deletion of budding
yeast Rif1 causes earlier replication of telomeres
(Lian et al. 2011). Moreover, recent results in
fission yeasts suggest that deletion of either of
the telomeric proteins Taz1 (Tazumi et al. 2012)
or Rif1 (Hayano et al. 2012) results in a dramatic
shift in the time of initiation of a set of non-
telomeric origins. A similar effect occurs when
Rif1 is knocked down in mammalian cells (Cor-
nacchia et al. 2012; Yamazaki et al. 2012), al-
though the mammalian Rif1 protein has a dif-
ferent function than its yeast homolog (de
Lange 2004). A profound effect on replication
timing was recently reported after knockout of
the forkhead transcription factors in budding
yeasts (Knott et al. 2012).

3D CHROMATIN ORGANIZATION
AND REPLICATION TIMING

A far-reaching conclusion from genome-wide
studies is the uncanny alignment of replication
timing to maps of 3D chromatin interactions.
This observation has shifted paradigms in our
understanding of a long-standing enigmatic re-
lationship between replication timing and large-
scale chromosome structure. Moreover, very re-
cent results have shed light on the similarities
and differences in this level of regulation be-
tween yeasts and metazoans. In this section,
we briefly summarize the classic observations
and propose a unified working model in which
the structural organization of chromosomes
can regulate replication timing in unicellular
and multicellular eukaryotes.

Spatial Compartmentalization
of Early and Late Replication

X-chromosome inactivation in mammals is ac-
companied by a chromosome-wide switch to
late replication, dramatic compaction, and move-
ment of the entire chromosome to the nuclear
periphery (Hiratani and Gilbert 2010). Similarly,
autosomal chromatin that replicates at different
times during S phase is globally compartmen-
talized, with early replication taking place in
the interior and chromatin at the periphery be-
ing replicated later in S phase (Figs. 3, bottom,
4B). Compartmentalization appears to result
from the anchorage of chromatin to immobile
structures such as the nuclear periphery (Gilbert
and Gasser 2006; Steglich et al. 2012) or nucleo-
lus (Nemeth and Langst 2011). In organisms
with large nuclei, chromatin movement is con-
strained throughout the nucleus. In yeasts, the
entire nucleus is similar in scale to the range
of chromatin motion in mammals, but some
regions, particularly those containing late-rep-
licating origins, are more constrained and mol-
ecules that anchor chromatin to specific sub-
nuclear locations have been elucidated (Gilbert
and Gasser 2006). The significance of compart-
mentalization to the replication timing program
remains elusive, and under some experimen-
tal conditions, tethering budding yeast replica-
tion origins to the nuclear periphery is neither
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necessary (Hiraga et al. 2006) nor sufficient
(Lian et al. 2011) for late replication.

Determinants of Replication Timing
Established during G1 Are Lost before
G2 Phase

A compelling link between replication timing
and the spatial compartmentalization of chro-
matin is the finding that replication timing is
established coincident with the global repo-
sitioning and anchorage of chromatin as the
nucleus is reassembled during early G1 phase
(Dimitrova and Gilbert 1999). The molecular
events occurring at this timing decision point
(TDP) remain elusive. Recently it was shown
that when a single complete round of replica-
tion is initiated during G2 phase, replication
proceeds in a random spatial and temporal or-
der despite maintenance of chromatin spatial
organization (Lu et al. 2010), implying that
determinants of replication timing are lost dur-
ing S phase. Possible mechanisms include the
dilution of preexisting chromatin components
during replication or the disruption of normal
chromatin interactions when two identical sis-
ter chromatids share the same nuclear space.
Together these results suggest that the global
spatial organization of chromatin is not suf-
ficient to dictate timing during G2 phase, al-
though it may contribute to the establishment
of replication timing. This observation is con-
sistent with a similar finding in budding yeasts
that chromosomal context is important during
early G1 to establish late replication but is not
necessary thereafter (Raghuraman et al. 1997;
Heun et al. 2001).

