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Figure 3.  HU activates dormant origins within active replication factories. U2OS cells were synchronized in early S phase as described in Fig. 1.  
(a–c) Cells were transfected with GFP-PCNA 24 h before synchronization in early S phase. After HU treatment, cells were transfected with Cy3-dUTP and  
fixed for 30, 60, 90, or 120 min to analyze the percentage of colocalization between Cy3-dUTP (red) and GFP-PCNA foci (green). (a) Labeling scheme 
and representative images are shown. The percentage of colocalization within individual cells was calculated by dividing the colocalized volume of  
Cy3 and GFP-PCNA foci by the total volume of GFP-PCNA foci. Analysis of >40 cells gave rise to the mean percentage of colocalization at each time 
point and SEM. (b) Lines were fitted to the data points to calculate the gradient, which indicates the rate of replication within the factories. (c) Composite 
data from three independent experiments were combined to give a mean gradient and SEM between the three experiments. (d and e) U2OS cells were 
transfected with MCM5 siRNA 72 h before synchronization in early S phase. (d) Chromatin-bound MCM2 and MCM5 levels were determined by  
immunoblotting after MCM5 siRNA. After 200 µM HU treatment, cells were transfected with Cy3-dUTP and fixed for 30 or 120 min afterward. (e) The percentage 
of colocalization between Cy3-dUTP and PCNA foci (as revealed by anti-PCNA immunofluorescence) is shown.
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(therefore becoming Cy3-only foci) with a corresponding in-
crease in the number of newly arisen PCNA-only foci. Treat-
ment with HU reduced the number of Cy3-only foci to 60% 
of control values, which is consistent with the 50–60% reduc-
tion in factory replication rates shown in Figs. 3 b and 4 b. Con-
trary to what would be expected if the checkpoint promoted 
abandonment of partially replicated factories, treatment with 
caffeine plus HU further reduced the number of Cy3-only foci 
to 30%. This reflects the even more decreased rate of DNA 
synthesis within factories in the absence of checkpoint kinases 
and is likely because of the requirement of checkpoint in stabi-
lizing replication forks (Fig. 4 b and Fig. S3). Two observations 
strongly suggest that most of the Cy3-only foci had completed 
replication and were not partially replicated foci whose forks 
had been disassembled. First, the number of Cy3-only foci in 
Fig. 5 b matches the rates of factory replication shown in Fig. 4 b, 

label active replication foci. Cells were treated with 200 µM HU 
for 2 h before analyzing the colocalization between Cy3-dUTP 
and GFP-PCNA foci. For each cell, we measured the number of 
foci containing colocalized PCNA and Cy3-dUTP (factories 
replicating during the Cy3-dUTP pulse that were still active 2 h 
later), the number of Cy3 foci not associated with PCNA (facto-
ries replicating at the time of the Cy3-dUTP pulse but no longer 
active 2 h later), and the number of PCNA foci not associated 
with Cy3-dUTP (factories activated only after the Cy3-dUTP 
pulse). Because the early (type II) S phase replication pattern in 
U2OS cells lasts >4 h, our experiments should measure replica-
tion dynamics within the same early stage of the replication 
timing program. This was confirmed by the PCNA-only foci 
still making up an early (type II) replication pattern 2 h after the 
Cy3-dUTP pulse (Fig. 5 a and not depicted). In untreated cells, 
around half of the existing factories finished replication in 2 h 

Figure 4.  The effect of checkpoint inhibition on replication factories. Cells were transfected with GFP-PCNA 24 h before synchronization in early S phase, 
and the DNA damage checkpoint in these cells was inhibited by either CHK1 siRNA (transfected simultaneously with GFP-PCNA) or 5 mM caffeine. (a) Total 
cell lysate was immunoblotted for phospho-Chk1, Chk1, and H3. (b) U2OS cells were synchronized in early S phase as described for Fig. 1. After release 
from thymidine for 1 h, cells were treated with 200 µM HU for 2 h in the presence or absence of caffeine. The number of GFP-PCNA foci in each cell (>50 
cells analyzed for each condition) was determined, with error bars representing SEM. (c and d) The rate of DNA replication within factories was measured 
by the protocol described in Fig. 3, but this time, comparing cells where the checkpoint was inhibited by Chk1 siRNA or caffeine. (c) Data from one set of 
experiments are shown. Analysis of >50 cells gave rise to the mean percentage of colocalization at each time point and SEM. Lines were fitted to the data 
points to calculate the gradient, which indicates the rate of replication within the factories. (d) Two independent experiments (n = 2) were performed to give 
rise to the mean gradient under each condition, and statistical significance is shown as SEM between the two gradients.
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the total number of replication factories still dropped by 30–40%. 
When caffeine was added to the cells at the same time as HU, the 
number of newly activated PCNA-only foci was restored to 
65% of control levels (Fig. 5 b). Therefore, our data show that 
checkpoint kinases activated by low levels of replication stress 
inhibit new factory activation.

