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Introduction
All eukaryotic organisms replicate their DNA according to a 
defined replication timing program. The significance of this 
temporal regulation is not known; however, temporal control of 
DNA replication is linked to many basic cellular processes that 
are regulated both during the cell cycle and during development 
(MacAlpine and Bell, 2005; Farkash-Amar and Simon, 2009; 
Hiratani et al., 2009; Schwaiger et al., 2009). Unfortunately, 
very little is known about the mechanisms regulating this pro-
gram. We have used a cell-free system in which nuclei isolated 
from mammalian cells at different times during G1 phase are 
introduced into Xenopus laevis egg extracts, which initiate DNA 
replication rapidly and synchronously in vitro. With nuclei iso-
lated during the first 1–2 h after mitosis, replication does not 
proceed in any specific temporal order, whereas initiation within 
nuclei isolated thereafter follows the proper replication timing 
program. Thus, replication timing is established at a time point dur-
ing early G1 phase, designated the timing decision point (TDP; 
Dimitrova and Gilbert, 1999). We further showed that the TDP is 
coincident with the repositioning of early- and late-replicating  

segments of the genome to their specific interphase positions 
(Dimitrova and Gilbert, 1999; Li et al., 2001), and others later 
demonstrated that this coincided with reduced chromatin  
mobility or anchorage (Chubb et al., 2002; Walter et al., 2003). 
A similar phenomenon was also observed in budding yeast 
(Raghuraman et al., 1997; Heun et al., 2001a). However, it was 
also found that chromosomal segments can move away from 
their preestablished subnuclear positions later in the cell cycle 
but still maintain their replication timing (Bridger et al., 2000; 
Heun et al., 2001a; Mehta et al., 2007). Together, these studies 
suggested a model in which anchorage at the TDP could seed 
the self-assembly of position-specific chromatin architectures 
that set thresholds for replication, which, once established, per-
sist independent of position until their time of replication in the 
upcoming S phase (Gilbert, 2002; Hiratani et al., 2009; for re-
view see Gilbert, 2001).

What are the determinants of replication timing that appear 
at the TDP? We have taken advantage of the narrow cell cycle 
window of the TDP to search for chromatin changes occurring 
coincident with the establishment of delayed replication timing 
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suggest that the process of replication itself eliminates or dilutes 
determinants of replication timing, which are not reassembled 
until early G1 phase of the following cell cycle.

Results
In vitro replication of G2 phase chromatin 
does not follow a specific temporal order
To study replication timing in G2 phase, chromatin needs to be 
relicensed for replication. In the normal cell cycle, replication is 
limited to once and only once per cell cycle by permitting licens-
ing only during G1 phase, manifested by the association of mini-
chromosome maintenance (Mcm) proteins with chromatin. This 
license (along with the Mcm proteins) is then removed during 
DNA replication, and chromatin is maintained in the unlicensed 
state by geminin and high Cdk activity, both of which prevent 
Mcm loading. This process prevents rereplication during S and 
G2 phase until cells pass through mitosis and chromatin is reli-
censed (Blow and Dutta, 2005; Arias and Walter, 2007). How-
ever, if G2 phase nuclei are gently permeabilized, nuclear geminin 
and Cdk are lost from these nuclei, and Xenopus replication fac-
tors can relicense and replicate G2 phase chromatin (Blow and 
Laskey, 1988; Leno et al., 1992). To obtain populations of G2 
phase cells, we synchronized mouse C127 cells in mitosis by me-
chanical shake off (98% mitotic figures) and released them into 
fresh medium for a period of time sufficient to reach mid S phase. 
We added nocodazole to block fast cycling cells in mitosis, which 
could be eliminated by a second shake off. 10 h after mid S phase, 

of heterochromatin. However, chromatin constituents that we 
have investigated are either constitutively present or associate 
with chromatin before the TDP (Wu et al., 2006). Similarly, dis-
ruption of genes that regulate chromatin structure (Suv39 h1/2, 
G9a, MII, Eed, Mbd3, Dicer, Dnmt1, and Dnmt3a/3b) has little 
or no effect on global replication timing, although some modest 
or localized effects have been observed (Li et al., 2005; Wu et al., 
2006; Jørgensen et al., 2007; Goren et al., 2008; Yokochi et al., 
2009). Also, transcription of pericentric heterochromatin is cell 
cycle regulated but is not active until after the TDP (Lu and Gilbert, 
2007). We reasoned that further insight into the nature of the rep-
lication timing determinants (RTDs) could be gained by investi-
gating when replication timing is lost during the cell cycle. RTDs 
must be maintained at least until the time of replication during  
S phase. The two most logical times for the loss of such determi-
nants are at the replication fork, where chromatin is reassembled, 
or during mitosis when nuclear architecture is dismantled.

In this study, we have distinguished between these two pos-
sibilities, demonstrating that G2 phase chromatin lacks the deter-
minants of a normal replication timing program upon rereplication 
in Xenopus egg extracts despite retaining the normal chromatin 
spatial organization established at the TDP. Rereplication within 
G2 phase nuclei in cultured cells also did not follow the normal 
temporal program. In contrast, chromatin within quiescent cell 
nuclei retained replication timing even though the organization of 
chromatin within the nucleus was severely altered. Thus, spatial 
organization is neither necessary nor sufficient to maintain the 
replication timing program after the TDP. Importantly, our data 

Figure 1. Generalized protocol. (A) In vivo 
synchronization is shown. The protocols used 
in Figs. 2–5 all begin with the prelabeling 
of cells in early or late S phase with EdU. To 
synchronize cells in G2 phase, cells were first 
synchronized in mitosis by shake off and pulse 
labeled in either early (10 h after M phase) 
or late (18 h after M phase) S phase with 
EdU. At 20 h after mitosis, cells were pulse 
labeled with BrdU to identify any cells still in 
late S phase and collected. To make G1 phase 
controls, aliquots of G2 phase cells were al-
lowed to proceed into mitosis; mitotic cells 
were then collected by shake off and released 
into the following G1 phase for 1 (pre-TDP) or 
3 h (post-TDP). To prepare cells in G0, asyn-
chronously growing cells were labeled with  
EdU and chased for 5 (EdU label in late  
S phase) or 12 h (EdU label in early S phase). 
Mitotic cells were isolated and released into 
serum-free medium for 96 h and pulse labeled 
with BrdU before collection to identify any re-
maining proliferating cells. (B) In vitro rerepli-
cation is shown. Nuclei from each of the cell 
preparations in A were introduced into a Xeno-
pus egg extract. In some reactions, the total 
level of DNA synthesis per nucleus was moni-
tored by incorporation of digoxigenin-dUTP 
(not depicted). To evaluate replication timing, 
reactions were pulse labeled with biotin-dUTP 
for 5 min at 30 (early), 60 (middle), or 120 min 
(late) in vitro. (C) Staining is shown. Biotin in-
corporation in nuclei from the reactions in B 
was colocalized to either the sites of early and 
late DNA synthesis labeled in vivo or to spe-
cific chromosomal sites of interest.
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late replication began during the second hour (Fig. S1 A). When 
biotin-dUTP was used to pulse label replication at different times 
during the reaction and nuclei were stained with fluorescent avi-
din, the in vitro spatial patterns of DNA synthesis with post-TDP 
nuclei followed the typical early/late temporal order, whereas 
pre-TDP and G2 phase nuclei did not display any recognizable 
spatial patterns for DNA synthesis early (30 min), late (120 min), 
or even very late (180 min) during in vitro reaction (Fig. S1 A), 
suggesting the absence of temporal control.

As a model for late-replicating chromatin, we monitored 
the timing of mouse chromocenter rereplication in this system. 
Mouse chromocenters are clusters of pericentric chromatin that 
normally replicate in mid/late–S phase (Wu et al., 2006). Perme-
abilized G2 phase nuclei were introduced into Xenopus egg ex-
tract, and in vitro replication was monitored by pulse labeling 
with biotin-16-dUTP (Fig. 1). Chromocenters could be easily 
identified as prominent DAPI-dense regions, and their replica-
tion could be monitored by colocalization with biotin. Permeabi-
lized nuclei from cells synchronized at G1-1h and G1-3h served 
as controls. We observed significantly stronger colocalization 

most (70–80%) attached cells were in G2 phase. Cells still  
in late S phase could be identified by pulse labeling with BrdU 
before harvesting. Control cells were synchronized in G1 phase 
at either 1 (G1-1h; pre-TDP, no timing program) or 3 h (G1-3h; 
post-TDP, timing program intact) after mitosis (Fig. 1). After  
digitonin permeabilization of the nuclear membrane, nuclei were  
introduced into a Xenopus egg extract supplemented with  
digoxigenin-dUTP. To verify that BrdU-negative nuclei are un-
licensed G2 phase nuclei, aliquots of these extracts were supple-
mented with geminin to prevent Xenopus Mcms from licensing 
chromatin, which revealed DNA synthesis only within the con-
taminating BrdU-positive S phase nuclei (Fig. 2 A). Without 
geminin, 70% of both G2 and G1 phase nuclei initiated replica-
tion within 30 min, and this percent increased up to almost 95% 
by 60 min (unpublished data). By measuring the relative amount 
of digoxigenin-dUTP incorporation per nucleus, we found the 
overall rate of replication in G2 phase nuclei to be close (70%) 
to that of permeabilized G1 phase nuclei (Fig. 2 B). As previously 
reported (Wu et al., 1997; Dimitrova and Gilbert, 1998; Thomson 
et al., 2010), the overall length of S phase was compressed, and 