Changes in Subnuclear Position
Linked to Replication Timing and
Cell-Fate Transitions

The spatial patterns of DNA synthesis change
dramatically and abruptly during the middle
of S phase in all multicellular species that have
been examined (Fig. 3, bottom). Likewise, there
seems to be a similar change in subnuclear po-
sition when replication domains change replica-
tion timing during development. Fluorescence

in situ hybridization detects the movement of
domains toward or away from the periphery
during stem cell differentiation when replica-
tion timing becomes later or earlier, respective-
ly (Williams et al. 2006; Hiratani et al. 2008).
As predicted from global spatial patterns, these
changes only occur when replication timing
changes through mid- to late S phase (Hiratani
et al. 2010), which is also the same period of S
phase during which a correlation exists between
replication timing and transcription (Fig. 3,
bottom). Hence, replication timing can change
substantially during the first half of S phase
without a detectable change in subnuclear po-
sition, but a switch through mid- to late S phase
is highly predictive of a subnuclear position
change, suggesting that replication timing may
provide a convenient genome-wide readout of
subnuclear position changes (Fig. 3, bottom).
What is not clear, however, is which occurs first
during the course of differentiation, and wheth-
er the subnuclear position change is confined
to the region of replication timing change. In-
tuitively it seems that without major chromatin
unfolding, subnuclear position changes would
need to involve chromosomal regions larger
than the size of a 400- to 800-kb replication do-
main, but this remains to be tested.

Replication Foci: Cytogenetic Units of
Replication Timing Regulation?

A common feature of the spatial patterns of
DNA synthesis is a punctate appearance of the
labeled sites of DNA synthesis, or “replication
foci.” In mammals each of these foci takes 45–
60 min to complete replication (Berezney et al.
2000). Based on the number of foci observed
over the course of S phase (hundreds at any
one time), it is estimated that each contains
0.5–1 Mb of DNA (Berezney et al. 2000), close
to the size of developmentally regulated repli-
cation domains. When pulse-labeled cells are
chased through multiple cell cycles, labeled foci
do not change size, shape, or intensity of la-
bel, indicating that the DNA that is synthe-
sized together remains together as a structu-
ral unit (Sadoni et al. 2004). In many cases,
adjacent foci are genetically contiguous and
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replicate sequentially (Sporbert et al. 2002;
Maya-Mendoza et al. 2010).

Models for the structure of chromatinwithin
replication foci have been rapidly evolving. A
long-standing model is that replication foci rep-
resent “factories” of DNA organized in such a
way that multiple replicons throughout hun-
dreds of kilobases are simultaneously spooled
through a single common replication complex
(Fig. 4) (Gilbert and Gasser 2006), although
evidence for this model has been inconclusive.
Recently evidence has been presented for the
presence of replication foci containing multiple
replication forks in budding (Kitamura et al.
2006) and fission (Meister et al. 2007) yeasts,
suggesting that they may share a similar struc-
tural organization. However, a study in cell-free
Xenopus egg extracts has shown that individual
molecules tethered at both ends can be efficiently
replicated, showing that neither large immobi-
lized complexes nor complexes simultaneous-
ly engaged with both bidirectional replication
forks are necessary for in vitro DNA replication
(Yardimci et al. 2010). Moreover, high-resolu-
tion light microscopy methods (Cseresnyes
et al. 2009; Baddeley et al. 2010) applied to
the study of replication foci reveal that each “fo-
cus” appears to resolve into many separate but
clustered subfoci that are consistent with the
amount of DNA in a single bidirectional repli-
con (Fig. 4D). In short, although replication foci
likely represent the cytological manifestation
of replication domains, their structure remains
unresolved.