Previous work has shown that the regulation of S phase pro-
gression can be regulated at three distinct levels: origin activation 
within individual replication factories, activation of replication 
factories during individual stage of the replication timing program, 
and progression from one stage of the replication timing program 
to another (Krasinska et al., 2008; Gillespie and Blow, 2010; 

as would be expected if the Cy3-only foci had all completed 
replication. Second, the reduction in Cy3-only foci caused by 
HU was matched by a corresponding increase in the number of 
colocalized Cy3 and PCNA foci (Fig. 5 b, yellow bars). These 
observations suggest that no partially replicated foci had been 
abandoned. In addition, HU caused a fourfold reduction in the 
number of PCNA-only foci (newly activated foci; Fig. 5 b, 
green bars), suggesting that HU inhibited new factory activa-
tion. This fourfold inhibition of new factory activation is broadly 
in agreement with our previous measurements, which showed 
that although the replication rate in factories was reduced to 
50%, leading to a doubling of the lifetime of existing factories, 

Figure 5.  Checkpoint kinases inhibit new replication factory activation. Cells were transfected with GFP-PCNA 24 h before synchronization into early  
S phase as described for Fig. 1. After release from thymidine for 1 h, cells were pulse labeled with Cy3-dUTP followed by treatment with 200 µM HU for  
2 h in the presence or absence of caffeine. (a) Representative images of nuclei fixed at 30 (i) or 120 min (ii) after Cy3-dUTP pulse. This shows that cells were 
in the same early timing stage throughout the experiment. (b) The number of Cy3 foci colocalized with GFP-PCNA foci (>10% volume overlap), Cy3 foci 
not colocalized with GFP-PCNA foci (<10% volume overlap; Cy3-only foci), and the GFP-PCNA foci not colocalized with cy3 foci (<10% volume overlap; 
PCNA-only foci) were quantified, and their mean value per cell was represented as yellow, red, and green bars, respectively. Analysis of >50 cells gave 
rise to mean and SEM (error bars).
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cannot rectify the problem by licensing new origins but, instead, 
can only use the origins licensed before entry into S phase.  
To overcome this limitation, an excess of origins are licensed, 
from which a small subset is selected for initiation during  
S phase, with the rest (80–95%) normally remaining dormant 
(Santocanale et al., 1999; Dijkwel et al., 2002; Anglana et al., 
2003; Woodward et al., 2006; Ge et al., 2007; Gilbert, 2007; 
Ibarra et al., 2008; Doksani et al., 2009; Tuduri et al., 2010). 
These dormant origins can be activated when replication forks 
are inhibited, probably by a simple stochastic mechanism, and 
help cells survive these replicative stresses (Woodward et al., 
2006; Ge et al., 2007; Ibarra et al., 2008; Blow and Ge, 2009; 
Kunnev et al., 2010). Cells lacking sufficient dormant origins 
are hypersensitive to replicative stress (Woodward et al., 2006; 
Ge et al., 2007; Kunnev et al., 2010), and mice with a reduced 
MCM level are cancer prone, probably because of a lack of dor-
mant origins (Pruitt et al., 2007; Shima et al., 2007; Kunnev et al., 
2010). However, little is known about how progression through 
the replication timing program and the use of dormant origins 
are regulated in response to replicative stresses. One of the  
major responses to replication fork inhibition is activation of the 
DNA damage checkpoint kinases ATM, ATR, Chk1, and Chk2 
(Bartek et al., 2004; Branzei and Foiani, 2005; Lambert and 
Carr, 2005). Among other activities, these kinases are known to 
inhibit initiation of late-firing origins and prevent progression to 
later stages of S phase (Santocanale and Diffley, 1998; Shirahige  
et al., 1998; Dimitrova and Gilbert, 2000; Zachos et al., 2003; 
Bartek et al., 2004). These checkpoint kinases must therefore 
inhibit late-firing origins while at the same time allowing acti-
vation of dormant origins.