Figure 2. Asynchronous rereplication of chro
mocenters in G2 phase. (A) Geminin prevents 
in vitro replication of G2 phase chromatin. G2 
phase nuclei from mouse C127 cells synchro-
nized and prelabeled with BrdU as described 
in Fig. 1 were introduced into a Xenopus egg 
extract supplemented with geminin and digoxi-
genin-dUTP for 120 min. Nuclei were stained 
with fluorescent anti-BrdU (red) and anti-dig 
(green) antibodies, and DNA was counter-
stained with DAPI (blue). BrdU-positive nuclei 
(still in S phase at the time of collection) incor-
porated digoxigenin-dUTP as a result of elon-
gation of preexisting forks, but no initiation 
of replication was observed within G2 phase  
nuclei. (B) Replication proceeds efficiently 
within G1 and G2 phase nuclei. Nuclei pre-
pared as described in Fig. 1 A were introduced 
into a Xenopus egg extract supplemented with 
digoxigenin-dUTP. Aliquots were removed at the 
indicated times, and nuclei were stained with 
fluorescent anti-dig (and for G2 phase nuclei 
anti-BrdU) antibodies. The incorporation of 
digoxigenin-dUTP per (BrdU negative) nucleus 
was quantified using an imaging system with 
softWoRx and normalized to the lowest value 
for all nuclei in all preparations. n > 30 nuclei 
per condition/time point (arbitrary units). Note 
that G2 phase nuclei incorporate 40% more 
digoxigenin-UTP. Because there is twice as 
much DNA in G2 phase nuclei, the efficiency 
of replication is 70% that of G1 phase.  
(C) Chromocenters are preferentially replicated 
late only in post-TDP nuclei. Nuclei prepared 
as described in Fig. 1 A were introduced into 
a Xenopus egg extract, and aliquots were re-
moved and pulse labeled for 5 min with biotin- 
dUTP at the indicated times. Nuclei were 
stained with fluorescent avidin to highlight 
incorporated biotin, and chromocenters were 
identified as sites of intense DAPI staining.  

G2 phase nuclei were additionally stained with anti-BrdU antibodies as in A. Colocalization between chromocenters and in vitro biotin labeling was quantified 
using softWoRx. Pre-TDP and G2 phase nuclei showed a similar amount of colocalization throughout the in vitro reaction, whereas post-TDP nuclei showed  
significantly more chromocenter replication late in the reaction (120 min). n > 50 nuclei/condition/time point. (D) Exemplary images of individual pre-TDP, 
post-TDP, and G2 phase nuclei from C fixed and stained at different time points during the in vitro reaction. Colocalization between chromocenters (DAPI-dense 
regions in blue) and in vitro biotin-dUTP pulse labeling (red) are highlighted in white. For G2 phase, only BrdU-negative nuclei were analyzed. Note that the 
post-TDP 120-min nucleus shows considerably more pixels colocalized with chromocenters than other nuclei. Error bars indicate mean ± SD. Bars, 5 µm.

http://www.jcb.org/cgi/content/full/jcb.201002002/DC1
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they remained well clustered in G2 phase nuclei even after in-
cubation in egg extract (Fig. 2 D). Thus, the late-replicating 
property of chromocenters is lost in G2 phase despite their 
compact chromatin.

To confirm these findings, we analyzed the replication 
timing of globally labeled early- and late-replicating chromatin. 
To do so, cells were first pulse labeled with EdU (5-ethynyl-2-
deoxyuridine), a novel nucleoside analogue of thymidine (Salic 
and Mitchison, 2008) for 30 min (in vivo labeling) during early 
or late S phase, then chased into G2 phase. Nuclei from these 
cells were permeabilized, introduced into Xenopus egg extract, 
and rereplication was monitored with biotin-dUTP (in vitro la-
beling). As controls, aliquots of these same prelabeled G2 phase 
populations were further chased into G1 phase of the next 

between chromocenters and biotin in post-TDP versus pre-TDP 
nuclei late during the in vitro reaction (Fig. 2, C and D), confirming 
that permeabilization did not change the chromocenter replica-
tion timing program established at the TDP (Fig. 2, C and D). 
Chromocenters within G2 phase nuclei showed a low degree of 
colocalization with biotin throughout the in vitro reaction period 
(Fig. 2, C and D), which is similar to pre-TDP G1 phase cells, 
demonstrating a lack of temporal control. With all three prepara-
tions of nuclei, replication occurred gradually and on the outer 
surface of the chromocenters, as occurs in vivo (Guenatri et al., 
2004; Wu et al., 2005), indicating that these aspects of chromo-
center replication are independent of replication timing. Impor-
tantly, although chromocenters were less well clustered in 
pre-TDP versus post-TDP nuclei, as expected (Wu et al., 2006), 

Figure 3. Global rereplication in G2 phase does not follow a specific temporal order. (A) Nuclei from mouse C127 cells prelabeled and synchronized in 
G1 or G2 phase as in Fig. 2 were introduced into a Xenopus egg extract and pulse labeled with biotin-dUTP. Nuclei were stained with fluorescent avidin 
to highlight incorporated biotin, fluorescent azide to highlight sites of early and late replication (EdU) from the prior S phase, and anti-BrdU antibodies 
to identify contaminating S phase cells. Images were collected and subjected to deconvolution using DeltaVision. Exemplary images of G2 phase (BrdU 
negative) nuclei or G1 phase control nuclei pulse labeled in vitro at either 30 (in vitro early) or 120 min (in vitro late) are shown. Merged images highlight 
areas of EdU and biotin colocalization as white pixels. Note the similar level of colocalization among all nuclei for G2 phase and pre-TDP G1 phase, 
indicating lack of temporal specificity, whereas post-TDP nuclei show colocalization in the proper temporal order (C). (B–D) Quantification of EdU and 
biotin-dUTP colocalization for G2 phase (B), pre-TDP (C), and post-TDP (D) G1 phase nuclei from the experiments described in A. Colocalization between 
in vivo early (black) or late (red) S phase EdU label and biotin-dUTP label incorporated at the indicated times during the in vitro reaction was quantified as 
in Fig. 2. Both pre-TDP and G2 phase nuclei showed similar colocalization throughout the in vitro reaction. Mean ± SD of n > 50 nuclei/condition/time 
point is shown. Bars, 5 µm.
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Thus, chromatin reorganization that occurs in quiescent cells 
does not affect the maintenance of replication timing estab-
lished at the TDP.

Massive decondensation of a 
heterochromatic locus in quiescence with 
retention of replication timing
Although they do not display chromocenters, CHO cells offer 
certain advantages over mouse cells in the analysis of replica-
tion timing. For example, the spatial patterns of DNA synthe-
sis are more easily distinguished than in mouse (O’Keefe  
et al., 1992; Dimitrova and Gilbert, 1999). To extend our re-
sults to another cell line and species, CHO cells were labeled 
with EdU in early or late S phase, synchronized in G1, G0, or 
G2 phase as described for mouse cells, and the global replica-
tion timing program within permeabilized nuclei from these 
cells was evaluated after introduction into Xenopus egg ex-
tracts. These experiments revealed that CHO cell G2 nuclei 
also lack a replication timing program, unlike G0 or G1 post-
TDP nuclei that retain the program (Fig. S2). Thus, lack of 
timing program in G2 nuclei is neither cell line specific nor 
species specific.

Another advantage of CHO cells is that we have identi-
fied a prominent late-replicating locus consisting of an 3-Mb 
region containing 1,000 copies of a long interspersed repeat 
sequence (C3) that is confined to a single locus on the long arm 
of chromosome 1 (Fig. 5 A), making its localization and repli-
cation easy to monitor. We previously demonstrated that the 
replication timing of C3 is determined at the TDP (Dimitrova 
and Gilbert, 1999). We have now determined by DNA-FISH in 
synchronized cells that C3 localizes to the nuclear periphery at 
the TDP (Fig. S3 A) and that the peripheral localization is 
maintained from post-TDP through G2 phase (Fig. 5 B and 
Fig. S3). Because there is only one haploid copy of this locus 
per cell, the timing of C3 replication in Xenopus egg extract 
can be determined as colocalization between C3 DNA-FISH 
and in vitro biotin-dUTP staining. Using this approach, we 
found that only post-TDP nuclei retained late replication of C3, 
whereas in pre-TDP and G2-phase nuclei, C3 replicated ran-
domly (Fig. 5 C).