Importantly for our discussion, although
the ultrastructure of replication foci is not re-
solved, evidence suggests that replication timing
is regulated at the level of replication foci. As
discussed above, coordinated changes in repli-
cation timing during differentiation are regu-
lated at the level of 400- to 800-kb replication
domains, which are in line with the sizes of foci
defined cytogenetically. Moreover, studies in
Xenopus egg extracts have shown that the tim-
ing program can be compressed or elongated,
without modulating the temporal order of rep-
lication, by increasing or decreasing the num-
ber of simultaneously activated replication foci
through modulation of cyclin-dependent kinase

(CDK) activity, independent of the numbers of
origins or rate of elongation (Thomson et al.
2010). Together these results have strengthened
the view of the replication focus as a unit of rep-
lication regulation.

An Uncanny Link between Replication Timing
and Chromatin Interaction Maps

Replication timing correlates better with ge-
nome-wide maps of 3D chromatin interactions
than any other chromosomal property analyzed
to date (Ryba et al. 2010); in fact, it is one
of the strongest correlations in genomics (Fig.
4A). Chromatin interaction maps are made
by cross-linking cellular chromatin, digesting it
with a restriction enzyme, and then religating to
covalently link all pieces of DNA that are close
together in the nucleus. In Hi-C (Lieberman-Ai-
den et al. 2009), a genome-wide chromosome-
interaction mapping technique, the junctions of
all of these novel ligation events are sequenced
to reveal all the interactions (near the restriction
sites) in a population of cells. These studies have
shown that chromatin is organized into two spa-
tially distinct compartments such that chromatin
in one compartment rarely interacts with chro-
matin in the alternate compartment, with dis-
tinct boundaries separating interactions between
alternate compartments. Hi-C data sets not only
correlate strongly with replication timing but
align precisely at both large and small replication
timing transition boundaries, suggesting that
the chromatin between segments of self-inter-
acting chromatin may be the TTRs. The fact that
chromosome interaction correlates better with
replication timing than either of them do with
any single histone modification or chromatin-
binding protein suggests that replication timing
is connected to chromatin structure through
a complex combination of histone modifica-
tions and chromatin-binding proteins, no one
of which alone captures the overall large-scale
structure. This observation also suggests that
replication timing may be a convenient proxy
for chromatin interaction maps.

These results provide molecular evidence
supporting conclusions from cytogenetic data
that early- and late-replicating DNAs reside in
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spatially separate compartments of the nucleus
and that the DNA that is in close spatial proxim-
ity is replicated together as a structural and func-
tional unit. Data from Hi-C can be fit to models
in which chromosomes are organized into self-
interacting domains that are remarkably similar
in size to replication domains and are predicted
to fold into structures resembling replication
foci (Fig. 4B). It remains to be seen whether

this correlation will also be found in yeasts, but
chromatin interaction maps in budding yeasts
show that early replication origins frequently
interact (Duan et al. 2010). Moreover, a recent
study shows that forkhead transcription factors
bind near a subset of early replication origins in
budding yeasts, interact to organize early origins
in nuclear space, and are required for their early
replication (Knott et al. 2012).

Hi-C
A

B C

D

Initiation factors

ori

ori ori ori

ori

Timing

Figure 4. Units of replication timing regulation correspond to units of large-scale chromatin organization. (A)
Replication timing profiles align better to eigenvector displays of chromatin conformation capture profiles than
to any other structural or functional property of chromosomes examined to date (Ryba et al. 2010). (B) Regions
that replicate at different times are spatially segregated and may form self-interacting domains that may set
thresholds for the accessibility of S-phase promoting factors. (C,D) Two interpretations of replication foci. (C)
Concept of a replication factory where several replicons in a spatially contiguous chromosome region are
replicated by a common, fixed replication protein complex. (D) Current super-resolution microscopy methods
suggest that replication foci consist of clusters of smaller foci that were not resolved by prior light microscopy.
Together the data suggest that foci are the result of several separate replication complexes, possibly replicating
both bidirectional leading and lagging strands together (Heun et al. 2001; Kitamura et al. 2006; Meister et al.
2007), but rather than being a single fixed complex, they consist of a spatially clustered group of independent
replication complexes that initiate replication nearly synchronously, possibly as a result of their common
presence within a single self-interacting unit of large-scale chromatin organization. (A and B from Ryba et al.
2010; reprinted, with permission, # Cold Spring Harbor Laboratory Press.)
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MECHANISMS REGULATING
REPLICATION TIMING