We show that ATR and Chk1, when activated in response 
to fork inhibition, reduce the number of active replication facto-
ries. We show that this occurs by a reduction in the rate at which 
replication factories are activated. A role for Chk1 in negatively 
regulating factory activation is also supported by the observation 
that Chk1 inhibition leads to an increase in factory number in the 
absence of replication inhibition (Maya-Mendoza et al., 2007; this 
study). We also show that when replication forks are inhibited, 
most dormant origins are activated in active replication factories. 
This is consistent with the increased density of replication forks 
that is seen in replicon clusters by DNA fiber analysis (Ge et al., 
2007). Activation of dormant origins within active clusters/ 
factories is likely to occur as a direct consequence of stochastic  
origin firing (Blow and Ge, 2009). As well as inhibiting factory 
activation, ATR and Chk1 can also decrease the rate of origin  
firing in existing factories (Ge et al., 2007), but at low levels  
of replicative stress, this effect appears to be less strong than  
the inhibition of factory activation: at 200 µM HU, factory acti-
vation rate is reduced by 80%, whereas dormant origin activa-
tion within active clusters is reduced by <20%. This preferential 
inhibition of factory activation by ATR/Chk1 allows the firing of 
dormant origins in active factories in response to low levels of 
replicative stress. This response is summarized in Fig. 7 a: two 
factories are shown, the top of which fires before the bottom 
(Fig. 7 a, left), but in response to replicative stress (Fig. 7 a, right), 
checkpoints inhibit activation of the second factory while allow-
ing initiation of dormant origins in the active factory.

Thomson et al., 2010). Activation of the intra–S phase check-
point blocks progression through the replication timing program 
(Fig. S4; Dimitrova and Gilbert, 2000). However, the checkpoint-
dependent inhibition of new replication factory activation shown 
in Fig. 5 b is not simply a consequence of blocking progres
sion through the timing program because the new factories whose  
activation is inhibited by the checkpoint are part of the same 
early type II stage of the replication timing program (Fig. 5 a and 
not depicted). Therefore, the inhibition of new factory activation 
is a direct consequence of checkpoint activation.

The inhibition of new replication factories 
is dependent on ATR-Chk1
HU and aphidicolin, the inhibitors we used in this study, primar-
ily activate ATR and Chk1 checkpoint kinases. Another DNA 
damage checkpoint pathway involves ATM and Chk2, which 
are primarily activated by double-strand DNA breaks, e.g., caused 
by ionizing radiation. Therefore, we examined the replication 
dynamics after irradiating the cells with  rays. Fig. 6 (a and b) 
shows that in contrast to HU and aphidicolin, early S phase cells 
exposed to ionizing radiation did not reduce the number of rep-
lication factories but, instead, reduced the rate of replication 
within individual factories, possibly the result of an ATM/Chk2-
induced lowering of the overall initiation rate.

We next investigated the possible mechanism by which 
ATR and Chk1 could preferentially inhibit new factory activa-
tion in response to replication stress. ATR and Chk1 inhibit the 
CDC25 phosphatases required for Cdk activation, and recent 
work using Xenopus egg extracts has demonstrated that Cdks 
play a direct role in promoting the activation of replication fac-
tories (Krasinska et al., 2008; Gillespie and Blow, 2010; Thomson 
et al., 2010). Consistent with this, Fig. 6 c shows that inhibition 
of Cdk activity by roscovitine reduced the number of active rep-
lication factories in U2OS cells. However, inhibition of factory 
activation in response to HU is unlikely to be mediated by S phase 
Cdk inhibition in U2OS cells because S phase cells treated with 
HU or aphidicolin did not significantly reduce total cellular Cdk 
activity (Fig. 6, d and e). In addition, S phase cells irradiated 
with UV light did not significantly reduce Cdk activity. These 
results suggest that ATR/Chk1 reduces factory activation rates 
by acting on other S phase regulators in addition to Cdks.