Unfortunately, we were not able to colocalize biotin- 
labeled DNA synthesis in vitro with the C3 locus in G0 nuclei be-
cause the C3-containing chromatin was dramatically dispersed 
as cells entered quiescence, rendering it difficult to detect by 
DNA-FISH (Fig. 5 D). To analyze replication of C3 in G0 cells, 
we used a previously developed hybridization-based approach 
(Dimitrova and Gilbert, 1999). In brief, permeabilized G0 CHO 
nuclei were introduced into Xenopus egg extract, and the reac-
tion was pulse labeled with [32P]dATP either early or late during 
the reaction. Labeled nascent DNA strands were hybridized to 
the C3 sequence immobilized on nylon filters using a slot blot 
apparatus. Early-replicating dihydrofolate reductase (DHFR) 
and middle/late-replicating C1 repetitive sequences (Dimitrova 
and Gilbert, 1999) were included as controls. Results (Fig. 5 E) 
revealed that for both post-TDP G1-3h and G0 nuclei, DHFR 
replicated early, and C3 replicated late during in vitro reaction, 
whereas C1 replicated at middle/late. When these results were 

cell cycle and similarly subjected to in vitro replication. When  
in vivo (either early or late) and in vitro replication labels were 
compared (Fig. 3 A), significant colocalization was observed 
with G2 phase nuclei at all times during the in vitro reaction, in-
dicating a lack of replication timing control (Fig. 3, A and B). 
Analysis of G1-1h and G1-3h nuclei confirmed that the replica-
tion timing program was established at the TDP of the follow-
ing cell cycle as expected (Fig. 3 C). However, monitoring the 
in vivo EdU label in the same cells revealed that the overall or-
ganization of early- and late-replicating chromatin is reestab-
lished at the TDP and maintained until G2 phase (Fig. 3 A). 
Moreover, although nuclei swell during incubation in Xenopus 
egg extract, the spatial organization of labeled replication do-
mains in post-TDP or G2 phase nuclei is not disrupted during 
the course of in vitro replication (Fig. S1 B). Together, these re-
sults demonstrate that determinants of the global replication 
timing program, recognized by Xenopus egg cytosol, have 
been lost in G2 phase cells despite retention of chromatin spa-
tial organization.

Quiescent cells maintain a  
replication timing program despite  
altered nuclear organization
One caveat of these experiments is that pre- and post-TDP 
chromatin are prelicensed in mammalian cells, whereas G2 
phase chromatin is licensed in vitro by Xenopus licensing fac-
tors, which could potentially modify the replication timing 
program. Because quiescent or G0 cells are also unlicensed 
but contain prereplicative chromatin, we analyzed replication 
of chromatin from G0 cells, which similarly must be licensed 
by the Xenopus Mcm proteins to replicate in vitro (Leno and 
Munshi, 1994). Mitotic C127 cells, prelabeled with EdU dur-
ing early or late S phase, were released into serum-free me-
dium for up to 4 d until mammalian Mcm proteins were 
completely released from chromatin (Fig. 4 A). Permeabilized 
nuclei from these cells were introduced into Xenopus egg ex-
tract. Similar to G2 phase nuclei, geminin prevented replica-
tion of G0 chromatin in Xenopus egg extract (Fig. 4 C). The 
relative level of replication in the absence of geminin was 
monitored as in Fig. 2 (Fig. 4 B). Colocalization of early or 
late in vivo EdU labeling with early and late in vitro biotin-
dUTP labeling revealed that replication timing was maintained 
in these cells (Fig. 4, D and E), which is similar to post-TDP 
G1 phase (Fig. 3 D).

Chromatin is reorganized when cells enter quiescence, 
which is manifested as changes in subnuclear position (Bridger 
et al., 2000; Mehta et al., 2010) and an increase in the distance 
between replication foci (punctuate sites of DNA synthesis)  
labeled in a previous S phase (Zink et al., 1999). We also noticed 
that in quiescent C127 cells, replication patterns labeled during 
the previous S phase became slightly distorted (Fig. 4 D), and 
pericentric heterochromatin became less compact (Fig. 4 A). 
We quantified pericentric heterochromatin decondensation by 
DNA-FISH with a major satellite (pericentric) probe in G0 and 
G1 phase C127 cells. Major satellite heterochromatin occupied 
14.8% of nuclear volume in both pre-TDP G1 phase and G0 
nuclei but only 10.7% of the nucleus in G1-3h cells (Fig. 4 F). 

http://www.jcb.org/cgi/content/full/jcb.201002002/DC1
http://www.jcb.org/cgi/content/full/jcb.201002002/DC1
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Figure 4. Quiescent cells retain a replication timing program. (A) Immunostaining of Mcm7 in normal proliferating G1 phase and quiescent (G0) C127 
cells, confirming the loss of Mcm chromatin binding (red, Mcm7; blue, DAPI). (B) Replication proceeds efficiently within G1 and G0 nuclei. Nuclei were 
introduced into a Xenopus egg extract supplemented with digoxigenin-dUTP, and the incorporation of digoxigenin-dUTP per nucleus was quantified as in 
Fig. 2 A. n > 30 nuclei/condition/time point. (C) Geminin prevents in vitro replication of G0 chromatin. G0 nuclei were introduced into a Xenopus egg 
extract supplemented with geminin and digoxigenin-dUTP for 120 min. As in Fig. 2 A, only the few contaminating BrdU-positive nuclei (still proliferating at 
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program was maintained (Fig. S4 C). Furthermore, when cells 
that were pulse labeled with BrdU in either a normal or a rerepli-
cation S phase were flow sorted into four fractions of increasing 
DNA content and stained for BrdU, the expected spatial pat-
terns were found in each normal S phase fraction, but no recog-
nizable BrdU patterns were found in any rereplication fraction 
(Fig. S4 D). To verify these results in real time, we constructed 
a C127 cell line stably expressing GFP-tagged PCNA (Leonhardt 
et al., 2000) and repeated the aforementioned experimental 
scheme except that cells were not pulse labeled, but instead, 
cells in late S phase (based on PCNA spatial patterns) were 
monitored by live cell imaging from the time of RO3306 addi-
tion. These results (Fig. 6) verified that cells completed late  
S phase PCNA patterns in the presence of RO3306, entered  
G2 phase, and reinitiated focal PCNA patterns that did not  
proceed through any recognizable spatiotemporal sequence.  
Together, these results indicate that rereplication of DNA in-
duced by Cdk1 inhibition does not follow the normal spatio-
temporal sequence.

To directly analyze whether rereplication of genomic 
DNA proceeds according to any specific temporal order, we 
used a previously described (Hiratani et al., 2008) oligo-
nucleotide array-based genome-wide replication timing pro-
filing method to compare normal S phase progression with 
RO3306-induced rereplication (Fig. 7 A). In brief, C127 cul-
tures treated with RO3306 were pulse labeled with BrdU, and 
cells with a DNA content of 4-6C (early rereplication) or  
6-8C (late rereplication) were flow sorted, BrdU-substituted 
DNA was immunoprecipitated with anti-BrdU antibodies, 
and early- and late-rereplicated DNA was differentially labeled 
and hybridized to a whole genome oligonucleotide micro-
array. Early- and late-replicated DNA from the normal S phase 
of untreated cells were used as a control. Results (Fig. 7 B) 
revealed that RO3306-induced rereplication had considerably 
reduced specificity. The residual specificity resembles the 
normal S phase and can be accounted for by the presence of 
tetraploid cells within the C127 cell population that have the 
same DNA content as rereplicating diploid cells (Fig. S5). We 
conclude that rereplication in living cells induced by Cdk1 
inhibition during G2 phase does not follow a defined tempo-
ral sequence.

Discussion
In this study, we demonstrate that G2 phase chromatin, when 
induced to replicate either in Xenopus egg extract or in living 
cells, does not follow the temporal program seen during a normal 
S phase. Therefore, postreplicative chromatin does not retain 

quantified, it was obvious that replication timing was very simi-
lar between G0 and post-TDP G1 phase nuclei (Fig. 5 F). In 
contrast, with chromatin from pre-TDP G1 phase nuclei, these 
sequences were replicated with no temporal preference. This 
result demonstrated that, despite a dramatic decondensation of 
C3 locus in G0, which altered both its radial subnuclear position 
and chromatin compaction, the replication timing program 
was maintained.

G2 phase rereplication in vivo does not 
follow a temporal program
To confirm that the aforementioned results could be recapitu-
lated without the use of the in vitro Xenopus system, we induced 
rereplication within live G2 phase C127 cells using a Cdk1 in-
hibitor, RO3306. RO3306 was previously shown to block HeLa, 
HCT116, and SW480 cells in G2/M phase by specifically inhib-
iting Cdk1 activity (Vassilev, 2006; Vassilev et al., 2006). We 
confirmed that HeLa cells arrest in G2 phase in the presence of 
RO3306, whereas CHO and mouse L cells did not respond to 
this drug (unpublished data). Interestingly, we found that C127 
cells undergo a complete round of rereplication without an inter-
vening mitosis at a relatively low concentration (5–12 µM) 
of RO3306 (Fig. S4 A). This is not unexpected because it has 
been previously demonstrated that inhibition of Cdk1 activity in 
G2 phase cells can induce rereplication in some cell lines but 
not others (Coverley et al., 1998; Diffley, 2004; Hochegger  
et al., 2007).