The strong correlation between replication tim-
ing and chromatin structure suggests a mecha-
nistic connection. However, timing appears to
be controlled at the level of large replication do-
mains, whereas the regulation of replication ini-
tiation is at the level of individual origins. How
the chromatin structure of large domains is re-
lated to the firing times of individual origins
within those domains remains one of the cen-
tral questions in the field.

Establishment versus Execution

The regulation of replication timing can be
thought of as having two mechanistically dis-
tinct processes: establishment and execution.
Establishment, which occurs during late mitosis
and G1, sets the timing program by commit-
ting origins to their characteristic firing times.
Execution, which occurs during S, realizes the
timing program by activating origins at those
times. Manipulating either process can affect
the timing of replication, but in mechanistically
different ways. Manipulations that affect estab-
lishment tend to affect large-scale attributes,
such as chromatin structure and subnuclear lo-
calization, whereas manipulations that affect
execution affect the firing of individual origins
without affecting chromatin structure and sub-
nuclear localization.

Execution Reflects Competition for
Rate-Limiting Factors

Recent work has shed light on the execution of
replication timing: how and when individu-
al origins are selected to fire. Underlying this
work is the heterogeneous nature of origin fir-
ing. In budding and fission yeasts, in which or-
igins are well-defined genetic loci and the repli-
cation timing pattern of each origin is known,
the execution of the replication program during
S phase involves the stochastic firing of individ-
ual origins, which nonetheless results in repro-
ducible patterns of average firing times (Patel
et al. 2006; Rhind 2006; Czajkowsky et al. 2008;

Lygeros et al. 2008; de Moura et al. 2010; Yang
et al. 2010). Likewise in metazoans, origin firing
is heterogeneous, with individual origins often
firing with very low efficiency (Anglana et al.
2003; Lebofsky et al. 2006; Labit et al. 2008;
Cayrou et al. 2011). It is important to emphasize
that stochastic firing of origins does not imply
that all origins fire with equal probability; in-
deed, different origins can have very different
probabilities of firing. Rather, the term “stochas-
tic” simply implies that the firing of origins is
governed by probability, such that an origin may
fire in one cell but not another. Such behavior
can be explained if each origin has a character-
istic probability of firing (Rhind 2006; Rhind
et al. 2010). Origins with high firing probabili-
ties are more likely to fire early in S and therefore,
on average, have earlier firing times. Likewise,
origins with lower firing probabilities will, on
average, have later replication times. Mathemat-
ical models based on stochastic origin firing
account well for observed replication kinetics
in yeasts, frog embryos, and mammalian cells
(Goldar et al. 2008; Lygeros et al. 2008; de Moura
et al. 2010; Yang et al. 2010; Gauthier et al. 2012),
and recent high-resolution DNA fiber analysis
of replication kinetics at the mouse Igh locus is
consistent with stochastic origin firing (Dem-
czuk et al. 2012).

The probability of origin firing is affected by
competition for rate-liming factors. In budding
and fission yeasts, initiation factors—such as
Cdc45, Sld2, and Sld3—and the Dbf4-depen-
dent kinase Cdc7(DDK) initiation kinase are
limiting for origin firing; overexpression of
these factors increases the probability of origin
firing, and tethering them to specific loci can
increase the firing of local origins (Patel et al.
2008; Wu and Nurse 2009; Mantiero et al. 2011;
Tanaka et al. 2011). In addition, limiting the
expression of S-phase cyclins can limit the firing
of late origins (Donaldson et al. 1998; McCune
et al. 2008; Katsuno et al. 2009). The idea that
varying the level of limiting activators affects the
execution but not the establishment of replica-
tion timing is supported by the observation that
slowing replication, either by slowing fork rates
or deleting replication factors, elongates the
replication timing program but preserves the
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relative order of average replication times (Al-
vino et al. 2007; Koren et al. 2010). Stochastic
firing of origins in mammalian cells suggests
that they are also regulated by rate-limiting fac-
tors (Lebofsky et al. 2006; Cayrou et al. 2011;
Letessier et al. 2011). Consistent with this pos-
sibility, varying the level of CDK affects replica-
tion timing in vertebrates (Krasinska et al. 2008;
Katsuno et al. 2009; Thomson et al. 2010).