Discussion
Despite DNA replication being a major target of chemother
apeutic drugs, remarkably little is known about how the DNA 
replication program responds to replication inhibition. Our 
work demonstrates a new way that cells respond to replication 
stress, which allows cells to activate dormant origins while si-
multaneously preventing initiation spreading into later-replicating 
regions of the genome.

To prevent rereplication of DNA, the ability to license 
new origins of replication by loading MCM2-7 must cease  
before cells enter S phase. Origin licensing is not activated 
again until passage into anaphase of the next mitosis (Blow and 
Dutta, 2005; Arias and Walter, 2007). This means that even if 
replication forks stall or are abandoned during S phase, cells 
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must then phosphorylate other substrates to promote initiation 
at individual origins within the active factory. Another possibil-
ity (the “founder effect” model) is that it is difficult for Cdks to 
promote initiation at origins within inactive factories/foci, but 
when the first origin in a factory has initiated, a change propa-
gates throughout the factory that facilitates initiation at other 
origins (Gillespie and Blow, 2010; Thomson et al., 2010).

It is known that ATR/Chk1 activity delays progression from 
G2 into mitosis by promoting inhibitory phosphorylation of Cdk1 
(Bartek et al., 2004; Boutros et al., 2007; Timofeev et al., 2010). 

Very little is known about how replication factories are 
activated and regulated, so we can only speculate about how 
their activation is inhibited by ATR/Chk1. Recent studies have 
demonstrated that lowering Cdk activity can preferentially in-
hibit the activation of new replication factories (Gillespie and 
Blow, 2010; Thomson et al., 2010). Two possible explanations 
for this effect have been proposed. One possibility (the “factory 
substrate” model) is that Cdks may have specialized substrates 
within a replication factory or focus that must be phosphory-
lated to activate it; once a factory/focus has been activated, Cdks 

Figure 6.  Effect of different treatments on factory number. (a) After synchronization in early S phase as described in Fig. 1, U2OS cells were irradiated 
with 1–5 Gy  ray. 2 h after irradiation, cells were pulsed with Cy3-dUTP. Both the number and intensity of the Cy3-dUTP foci were measured in each cell. 
The mean and SEM were derived from >50 cells. (b) 2 h after irradiation with 1–5 Gy  ray or 20 J/m2 UV in the presence or absence of 10 µM ATM 
inhibitor KU55933, total cell lysate was immunoblotted for phospho-CHK1, phospho-CHK2, and actin. (c) After synchronization in early S phase, U2OS 
cells were treated with 0–250 µM roscovitine for 2 h and pulse labeled with Cy3-dUTP. Both the number and intensity of Cy3-dUTP foci were measured 
in each cell. The mean and SEM were derived from >50 cells. (d and e) Cells were synchronized in early S phase and treated with HU or 20 J/m2 UV.  
2 h after treatment, cells were lysed for immunoprecipitation with Cdk2 or cyclin A antibody. The associated kinase activity of the immunoprecipitates was 
assayed on histone H1.
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The preferential inhibition of new factory activation by 
ATR/Chk1 causes the redirection of limited replication resources 
toward active replicon clusters where forks are inhibited and 
away from regions that have yet to embark on replication. This 
ensures rapid rescue of stalled forks and minimizes the risk of 
undergoing inappropriate recombination or apoptosis (Fig. 7 b). 
This can explain why decreasing the number of dormant origins 
makes cells hypersensitive to DNA-damaging agents and makes 
mice cancer prone (Woodward et al., 2006; Ge et al., 2007; 
Pruitt et al., 2007; Shima et al., 2007; Kunnev et al., 2010). It can 
also explain why adjacent origins are organized into clusters that 
initiate simultaneously within factories, as this allows dormant ori-
gins to be activated where they are needed and also allows paus-
ing of replication by delaying activation of unreplicated clusters. 