Flow cytometry suggested that C127 cells treated asyn-
chronously with RO3306 complete S phase before the onset of 
rereplication (Fig. S4 A). To verify this, C127 cells were first 
synchronized in late S phase, pulse labeled with BrdU to label 
late-replicating DNA, and treated with RO3306 for up to 30 h. 
Cells were pulse labeled with EdU at various times after drug 
treatment and stained for BrdU and EdU. Results revealed that 
cells first completed late replication, which progressed nor-
mally as detected by spatial patterns of DNA synthesis, and en-
tered G2 phase during which no DNA synthesis was detected. 
Subsequently (3 h later), Mcm was reloaded onto chromatin 
(determined as in Fig. 4 A), and cells initiated rereplication 
(Fig. S4 B). During this treatment, the BrdU-labeled late-replicating 
DNA retained its normal subnuclear spatial pattern, indicating 
that the chromatin itself was not rearranged (Fig. S4 B). Impor-
tantly, although G2 phase cells initiated rereplication asyn-
chronously over the course of several hours, when cells were 
pulse labeled with EdU at different times during rereplication 
and EdU was colocalized with late BrdU-labeled DNA, the 
level of colocalization did not increase with increasing times 
after reinitiation, as would be expected if the replication timing 

the time of collection) incorporated digoxigenin-dUTP as a result of elongation of preexisting forks, but no initiation of replication was observed within G0 
nuclei. (D and E) G0 nuclei were introduced into a Xenopus egg extract, pulse labeled for 5 min with biotin-dUTP at the indicated times, and stained as 
in Fig. 3 (B–D). Colocalization between in vivo early (black) or late (red) S phase EdU label and biotin-dUTP label was quantified as in Fig. 3. Exemplary 
images (D) and quantification (E) showed that early- and late-replicating sequences labeled in vivo with EdU are replicated in their proper temporal order 
in vitro. n > 50 nuclei per condition/time point. (F) Cells synchronized in G0 or G1 phase were subjected to DNA-FISH using a major satellite probe to 
specifically label chromocenters. The area occupied by chromocenters was quantified using softWoRx. Box plots of at least 50 nuclei/sample are shown. 
The boundary of each box closest to zero indicates the 25th percentile, a line within the box marks the median, and the boundary of the box farthest from 
zero indicates the 75th percentile. Whiskers above and below the box indicate the 90th and 10th percentiles, respectively. Asterisks indicate statistically 
significant differences (Student-Newman-Keuls method). Error bars indicate mean ± SD. Bars, 5 µm.
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Replication timing and spatial organization: 
establishment versus maintenance of the 
replication timing program
Recent genome-wide replication timing studies have generated 
an enormous amount of data regarding replication timing and 
its dynamics during development in mammalian systems 
(Farkash-Amar et al., 2008; Hiratani et al., 2008, 2009; Desprat 

determinants that dictate a replication timing program despite 
the fact that anchorage and relative subnuclear positions of do-
mains are retained. In contrast, when cells enter quiescence, 
chromatin retains its predetermined replication timing program 
despite dramatic changes in chromatin organization. The sim-
plest interpretation of our results is that the replication process 
itself removes or disrupts RTDs.

Figure 5. Massive decondensation of a hetero
chromatic locus in quiescence with retention of 
replication timing. (A) A mitotic spread pre-
pared from CHO cells and subjected to DNA-
FISH with C3 probe. C3 was shown to be on 
chromosome 1 as a single-copy locus. (B) Simi-
lar to Fig. 2, nuclei from G2 phase, pre-TDP, 
and post-TDP G1 phase (not depicted) CHO 
cells were introduced into a Xenopus egg 
extract and pulse labeled with biotin-dUTP. 
Nuclei were stained with fluorescent avidin to 
highlight incorporated biotin and DNA-FISH 
for C3 locus. Images were collected and pro-
cessed as in Fig. 2. Images of one G2 phase 
(BrdU negative) nucleus with four copies of 
C3 and pulse labeled in vitro at 120 min are 
shown. Colocalized C3 DNA-FISH signal and 
in vitro biotin-dUTP pixels are shown in white. 
Areas covering two of the four C3 loci are 
magnified (insets) to show the different levels 
of colocalization. (C) Quantification of C3 in 
vitro replication. Percentages of C3 DNA-FISH 
foci engaging in in vitro replication (colocal-
izing with biotin-dUTP) were quantified from 
the nuclei prepared in B. Only post-TDP nuclei 
preferably replicated C3 late in the reaction. 
n > 50 nuclei/condition/time point. Note that 
in both pre-TDP and G2 phase nuclei, most 
C3 loci replicate throughout the reaction, in-
dicating that segments of the 3-Mb locus must 
replicate at different times within the same  
nuclei. The lower percent for G2 phase nuclei 
is consistent with a slightly lower efficiency  
of replication within these nuclei (Fig. 2 B).  
(D) C3 underwent decondensation in quiescent 
cells. C3 DNA-FISH to quiescent CHO cells 
did not detect clear individual signals. Dashed 
circles denote areas covered by C3 loci in this 
nucleus. (E) Permeable pre-TDP, post-TDP, or 
G0 nuclei were introduced into Xenopus egg 
extract. Replication intermediates were pulse 
labeled with -[32P]dATP either at early (E; 
0–30 min) or late (L; 110–120 min) in vitro 
reaction. Radiolabeled DNA was purified and 
hybridized to hamster DNA sequences, includ-
ing DHFR (early replicating), C1 (middle/late 
replicating), and C3 (late replicating). Note 
that this assay is not applicable to G2 phase 
because of unavoidable S phase contamina-
tion in G2 phase population. (F) The relative 
cpm hybridized to the three probes was quan-
tified. Early to late ratios of each probe were 
calculated for each cell preparation and plot-
ted, showing similar ratios for post-TDP (gray 
bars) and G0 (stripe bars) but not pre-TDP 
(black bars). Bars, 5 µm.
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Figure 6. Live cell imaging of PCNA dynamics during a rereplication S phase. (A) C127 cells stably expressing GFP-PCNA were followed by a time-lapse 
live cell imaging microscope every 30 min. Without any drug treatment, GFP-PCNA went through normal spatial–temporal replication patterns. A cell is 
shown proceeding from late S phase chromocenter replication (pattern IV for C127 cells) to peripheral replication (pattern V), then to a few unfinished 
regions (pattern VI), finally to G2, M, and early G1 phase of the next cell cycle. PCNA patterns in C127 cells were classified as described previously  
(Lu and Gilbert, 2007). The contrast was increased for hours 8.5–10 so that the cell morphology is more visible. (B) GFP-PCNA–expressing C127 cells 
were treated with 6 µM RO3306 and followed for 20–30 h. A cell in very late S phase (pattern VI) is shown at the time of drug addition that entered G2 phase 
(GFP-PCNA negative) and initiated a second round of DNA replication shortly thereafter. There were no recognizable GFP-PCNA patterns throughout 
the 20-h-long rereplication S phase, although the spatial distribution of the few foci at the very end of either normal or rereplication S phase is hard to 
distinguish. Bars, 5 µm.
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In fact, studies in budding yeast have demonstrated that 
chromosomal context is essential for the late replication of cer-
tain replication origins that are positioned near the nuclear pe-
riphery during early G1 phase (Raghuraman et al., 1997; Heun 
et al., 2001a). However, these same studies demonstrated that, 
once established, late origins can be separated from their chro-
mosomal context and wander away from nuclear periphery but 
still replicate late during S phase. These results suggest the 
existence of an epigenetic mark that is established during early 
G1 phase in a context or position-dependent manner and is sub-
sequently stable at least until the time of replication. Some ear-
lier evidence has suggested that mammalian chromatin can also 
maintain replication timing after disruption of chromosome  
organization; when cells enter quiescence, chromosomes 18 and 
19 alter their relative radial repositions but maintain their over-
all early- and late-replication timing, respectively (Bridger et al., 
2000). In this study, we confirm that quiescent cells maintain 
their normal replication timing program despite evident changes 
in chromatin architecture. These chromatin changes are not uni-
form. We find only partial decondensation of chromocenters and 
partial retention in the organization of early- and late-replicating 
chromatin. Others have also shown detectable but modest  
or possibly chromosome-specific chromatin changes during 

et al., 2009; Pope et al., 2010). Many of these results suggest 
links between replication timing and chromatin structure, and a 
few correlations between replication timing and epigenetic marks 
are quite strong (Hiratani et al., 2008, 2010; Schwaiger et al., 
2009). However, to date, chromatin modification enzymes regu-
lating many of these epigenetic marks and some noncoding  
heterochromatic RNAs are not required to maintain replication 
timing (Wu et al., 2006; Jørgensen et al., 2007; Lu and Gilbert, 
2007; Hiratani et al., 2009). For example, late replication corre-
lates well with H3K9me2, but deletion of the histone methyl-
transferase responsible for this modification has almost no effect 
on replication timing (Yokochi et al., 2009). The strongest corre-
lation to replication timing that has arisen from genome-wide 
studies is its relationship to recent Hi-C chromatin interaction 
maps (Ryba et al., 2010), which are generated by cross-linking 
closely juxtaposed sequences within the nucleus (Lieberman-
Aiden et al., 2009). This is compelling evidence that replication 
timing is a reflection of 3D chromatin architecture and is con-
sistent with our previous demonstration that anchorage and posi-
tioning of chromatin is reestablished during each cell cycle at the 
same brief time after mitosis as the establishment of a repli-
cation timing program; i.e., the TDP (for reviews see Cimbora 
and Groudine, 2001; Gilbert, 2001).