The activation of origins by limiting factors
predicts that as S phase progresses and fewer
unfired origins remain, the remaining origins
will be able to compete more efficiently for the
limiting activators and so their firing probabil-
ity will increase (Herrick et al. 2000; Hyrien et al.
2003; Rhind 2006). Such an increase in firing
probabilities as S phase progresses has been ob-
served in yeasts and metazoans (Herrick et al.
2000; Patel et al. 2006; Eshaghi et al. 2007) and
has been proposed to be a universal feature of
eukaryotic replication (Goldar et al. 2009). The
probability of origin firing is predicted to in-
crease until it becomes limited by the diffusion
rates of the activators, a prediction consistent
with quantitative analysis (Gauthier and Bech-
hoefer 2009). The increasing probability of or-
igin firing has been also been invoked as a guar-
antee that late-replicating regions of the genome
will replicate efficiently and that replication will
finish in a timely manner, despite stochastic or-
igin firing (Yang and Bechhoefer 2008; Rhind
et al. 2010).

Establishment Is Set at the Level of
Chromosome Domains

If the execution of origin timing reflects the
probability of origins competing for limiting
initiation factors, the establishment of origin
timing sets those probabilities. The difference
in timing between different replication domains
correlates with the chromatin structure of those
domains and is not intrinsic to the origins them-
selves. As described above, targeting chromatin
regulators near an origin or moving an origin to
new chromatin contexts can affect origin timing
(Ferguson and Fangman 1992; Friedman et al.
1996; Vogelauer et al. 2002; Zappulla et al. 2002;
Goren et al. 2008). Furthermore, the mammali-

an TDP occurs before the point at which speci-
fic origins are selected (origin decision point;
ODP), suggesting that timing is regulated inde-
pendently of individual origins. This separation
is consistent with the observation that timing
patterns are more strongly conserved across spe-
cies than origin locations (Ryba et al. 2010; Di
Rienzi et al. 2012; Muller and Nieduszynski
2012; Xu et al. 2012). For instance, mice and
humans have a different distribution of origins
at the b-globin locus but similar developmen-
tally regulated timing programs (Aladjem et al.
2002). Likewise, different growth conditions
can change origin usage without affecting tim-
ing patterns (Courbet et al. 2008).

These observations have led to a model in
which the establishment of replication timing
involves regulation of the chromatin structure
affecting large chromosomal regions. Chroma-
tin context established during G1 could affect the
ability of origins to compete for limiting factors
during S. In fission yeasts, centromeric hetero-
chromatin replicates early, in contrast to the late
replication of most heterochromatin (Kim et al.
2003). However, early replication is dependent
on the recruitment of the DDK replication ki-
nase to heterochromatin by interaction with the
fission yeast HP1 homolog (Hayashi et al. 2009).
In the absence of this interaction, centromeres
replicate late, in a heterochromatin-dependent
manner, suggesting that heterochromatin gen-
erally enforces late replication by reducing ac-
cess of origins to initiation factors such as DDK.