Figure 7. Genomewide analysis of replica
tion timing. (A) Protocol for replication timing 
profiling. Asynchronously growing control 
C127 cells or C127 cells treated with 6 µM 
RO3306 for 20 h were BrdU labeled and 
FACS sorted into early (E) and late (L) fractions 
of normal S phase or rereplication S phase. 
Nascent BrdU-substituted DNA was immuno-
precipitated (IP) using BrdU antibodies and 
hybridized to mouse comparative genomic 
hybridization arrays with probes every 5.8 kb. 
(B) Normalized and smoothed replication 
timing profiles of normal S phase (black) and 
rereplication (red) were overlayed. A segment 
of mouse chromosome 1 (3–50 Mb) is shown. 
Similar results were obtained in two replicate 
experiments. All datasets are available to view 
or download at http://www.replicationdomain 
.org (Weddington et al., 2008).
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S phase replication patterns in G1 phase nuclei (Yanishevsky and 
Prescott, 1978), supporting the interpretation that the timing pro-
gram is determined by components of G1 phase chromatin, not 
soluble factors. Certainly, a timing erasure model is more compli-
cated; such factors would have to remain tightly bound to chro-
matin through mitosis and into early G1 phase to maintain a 
“nontiming program” that would seemingly serve no purpose. 
However, a determinant that is acquired at the TDP and lost at the 
replication fork makes good sense because once DNA is repli-
cated, there is no need to maintain those determinants until the 
next G1 phase (Fig. 8).

Unfortunately, we cannot directly demonstrate loss of rep-
lication timing at the fork because the massive number of pre-
existing replication forks within S phase nuclei precludes the 
ability to assay replication timing immediately before and after a 
specific locus replicates. Direct evidence for this conclusion will 
require the identification of the determinants and demonstration 
of their removal at the fork. Replication dilutes histone modifica-
tions, and some of them do not mature until the next cell cycle 
(Aoto et al., 2008; Scharf et al., 2009), so it will be interesting to 
determine whether these modifications are reestablished at the 
TDP. Furthermore, given the strong correlation between chroma-
tin interactions as measured by Hi-C (Lieberman-Aiden et al., 
2009) and replication timing (Ryba et al., 2010), it will be inter-
esting to know whether Hi-C chromatin interactions are estab-
lished at the TDP and disrupted during S phase. For example, it is 
possible that the close proximity of two identical sister chroma-
tids after DNA replication interferes with long-range intrachro-
mosomal interactions. Regardless, the conclusion that determinants 
of replication timing are lost at the replication fork is a conceptual 
step toward deciphering the mechanism of replication timing pro-
gram that focuses our attention on determinants of chromatin and 
3D architecture, more so than subnuclear position by itself.

Materials and methods
Cell synchronization and in vivo labeling
Mouse C127 cells or CHOC400 cells were synchronized at mitosis by me-
chanical shake off after a brief and fully reversible nocodazole treatment as 
described previously (Wu et al., 1997). For G2 synchronization, 50 ng/ml 
nocodazole was added 11–12 h after release from mitosis for an additional 
10–12 h when 75% attaching cells are in G2 phase. Cells were pulsed la-
beled with BrdU before harvesting to distinguish any still in late S phase. 
Some of these G2 phase populations were further synchronized in the next 
G1 phase after being released to mitosis and shaken off. For G0 synchroni-
zation, mitotic cells were plated directly into serum-free medium for up to  
4 d with fresh serum-free medium every day. For in vivo EdU or BrdU pulse 
labeling, 10 µM EdU or 5 µg/ml BrdU was added to medium for 30 min. 
RO3306 was provided by L. Vassilev (Hoffmann-La Roche, Inc., Nutley, NJ; 
Vassilev et al., 2006). For mitotic spread preparation, mitotic cells were 
treated in hypotonic condition for 15 min, fixed, and dropped onto slides for 
DAPI staining and chromosome counting.

In vitro DNA replication and labeling in Xenopus egg extract
Permeable nuclei were prepared from synchronized cells and introduced 
into Xenopus egg extract as described previously (Wu et al., 1997). The  
nuclei/extract ratio used in this study was 10,000 nuclei/µl extract. In vitro 
DNA replication was either pulse labeled with 50 µM biotin-16-dUTP for  
5 min or continuously labeled with 10 µM digoxigenin-dUTP to follow rela-
tive DNA synthesis. Where indicated, a degradation-resistant recombinant 
geminin was added at 40 nM as described previously (Okuno et al., 2001). 
For hybridization of [32P]dATP-labeled DNA to C3 probes (Fig. 5 E), proce-
dures from Dimitrova and Gilbert (1999) were followed. Basically, early- or 

quiescence (Zink et al., 1999; Bridger et al., 2000; Mehta et al., 
2007, 2010). However, we also observed massive decondensa-
tion of a large segment of heterochromatin that nonetheless re-
tained its replication timing. Therefore, although replication timing 
appears to reflect the spatial organization of chromatin established 
at the TDP, that spatial organization is neither sufficient (G2 phase) 
nor necessary (G0) to maintain the replication timing program. 
Although at present we do not know the role of subnuclear position 
in replication timing, these results are consistent with a model in 
which subnuclear chromatin architecture established during early 
G1 phase leaves marks on chromatin that influence replication 
timing and are then stably maintained despite subsequent changes 
in architecture (for review see Gilbert, 2001). In this model, it is 
the molecular determinants of these marks rather than spatial orga-
nization by itself that is more important for replication timing. 
This could explain the reported variable effects of tethering to 
the nuclear periphery on replication timing (Heun et al., 2001a; 
Ebrahimi and Donaldson, 2008; Ebrahimi et al., 2010).

The replication fork as an eraser of RTDs
RTDs established at the TDP must be maintained until replication 
during S phase and must be lost before metaphase (Dimitrova 
and Gilbert, 1999). The two most disruptive times during the cell 
cycle are disassembly and reassembly of chromatin at the repli-
cation fork and the dismantling of the nucleus during mitosis, 
which disrupts many chromatin interactions and the spatial ar-
chitecture of chromosomes. In this study, we show that G2 phase 
chromatin lacks determinants of replication timing. Consistent 
with extensive earlier studies (Abney et al., 1997; Li et al., 1998; 
Zink et al., 1998; Heun et al., 2001b; Kimura and Cook, 2001; 
Walter et al., 2003; Sadoni et al., 2004; Essers et al., 2005; Kumaran 
and Spector, 2008), we also find that the subnuclear positions  
and relative spatial arrangements of chromatin domains are 
maintained in G2 phase nuclei. These results demonstrate that 
subnuclear position by itself is not sufficient to dictate the repli-
cation timing program, further supporting a model in which the 
marks established at the TDP are more important for mainte-
nance of the replication program than the architecture that may 
help to establish those marks.

The simplest interpretation of our results is that determi-
nants of replication timing that are acquired at the TDP are lost at 
the replication fork. A formal alternative possibility is that some 
factor that is capable of making all chromatin regions equally 
likely to replicate at any time during S phase is lost at the TDP 
and gained at the fork. For example, Cdk1 activity does not ap-
pear until the middle of S phase, potentially to promote the firing 
of late origins (Katsuno et al., 2009) and could render late chro-
matin equally likely to replicate early. This specific scenario is 
unlikely because our live cell G2 phase experiments were per-
formed in the present of a Cdk1 inhibitor, and others have shown 
that the temporal order of DNA replication is independent of the 
level of Cdk activity (Thomson et al., 2010). Generally speaking, 
such “timing erasure” factors would need to remain tightly asso-
ciated with all late-replicating chromatin because the same results 
were obtained with permeabilized nuclei washed free of soluble 
proteins, as for intact nuclei in vivo. Furthermore, cell fusion ex-
periments have shown that late S phase cells could induce early  
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at room temperature. Approximately 50 optical sections (with 0.2-µm  
spacing) were taken for each nucleus and enhanced using the softWoRx 
(Applied Precision) constrained iterative deconvolution process. The soft-
WoRx program was used to calculate Pearson’s coefficient of colocaliza-
tion between two selected channels. Colocalized pixels were shown in 
white. The coefficient is the ratio between the covariance of the channels 
and the product of their standard deviations. It ranges from 1 to 1.  
A value of 1 shows that a linear equation describes the relationship per-
fectly and positively, whereas a value of 1 shows a perfect negative relation-
ship. The same software was used to quantify digoxigenin signal intensity and 
chromocenter sizes as needed.

Some images (Fig. S3) on C3 were collected with confocal micros-
copy (MRC 1024ES; Bio-Rad Laboratories). Colocalization analysis was 
performed with LaserSharp software (Bio-Rad Laboratories).

For live cell imaging, cells were cultured at 37°C in Delta T dishes 
(Bioptechs) and imaged using a spinning-disk unit (Olympus) with a UPlan 
S Apo 100× 1.40 NA objective (Olympus) or an imaging system (Delta-
Vision), both equipped with the Delta T live cell imaging system (Bioptechs).

Replication timing profiling
Genome-wide replication timing profiles were constructed and analyzed 
as described previously (Hiratani et al., 2008). In brief, cells pulsed la-
beled with BrdU for 2 h were fixed and FACS sorted into designed frac-
tions based on propidium iodide staining profile. BrdU-substituted nascent 
DNA was immunoprecipitated with anti-BrdU antibodies. Samples were 
amplified, labeled, and hybridized to mouse whole genome microarray 
with one probe every 5.8 kb (Nimblegen Systems; Roche) according to the 
manufacturer’s standard procedure.

Data were analyzed with the R/Bioconductor (http://www.r-project 
.org) package. Raw datasets were loess normalized and scaled to have the 
same median absolute deviation using limma package (R/Bioconductor). 

late-replication intermediates were labeled with 100 µCi [32P]dATP during 
either the first 30 min or between 110–120 min of the in vitro reaction.  
Labeled genomic DNA was purified, and an equal number of cpm from 
each sample was hybridized to a panel of DNA plasmids containing 
DHFR, C1, and C3 sequences. Relative hybridization signals were obtained 
by phosphorimaging analysis (GE Healthcare) and quantified using Quan-
tity One software (Bio-Rad Laboratories).

DNAFISH
DNA-FISH for pericentric heterochromatin (mouse chromocenters) and C3 
locus was performed with a major satellite probe (Wu et al., 2006) or C3 
probe labeled by nick translation with digoxigenin-dUTP (Roche). FISH pro-
cedure was previously described (Li et al., 2001).

Immunostaining
EdU was visualized with Alexa Fluor 594–conjugated azide according to 
the manufacturer’s instruction (Invitrogen). BrdU staining was performed 
as described previously (Wu et al., 2006) with anti-BrdU antibody (Invit-
rogen) after HCl denaturation of nuclear DNA. For Mcm7 staining, cells 
were first extracted with CSK buffer with 0.5% Triton X-100 to remove 
free Mcm fraction before anti-Mcm antibodies were applied as described 
previously (Dimitrova et al., 1999). Biotin and digoxigenin were stained 
with FITC-conjugated avidin or anti-digoxigenin antibodies, respectively. 
Secondary antibodies were conjugated with Alexa Fluor 488, 594, or 
647 (Invitrogen).

Microscopy and image analysis
Most images were captured with an image restoration microscope system 
(DeltaVision; Applied Precision) attached to a fluorescence microscope (IX-71; 
Olympus) equipped with a Plan Apo 100× 1.40 NA oil objective lens 
(Olympus) and charge-coupled device camera (CoolSNAP HQ; Photometrics) 

Figure 8. A working model for initiation and 
maintenance of RTDs during cell cycle. In this 
model, early- and late-replicating chromatin 
domains are labeled as red or green, respec-
tively, with light colors representing lack of 
RTDs and bright colors representing the pres-
ence of RTDs. Because replication timing and 
spatial organization of chromatin are estab-
lished simultaneously during early G1 phase 
at the TDP (Dimitrova and Gilbert, 1999) and 
because there is a strong genome-wide corre-
lation between 3D chromosome architecture 
and replication timing (Ryba et al., 2010), it 
is hypothesized that spatial reorganization at 
the TDP drives the assembly of RTDs potentially 
by creating subnuclear compartments that set 
thresholds for initiation of replication (for 
review see Gilbert, 2001). These RTDs are 
maintained until the time of replication in  
S phase. During replication, the potential RTDs 
are modified or removed at the replication 
fork, indicated by early-replicating domains 
changing to light colors first, followed by late-
replicating domains. In G2 phase, there are 
no RTDs on chromatin, but the general spatial 
organization is maintained until being dis-
rupted during mitosis. If cells withdraw from 
the cell cycle and enter quiescence, the spatial 
organization of chromatin changes, but RTDs 
remain intact, and upon return to the cell cycle, 
replication proceeds in the normal temporal 
order despite spatial disruption. Because repli-
cation timing and presumably 3D architecture 
are maintained from one cell cycle to the next, 
some memory must persist through mitosis to re-
establish this program at each TDP. However, 
dismantling and reassembling higher order 
chromosome architecture could also provide a 
window of opportunity in which to reprogram  
3D architecture and replication timing to influ-
ence cellular identity in response to extracellular 
cues during differentiation. N, nucleolus; S, 
S phase.



979Replication timing lost in G2 phase • Lu et al.

Ebrahimi, H., E.D. Robertson, A. Taddei, S.M. Gasser, A.D. Donaldson, and 
S. Hiraga. 2010. Early initiation of a replication origin tethered at the 
nuclear periphery. J. Cell Sci. 123:1015–1019. doi:10.1242/jcs.060392

Essers, J., W.A. van Cappellen, A.F. Theil, E. van Drunen, N.G. Jaspers, J.H. 
Hoeijmakers, C. Wyman, W. Vermeulen, and R. Kanaar. 2005. Dynamics 
of relative chromosome position during the cell cycle. Mol. Biol. Cell. 
16:769–775. doi:10.1091/mbc.E04-10-0876

Farkash-Amar, S., and I. Simon. 2009. Genome-wide analysis of the replica-
tion program in mammals. Chromosome Res. 18:115–125. doi:10.1007/ 
s10577-009-9091-5

Farkash-Amar, S., D. Lipson, A. Polten, A. Goren, C. Helmstetter, Z. Yakhini, 
and I. Simon. 2008. Global organization of replication time zones 
of the mouse genome. Genome Res. 18:1562–1570. doi:10.1101/ 
gr.079566.108

Gilbert, D.M. 2001. Nuclear position leaves its mark on replication timing.  
J. Cell Biol. 152:F11–F15. doi:10.1083/jcb.152.2.F11

Gilbert, D.M. 2002. Replication timing and transcriptional control: beyond 
cause and effect. Curr. Opin. Cell Biol. 14:377–383. doi:10.1016/S0955- 
0674(02)00326-5

Goren, A., A. Tabib, M. Hecht, and H. Cedar. 2008. DNA replication timing of 
the human beta-globin domain is controlled by histone modification at the 
origin. Genes Dev. 22:1319–1324. doi:10.1101/gad.468308

Guenatri, M., D. Bailly, C. Maison, and G. Almouzni. 2004. Mouse centric and 
pericentric satellite repeats form distinct functional heterochromatin.  
J. Cell Biol. 166:493–505. doi:10.1083/jcb.200403109

Heun, P., T. Laroche, M.K. Raghuraman, and S.M. Gasser. 2001a. The position-
ing and dynamics of origins of replication in the budding yeast nucleus. 
 J. Cell Biol. 152:385–400. doi:10.1083/jcb.152.2.385

Heun, P., T. Laroche, K. Shimada, P. Furrer, and S.M. Gasser. 2001b. Chromo-
some dynamics in the yeast interphase nucleus. Science. 294:2181–2186. 
doi:10.1126/science.1065366

Hiratani, I., T. Ryba, M. Itoh, T. Yokochi, M. Schwaiger, C.W. Chang, Y. Lyou, 
T.M. Townes, D. Schübeler, and D.M. Gilbert. 2008. Global reorganiza-
tion of replication domains during embryonic stem cell differentiation. 
PLoS Biol. 6:e245. doi:10.1371/journal.pbio.0060245

Hiratani, I., S. Takebayashi, J. Lu, and D.M. Gilbert. 2009. Replication timing 
and transcriptional control: beyond cause and effect—part II. Curr. Opin. 
Genet. Dev. 19:142–149. doi:10.1016/j.gde.2009.02.002

Hiratani, I., T. Ryba, M. Itoh, J. Rathjen, M. Kulik, B. Papp, E. Fussner, D.P. 
Bazett-Jones, K. Plath, S. Dalton, et al. 2010. Genome-wide dynamics of 
replication timing revealed by in vitro models of mouse embryogenesis. 
Genome Res. 20:155–169.