In addition, chromatin context during G1

could affect the licensing of origins in ways
that affect the timing of origin firing in S. For
instance, the time at which the origin-recogni-
tion complex (ORC) binds to origins in fission
yeasts correlates with origin timing, with origins
binding ORC earlier in G1 also firing earlier in S
(Wu and Nurse 2009). Origin function corre-
lates well with nucleosome-free regions (Eaton
et al. 2010; MacAlpine et al. 2010; Lubelsky et
al. 2011), so nucleosome density may play an
important role in regulating ORC binding.
How the regulation of ORC binding could af-
fect the timing of origin firing is unclear. How-
ever, it has been proposed that firing time is
regulated by the number of minichromosome
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maintenance (MCM) complexes loaded at an
origin, with early origins having more MCMs
loaded and thus being more likely to fire early
(Yang et al. 2010). In such a scenario, the
amount of time ORC spends bound to an origin
in G1 could affect the number of MCMs loaded
at an origin, which could in turn affect the av-
erage firing time of the origin. In mammals,
MCMs are bound to both early- and late-repli-
cating chromatin before the timing program is
set (Dimitrova and Gilbert 1999), but MCMs
continue to load during the course of G1 phase
and it is not clear whether that continued load-
ing is homogeneous (Kuipers et al. 2011).

There can also be significant differences in
timing between origins within one replication
domain. The lower resolution of mammalian
timing profiles and origin locations has not al-
lowed for systematic analysis of intradomain
timing. However, in budding yeasts, substantial
differences in origin timing are detected between
euchromatic origins (Fig. 1) (Friedman et al.
1997; Raghuraman et al. 2001). Furthermore,
deviations from the correlation between timing
and chromatin contexts, and experimental ma-
nipulations that can modify specific origin fir-
ing (Lin et al. 2003; Goren et al. 2008; Hassan-
Zadeh et al. 2012), make it clear that although
regional chromatin context strongly biases rep-
lication timing, it does not impose absolute con-
trol. It seems likely that the timing of firing of
individual origins is a combination of intrinsic
probability of the origin firing modified by the
origin’s chromosomal context.

Checkpoints Affect Replication Timing

In addition to the execution of the replication
timing program established during G1, replica-
tion timing can also be affected by feedback reg-
ulation during S phase. The best-understood
of these mechanisms involve the S-phase DNA
damage checkpoint, which is activated by fork
stalling and inhibits subsequent origin firing
(Shirahige et al. 1998; Costanzo et al. 2003; Mer-
rick et al. 2004). Such a mechanism could act to
balance fork termination with origin firing to
maintain a uniform fork density (Diaz-Marti-
nez and Clarke 2003). The damage checkpoint

acts to restrain origin firing by inhibiting the
function of limiting activators, such as Cdc45,
Sld2, Sld3, and DDK (Lopez-Mosqueda et al.
2010; Zegerman and Diffley 2010). In budding
yeasts, a similar checkpoint-dependent mecha-
nism acts to maintain the temporal order of
origin firing when S phase is elongated by lim-
iting nucleotides or mutant replication factors
(Alvino et al. 2007; Koren et al. 2010). How-
ever, these intra-S-phase timing mechanisms
function primarily to maintain the appropriate
fork density by enforcing the relative order of
origin firing, but are not involved in determin-
ing replication timing patterns per se.

WHAT IS THE BIOLOGICAL FUNCTION
OF A TIMING PROGRAM?

Replication timing is universally observed in
eukaryotes, suggesting an important and con-
served function. Nonetheless, that function is
largely mysterious. Moreover, it is possible that
replication timing per se does not contribute to
fitness but is an inevitable consequence of some
other factor, such as the domain architecture of
the genome. To understand the biological func-
tion of replication timing, we have to consider
two questions. First, why is S phase longer than
its minimal possible length? Second, what is the
reason for the particular conserved order of rep-
lication? Although there is little direct evidence
to address either question, several plausible hy-
potheses are consistent with existing data.