Hochegger, H., D. Dejsuphong, E. Sonoda, A. Saberi, E. Rajendra, J. Kirk, T. 
Hunt, and S. Takeda. 2007. An essential role for Cdk1 in S phase control 
is revealed via chemical genetics in vertebrate cells. J. Cell Biol. 178:257– 
268. doi:10.1083/jcb.200702034

Jørgensen, H.F., V. Azuara, S. Amoils, M. Spivakov, A. Terry, T. Nesterova, 
B.S. Cobb, B. Ramsahoye, M. Merkenschlager, and A.G. Fisher. 
2007. The impact of chromatin modifiers on the timing of locus 
replication in mouse embryonic stem cells. Genome Biol. 8:R169. 
doi:10.1186/gb-2007-8-8-r169

Katsuno, Y., A. Suzuki, K. Sugimura, K. Okumura, D.H. Zineldeen, M. Shimada, 
H. Niida, T. Mizuno, F. Hanaoka, and M. Nakanishi. 2009. Cyclin  
A-Cdk1 regulates the origin firing program in mammalian cells. Proc. Natl. 
Acad. Sci. USA. 106:3184–3189. doi:10.1073/pnas.0809350106

Kimura, H., and P.R. Cook. 2001. Kinetics of core histones in living human cells: 
little exchange of H3 and H4 and some rapid exchange of H2B. J. Cell 
Biol. 153:1341–1353. doi:10.1083/jcb.153.7.1341

Kumaran, R.I., and D.L. Spector. 2008. A genetic locus targeted to the nuclear 
periphery in living cells maintains its transcriptional competence. J. Cell 
Biol. 180:51–65. doi:10.1083/jcb.200706060

Leno, G.H., and R. Munshi. 1994. Initiation of DNA replication in nuclei from 
quiescent cells requires permeabilization of the nuclear membrane.  
J. Cell Biol. 127:5–14. doi:10.1083/jcb.127.1.5

Leno, G.H., C.S. Downes, and R.A. Laskey. 1992. The nuclear membrane prevents 
replication of human G2 nuclei but not G1 nuclei in Xenopus egg extract.  
Cell. 69:151–158. doi:10.1016/0092-8674(92)90126-W

Leonhardt, H., H.P. Rahn, P. Weinzierl, A. Sporbert, T. Cremer, D. Zink, and 
M.C. Cardoso. 2000. Dynamics of DNA replication factories in living 
cells. J. Cell Biol. 149:271–280. doi:10.1083/jcb.149.2.271

Li, G., G. Sudlow, and A.S. Belmont. 1998. Interphase cell cycle dynamics of a 
late-replicating, heterochromatic homogeneously staining region: precise 
choreography of condensation/decondensation and nuclear positioning.  
J. Cell Biol. 140:975–989. doi:10.1083/jcb.140.5.975

Li, F., J. Chen, M. Izumi, M.C. Butler, S.M. Keezer, and D.M. Gilbert. 2001. 
The replication timing program of the Chinese hamster -globin  
locus is established coincident with its repositioning near peripheral  

Such normalized data were used to generate a smoothed profile using  
local polynomial smoothing (loess) for each chromosome (span = 300,000/
chromosome size). Such smoothed profiles were shown in Fig. 7.

Online supplemental material
Fig. S1 shows that only post-TDP G1-3h nuclei follow spatial–temporal repli-
cation patterns in Xenopus egg extracts, and chromatin spatial organiza-
tion is not changed during the in vitro reaction. Fig. S2 shows that results 
analyzing the overall replication timing program of chromatin from CHO 
cells synchronized in G1, G2, or G0 are consistent with those of mouse 
C127 cells. Fig. S3 shows that replication timing and peripheral localization 
of C3 are established at the TDP and maintained during S phase. Fig. S4 
shows that RO3306 induces a complete round of rereplication in G2 
phase C127 cells. Fig. S5 shows that the residual temporal specificity ob-
served during rereplication is accounted for by tetraploid cells within C127 
population. Online supplemental material is available at http://www.jcb 
.org/cgi/content/full/jcb.201002002/DC1.

We thank J. Chen and P. Hahn for assistance with the sequencing and charac-
terization of the C3 repetitive DNA, C. Cardoso for GFP-PCNA plasmid,  
L. Vassilev for RO3306, and I. Hiratani, S. Takebayashi, B. Chadwick, and 
H. Cui for critical reading of the manuscript.

This work was supported by the National Institute for General Medical 
Sciences (grant GM083337 to D.M. Gilbert).

Submitted: 1 February 2010
Accepted: 13 May 2010

References
Abney, J.R., B. Cutler, M.L. Fillbach, D. Axelrod, and B.A. Scalettar. 1997. 

Chromatin dynamics in interphase nuclei and its implications for nuclear 
structure. J. Cell Biol. 137:1459–1468. doi:10.1083/jcb.137.7.1459

Aoto, T., N. Saitoh, Y. Sakamoto, S. Watanabe, and M. Nakao. 2008. Polycomb 
group protein-associated chromatin is reproduced in post-mitotic G1 
phase and is required for S phase progression. J. Biol. Chem. 283:18905–
18915. doi:10.1074/jbc.M709322200

Arias, E.E., and J.C. Walter. 2007. Strength in numbers: preventing rerepli-
cation via multiple mechanisms in eukaryotic cells. Genes Dev. 21: 
497–518. doi:10.1101/gad.1508907

Blow, J.J., and A. Dutta. 2005. Preventing re-replication of chromosomal DNA. 
Nat. Rev. Mol. Cell Biol. 6:476–486. doi:10.1038/nrm1663

Blow, J.J., and R.A. Laskey. 1988. A role for the nuclear envelope in controlling 
DNA replication within the cell cycle. Nature. 332:546–548. doi:10.1038/ 
332546a0

Bridger, J.M., S. Boyle, I.R. Kill, and W.A. Bickmore. 2000. Re-modelling of 
nuclear architecture in quiescent and senescent human fibroblasts. Curr. 
Biol. 10:149–152. doi:10.1016/S0960-9822(00)00312-2

Chubb, J.R., S. Boyle, P. Perry, and W.A. Bickmore. 2002. Chromatin motion 
is constrained by association with nuclear compartments in human cells. 
Curr. Biol. 12:439–445. doi:10.1016/S0960-9822(02)00695-4

Cimbora, D.M., and M. Groudine. 2001. The control of mammalian DNA repli-
cation: a brief history of space and timing. Cell. 104:643–646.

Coverley, D., H.R. Wilkinson, M.A. Madine, A.D. Mills, and R.A. Laskey. 1998. 
Protein kinase inhibition in G2 causes mammalian Mcm proteins to re-
associate with chromatin and restores ability to replicate. Exp. Cell Res. 
238:63–69. doi:10.1006/excr.1997.3829

Desprat, R., D. Thierry-Mieg, N. Lailler, J. Lajugie, C. Schildkraut, J. Thierry-
Mieg, and E.E. Bouhassira. 2009. Predictable dynamic program of 
timing of DNA replication in human cells. Genome Res. 19:2288– 
2299. doi:10.1101/gr.094060.109

Diffley, J.F. 2004. Regulation of early events in chromosome replication. Curr. 
Biol. 14:R778–R786. doi:10.1016/j.cub.2004.09.019

Dimitrova, D.S., and D.M. Gilbert. 1998. Regulation of mammalian replication 
origin usage in Xenopus egg extract. J. Cell Sci. 111:2989–2998.

Dimitrova, D.S., and D.M. Gilbert. 1999. The spatial position and replication 
timing of chromosomal domains are both established in early G1 phase. 
Mol. Cell. 4:983–993. doi:10.1016/S1097-2765(00)80227-0

Dimitrova, D.S., I.T. Todorov, T. Melendy, and D.M. Gilbert. 1999. Mcm2, but 
not RPA, is a component of the mammalian early G1-phase prereplication 
complex. J. Cell Biol. 146:709–722. doi:10.1083/jcb.146.4.709

Ebrahimi, H., and A.D. Donaldson. 2008. Release of yeast telomeres from the 
nuclear periphery is triggered by replication and maintained by suppres-
sion of Ku-mediated anchoring. Genes Dev. 22:3363–3374. doi:10.1101/ 
gad.486208

dx.doi.org/10.1242/jcs.060392
dx.doi.org/10.1091/mbc.E04-10-0876
http://dx.doi.org/10.1007/s10577-009-9091-5
http://dx.doi.org/10.1007/s10577-009-9091-5
http://dx.doi.org/10.1101/gr.079566.108
http://dx.doi.org/10.1101/gr.079566.108
dx.doi.org/10.1083/jcb.152.2.F11
dx.doi.org/10.1016/S0955-0674(02)00326-5
dx.doi.org/10.1016/S0955-0674(02)00326-5
dx.doi.org/10.1101/gad.468308
dx.doi.org/10.1083/jcb.200403109
dx.doi.org/10.1083/jcb.152.2.385
dx.doi.org/10.1126/science.1065366
dx.doi.org/10.1371/journal.pbio.0060245
dx.doi.org/10.1016/j.gde.2009.02.002
dx.doi.org/10.1083/jcb.200702034
dx.doi.org/10.1186/gb-2007-8-8-r169
dx.doi.org/10.1073/pnas.0809350106
dx.doi.org/10.1083/jcb.153.7.1341
dx.doi.org/10.1083/jcb.200706060
dx.doi.org/10.1083/jcb.127.1.5
dx.doi.org/10.1016/0092-8674(92)90126-W
dx.doi.org/10.1083/jcb.149.2.271
dx.doi.org/10.1083/jcb.140.5.975
dx.doi.org/10.1083/jcb.137.7.1459
dx.doi.org/10.1074/jbc.M709322200
dx.doi.org/10.1101/gad.1508907
dx.doi.org/10.1038/nrm1663
dx.doi.org/10.1038/332546a0
dx.doi.org/10.1038/332546a0
dx.doi.org/10.1016/S0960-9822(00)00312-2
dx.doi.org/10.1016/S0960-9822(02)00695-4
dx.doi.org/10.1006/excr.1997.3829
dx.doi.org/10.1101/gr.094060.109
dx.doi.org/10.1016/j.cub.2004.09.019
dx.doi.org/10.1016/S1097-2765(00)80227-0
dx.doi.org/10.1083/jcb.146.4.709
dx.doi.org/10.1101/gad.486208
dx.doi.org/10.1101/gad.486208