Possible Reasons for an Extended S Phase

S phase in metazoan somatic cells can be more
than 10 times longer than embryonic S phase. In
fly and frog embryos, replication takes less than
20 min (Graham 1966; Blumenthal et al. 1974).
Yet in somatic cells of the same species, replica-
tion takes as long as 8 h (Blumenthal et al. 1974).
A slower S phase may be more economical; by
extending the length of S phase, cells reduce the
numberof concurrent replication forks and thus
the number of fork proteins that need to be syn-
thesized. Even in frog embryos, which are tran-
scriptionally silent and in which cellular energy
is focused on genome duplication, replication
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kinetics appear to be optimized to use the fewest
number of forks required to complete replica-
tion in the allotted time (Yang and Bechhoefer
2008). However, the theoretical energy savings
may not be biologically significant compared
with the total energy budget of the cell.

Another possible advantage to pacing the
rate of replication is to allow for late-firing ori-
gins to serve as backups. Licensing more origins
than are normally required for S phase provides a
robust solution to replication fork stalling (Blow
et al. 2011). If two approaching forks both stall,
the only way to replicate the intervening se-
quence is to activate new forks from an origin
between them. And because origins can only be
established during G1, such backup origins must
be positioned throughout the genome and not
fired early in S phase. Thus, dramatically reduc-
ing the numberof licensed origins does not affect
normal replication, but does make cells much
more sensitive to replication stress (Woodward
et al. 2006; Ge et al. 2007). In a system of redun-
dant, inefficient origins, such backup origins
need not be qualitatively different “dormant”
origins, they can simply be whichever origins
do not happen to fire in a particular cell.

Reducing the number of concurrent forks
may also enhance genome stability by avoiding
overtaxing DNA repair and fork stability mech-
anisms. In bacteria, increasing the number of
replication forks can saturate the mismatch re-
pair capacity and lead to increased mutation
rates (Schaaper and Radman 1989). Also, con-
current fork collapses may increase the chance
of illegitimate repair events involving nonho-
mologous replication structures, which could
lead to translocations and other genome rear-
rangements. In addition, higher numbers of ac-
tive forks increases the flux in nucleotide pool
levels, which, because polymerase fidelity is
sensitive to nucleotide concentration (Kumar
et al. 2010), may lead increased misincorpora-
tion. Although there is little direct evidence to
support the idea the extending S phase reduces
genome instability, increasing the rate of origin
firing moderately increases genome instability
(Patel et al. 2008).

Finally, extending S phase may facilitate spe-
cific regulatory mechanisms that control gene

expression or other aspects of chromatin me-
tabolism (Gilbert 2002; Hiratani et al. 2009). If
extending S phase does have a regulatory role,
the order in which various loci are replicated
becomes an important parameter. Therefore,
the fact that patterns of replication timing are
conserved has led to speculation that these pat-
terns have regulatory significance.

Possible Reasons for Temporal Order
of Replication

The most compelling model for a regulatory role
for replication timing is that the time during
S phase that a locus is replicated can influence
its chromatin structure. Because chromatin is
assembled at the replication fork, if different
chromatin conformations are favored during
different parts of S phase, the replication timing
of a locus could influence its chromatin struc-
ture. This model is supported by the observation
that the time at which a plasmid is injected into
a cell during S phase influences its chromatin
structure and its expression level (Zhang et al.
2002; Lande-Diner et al. 2009). An attractive
feature of this model is its self-reinforcing na-
ture. Chromatin context influences replication
time, while replication at that time may reestab-
lish chromatin context. This model also pro-
vides a mechanism by which replication timing
and chromatin context could spread. If a local-
ized alteration causes early replication of a small
region in an otherwise late-replicating domain,
the passive early replication of surrounding loci
could alter chromatin context and reprogram
the replication timing of the entire replication
domain. Thus, this model suggests mechanisms
for both the epigenetic inheritance of replication
timing and its developmental reprogramming.

It is also possible that replication timing
regulates other aspects of genome metabolism.
For instance, mutation rates are lower in early-
replicating regions (Stamatoyannopoulos et al.
2009; Chen et al. 2010; Lang and Murray 2011).
If replication timing directly influences muta-
tion rates, perhaps by concentrating repair ca-
pacity early in S phase or altering the balance of
nucleotide pools during S, there might be evo-
lutionary pressure to replicate gene-rich regions
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earlier in S phase. Likewise, recombination rates
are higher in earlier-replicating regions, allow-
ing the possibility that the time of replication
during premeiotic S phase could regulate cross-
over frequency.

The inevitable effect of replication on gene
dosage could also have regulatory consequences.
Genes that are duplicated early will be present
at twice the copy number of late-replicating
genes for most of the duration of S phase, in-
creasing transcriptional output. Early-replicat-
ing sequences are also the first to have sister-
chromatid templates for homologous recombi-
nation. The ability to perform DNA repair by
homologous recombination for a greater frac-
tion of the cell cycle may contribute to the fact
the early-replicating DNA has lower rates of
mutation. These dosage effects would be most
pronounced in cells in which S phase is a sub-
stantial fraction of the cell cycle, such as mam-
malian ESCs.

It is important to keep in mind that the
strong correlation between replication timing
and important aspects of genome metabolism
may simply be an indirect consequence of how
closely replication timing reflects the structure
of chromatin. For example, mutation rates are
also known to be lowest in open chromatin
(Prendergast et al. 2007). It is possible then
that a particular temporal sequence to replica-
tion may serve no specific biological function,
but rather just be a reflection of the large-scale
organization of the genome. This model ex-
plains the bulk of available data with no extra-
neous assumptions or mechanisms and thus
should be considered the null hypothesis against
which any more complicated model for func-
tional significance should be weighed.

CONCLUDING REMARKS

In comparison with our sophisticated knowl-
edge of most fundamental cellular processes,
our understanding of replication timing—both
its biological significance and mechanism—has
remained primitive and experimental progress
has mainly underscored its complexity. The tim-
ing program is established at a minimum of two
levels, both of which act heterogeneously in dif-

ferent individual cells to establish a probability
for any given region to replicate at a particular
time. At one level local sequence and chromatin
composition influence whether a prereplicative
complex is formed, the number of MCM com-
plexes loaded, or the local affinity for initiation
proteins such as Cdc45, Sld2, Sld3, and DDK.
Mutations in several gene products affecting
this local level of regulation have been identified,
which exhibit partial or localized effects on the
timing program. At a second level the global
timing program of large replication domains ap-
pears to be established by the large-scale folding
of chromosomes, a more challenging problem
to dissect. The execution of the timing program
results from an integration of these two levels of
influence, which may play more or less impor-
tant roles in different species. For example, local
regulation likely plays a more important role
in the small genomes of single-celled organisms.
In fact, we propose that the majority of the yeast
genome can be thought of as the equivalent
of early replication domains in mammals (Fig.
1), with the large-scale structure of early-repli-
cating regions spatially clustered by a few central
organizers such as the Fkh proteins and centro-
mere-proximal regions (Knott et al. 2012),
whereas late-replicating regions such as telo-
meres and mating-type loci are organized into
spatially separate clusters. In progressively larger
genomes, large-scale folding is a major organiz-
ing principle, diminishing the importance of
localized effects to the overall timing program.
Elucidating these complex influences will re-
main a challenge, but perhaps even more chal-
lenging and important will be assessing the de-
gree to which cell-to-cell heterogeneity plays a
role in the overall timing program. This chal-
lenge will require advancements in our ability to
evaluate replication of individual molecules.

As new experimental systems to probe
mechanism emerge, the elephant in the room
remains our complete lack of appreciation of
the biological significance of this program. We
have summarized many of the hypotheses that
have been proposed; however, any proposed bi-
ological function for replication timing must be
tested against the simple possibility that the
program results from a combination of limiting
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resources for replication, executed in a temporal
sequence that reflects the assembly of chromatin
for other cellular functions. Even if the simple
possibility should be the case, replication timing
has emerged as a robust means to assess the
large-scale epigenetic state of specific cell types
and identify regions of large-scale structural re-
organization during differentiation or disease
(Ryba et al. 2012).
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