JCB • VOLUME 189 • NUMBER 6 • 2010 980

Wu, R., P.B. Singh, and D.M. Gilbert. 2006. Uncoupling global and fine-tuning 
replication timing determinants for mouse pericentric heterochromatin.  
J. Cell Biol. 174:185–194. doi:10.1083/jcb.200601113

Yanishevsky, R.M., and D.M. Prescott. 1978. Late S phase cells (Chinese hamster 
ovary) induce early S phase DNA labeling patterns in G1 phase nuclei. 
Proc. Natl. Acad. Sci. USA. 75:3307–3311. doi:10.1073/pnas.75.7.3307

Yokochi, T., K. Poduch, T. Ryba, J. Lu, I. Hiratani, M. Tachibana, Y. Shinkai, and 
D.M. Gilbert. 2009. G9a selectively represses a class of late-replicating  
genes at the nuclear periphery. Proc. Natl. Acad. Sci. USA. 106:19363– 
19368. doi:10.1073/pnas.0906142106

Zink, D., T. Cremer, R. Saffrich, R. Fischer, M.F. Trendelenburg, W. Ansorge, 
and E.H. Stelzer. 1998. Structure and dynamics of human interphase 
chromosome territories in vivo. Hum. Genet. 102:241–251. doi:10.1007/ 
s004390050686

Zink, D., H. Bornfleth, A. Visser, C. Cremer, and T. Cremer. 1999. Organization 
of early and late replicating DNA in human chromosome territories. Exp. 
Cell Res. 247:176–188. doi:10.1006/excr.1998.4311

heterochromatin in early G1 phase. J. Cell Biol. 154:283–292. 
doi:10.1083/jcb.200104043

Li, J., R. Santoro, K. Koberna, and I. Grummt. 2005. The chromatin remodel-
ing complex NoRC controls replication timing of rRNA genes. EMBO J. 
24:120–127. doi:10.1038/sj.emboj.7600492

Lieberman-Aiden, E., N.L. van Berkum, L. Williams, M. Imakaev, T. Ragoczy, 
A. Telling, I. Amit, B.R. Lajoie, P.J. Sabo, M.O. Dorschner, et al. 
2009. Comprehensive mapping of long-range interactions reveals fold-
ing principles of the human genome. Science. 326:289–293. doi:10 
.1126/science.1181369

Lu, J., and D.M. Gilbert. 2007. Proliferation-dependent and cell cycle regu-
lated transcription of mouse pericentric heterochromatin. J. Cell Biol. 
179:411–421. doi:10.1083/jcb.200706176

MacAlpine, D.M., and S.P. Bell. 2005. A genomic view of eukaryotic DNA repli-
cation. Chromosome Res. 13:309–326. doi:10.1007/s10577-005-1508-1 

Mehta, I.S., M. Figgitt, C.S. Clements, I.R. Kill, and J.M. Bridger. 2007. Alterations 
to nuclear architecture and genome behavior in senescent cells. Ann. N. Y. 
Acad. Sci. 1100:250–263. doi:10.1196/annals.1395.027

Mehta, I.S., M. Amira, A.J. Harvey, and J.M. Bridger. 2010. Rapid chromo-
some territory relocation by nuclear motor activity in response to serum  
removal in primary human fibroblasts. Genome Biol. 11:R5. doi: 10.1186/ 
gb-2010-11-1-r5

O’Keefe, R.T., S.C. Henderson, and D.L. Spector. 1992. Dynamic organization 
of DNA replication in mammalian cell nuclei: spatially and temporally 
defined replication of chromosome-specific alpha-satellite DNA se-
quences. J. Cell Biol. 116:1095–1110. doi:10.1083/jcb.116.5.1095

Okuno, Y., A.J. McNairn, N. den Elzen, J. Pines, and D.M. Gilbert. 2001. 
Stability, chromatin association and functional activity of mammalian  
pre-replication complex proteins during the cell cycle. EMBO J. 20:4263– 
4277. doi:10.1093/emboj/20.15.4263

Pope, B.D., I. Hiratani, and D.M. Gilbert. 2010. Domain-wide regulation of 
DNA replication timing during mammalian development. Chromosome 
Res. 18:127–136.

Raghuraman, M.K., B.J. Brewer, and W.L. Fangman. 1997. Cell cycle-dependent 
establishment of a late replication program. Science. 276:806–809. doi:10 
.1126/science.276.5313.806

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

Sadoni, N., M.C. Cardoso, E.H. Stelzer, H. Leonhardt, and D. Zink. 2004. Stable 
chromosomal units determine the spatial and temporal organization of DNA  
replication. J. Cell Sci. 117:5353–5365. doi:10.1242/jcs.01412

Salic, A., and T.J. Mitchison. 2008. A chemical method for fast and sensitive de-
tection of DNA synthesis in vivo. Proc. Natl. Acad. Sci. USA. 105:2415– 
2420. doi:10.1073/pnas.0712168105

Scharf, A.N., T.K. Barth, and A. Imhof. 2009. Establishment of histone modi-
fications after chromatin assembly. Nucleic Acids Res. 37:5032–5040. 
doi:10.1093/nar/gkp518

Schwaiger, M., M.B. Stadler, O. Bell, H. Kohler, E.J. Oakeley, and  
D. Schübeler. 2009. Chromatin state marks cell-type- and gender-
 specific replication of the Drosophila genome. Genes Dev. 23:589–601. 
doi:10.1101/gad.511809

Thomson, A.M., P.J. Gillespie, and J.J. Blow. 2010. Replication factory activa-
tion can be decoupled from the replication timing program by modulating 
Cdk levels. J. Cell Biol. 188:209–221. doi:10.1083/jcb.200911037

Vassilev, L.T. 2006. Cell cycle synchronization at the G2/M phase border by 
reversible inhibition of CDK1. Cell Cycle. 5:2555–2556.

Vassilev, L.T., C. Tovar, S. Chen, D. Knezevic, X. Zhao, H. Sun, D.C. Heimbrook, 
and L. Chen. 2006. Selective small-molecule inhibitor reveals critical mi-
totic functions of human CDK1. Proc. Natl. Acad. Sci. USA. 103:10660–
10665. doi:10.1073/pnas.0600447103

Walter, J., L. Schermelleh, M. Cremer, S. Tashiro, and T. Cremer. 2003. 
Chromosome order in HeLa cells changes during mitosis and early G1, 
but is stably maintained during subsequent interphase stages. J. Cell Biol. 
160:685–697. doi:10.1083/jcb.200211103

Weddington, N., A. Stuy, I. Hiratani, T. Ryba, T. Yokochi, and D.M. Gilbert. 
2008. ReplicationDomain: a visualization tool and comparative database  
for genome-wide replication timing data. BMC Bioinformatics. 9:530. doi:10 
.1186/1471-2105-9-530

Wu, J.R., G. Yu, and D.M. Gilbert. 1997. Origin-specific initiation of mammalian 
nuclear DNA replication in a Xenopus cell-free system. Methods. 13:313– 
324. doi:10.1006/meth.1997.0530

Wu, R., A.V. Terry, P.B. Singh, and D.M. Gilbert. 2005. Differential subnuclear 
localization and replication timing of histone H3 lysine 9 methyla-
tion states. Mol. Biol. Cell. 16:2872–2881. doi:10.1091/mbc.E04-11- 
0997

dx.doi.org/10.1083/jcb.200601113
dx.doi.org/10.1073/pnas.75.7.3307
dx.doi.org/10.1073/pnas.0906142106
dx.doi.org/10.1007/s004390050686
dx.doi.org/10.1007/s004390050686
dx.doi.org/10.1006/excr.1998.4311
dx.doi.org/10.1083/jcb.200104043
dx.doi.org/10.1038/sj.emboj.7600492
dx.doi.org/10.1126/science.1181369
dx.doi.org/10.1126/science.1181369
dx.doi.org/10.1083/jcb.200706176
dx.doi.org/10.1007/s10577-005-1508-1
dx.doi.org/10.1196/annals.1395.027
http://dx.doi.org/10.1186/gb-2010-11-1-r5
http://dx.doi.org/10.1186/gb-2010-11-1-r5
dx.doi.org/10.1083/jcb.116.5.1095
dx.doi.org/10.1093/emboj/20.15.4263
dx.doi.org/10.1126/science.276.5313.806
dx.doi.org/10.1126/science.276.5313.806
dx.doi.org/10.1242/jcs.01412
dx.doi.org/10.1073/pnas.0712168105
dx.doi.org/10.1093/nar/gkp518
dx.doi.org/10.1101/gad.511809
dx.doi.org/10.1083/jcb.200911037
dx.doi.org/10.1073/pnas.0600447103
dx.doi.org/10.1083/jcb.200211103
dx.doi.org/10.1186/1471-2105-9-530
dx.doi.org/10.1186/1471-2105-9-530
dx.doi.org/10.1006/meth.1997.0530
dx.doi.org/10.1091/mbc.E04-11-0997
dx.doi.org/10.1091/mbc.E04-11-0997