However, we could detect no significant decrease in total levels 
of Cdk activity when S phase cells were treated with HU or UV. 
In fact, there is little evidence that in human cells, activation of 
DNA damage checkpoints causes a lowering of Cdk activity in  
S phase. Indeed, ionizing radiation has been shown to cause a 
Chk1-dependent increase in Cdk2 activity (Bourke et al., 2010), 
and Cdk2 activity has been shown to be required to maintain the 
G2/M checkpoint in response to DNA damage (Chung and Bunz, 
2010). Instead, it is likely that ATR/Chk1 directly inhibits spe-
cific Cdk substrates that are required for origin initiation (if the 
founder effect model is correct) or factory activation (if the fac-
tory substrate model is correct). Therefore, artificially lowering 
Cdk activity mimics one aspect of ATR and Chk1 activation by 
preferentially inhibiting new factory activation.

Figure 7.  Model to show how cells respond to low levels of replicative stress. (a) Two adjacent clusters of origins (factories bounded by green circles) are 
shown on a single piece of DNA (black lines). Under normal circumstances (left), the upper factory is activated slightly earlier than the factory below, and 
each initiates three origins. Under low levels of replicative stress (right), replication forks are inhibited in the earlier replicating cluster, which promotes the 
firing of dormant origins as a direct consequence of stochastic origin firing. Replicative stress activates DNA damage checkpoint kinases, which preferen-
tially inhibit the activation of the unfired later clusters/new factories. (b) A model showing two converging forks on a single piece of DNA (black lines) that 
have stalled (red bars). If a dormant origin is activated between them, replication can be rapidly rescued (left). If there is no dormant origin firing between 
the stalled forks (right), the DNA damage response can lead to recombination or induction of apoptosis.
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generating the gradient of separation between Cy3 and GFP-PCNA foci 
over time. Experiments were repeated multiple times, generating SEM of  
the gradient.

New factory activation rate
Cells were transfected with GFP-PCNA plasmid, and 12 h after transfec-
tion, were synchronized into early S phase using nocodazole and thymi-
dine. Replication foci were then labeled by pulsing the cells with 83 µM 
Cy3-dUTP. Cells were treated with 200 µM HU in the presence or absence 
of caffeine for 2 h before fixation and imaging. 0.2-µm serial sections were 
taken in each cell, and 3D images of the cells were reconstructed using 
Volocity software as described in the previous paragraph. Using 10% as 
the cut-off line for colocalization between Cy3 and GFP-PCNA foci, we 
quantified the number of foci containing Cy3 and GFP-PCNA, Cy3 alone, 
and GFP-PCNA alone.

Chromatin fractionation and immunoblotting
Immunoblotting was performed as previously described (Ge et al., 
2007). To prepare chromatin samples, 106 cells washed with PBS were 
suspended in 2 ml cytoskeleton (CSK) buffer and incubated on ice for  
10 min. After centrifugation at 5,000 g for 5 min, the pellet was col-
lected, resuspended in CSK buffer, and incubated on ice for 10 min.  
After a second 5-min spin at 5,000 g, the resultant pellet containing 
chromatin-bound sample was washed with CSK buffer three times and 
suspended in 100 µl NuPAGE LDS sample buffer (supplemented with 5% 
2-mercaptoethanol; Invitrogen). To analyze total cellular proteins, 105 
cells were washed with PBS and suspended in 100 µl LDS sample buffer. 
SDS gel electrophoresis and Western blotting were performed accord-
ing to standard procedures.

H1 kinase assay
For H1 kinase assays, U2OS cells were synchronized into early S phase 
using nocodazole and thymidine. 2 h after treatment (20 J/m2 UV; or 0.1, 
0.2, or 5 mM HU), 500,000 cells were lysed by lysis buffer (50 mM Tris 
HCl, pH 7.5, 150 mM NaCl, 5 mM EDTA, and 0.5% NP-40) and immuno-
precipitated with 2 µg Cdk2 antibody (M2; Santa Cruz Biotechnology, 
Inc.) or cyclin A antibody (ab39; Abcam). The immunoprecipitates were 
incubated with 5 µg commercially purified H1 (Millipore) in 25 µl kinase 
reaction buffer (50 mM Tris HCl, pH 7.5, 1 mM MgCl2, 1 mM DTT, 5 µM 
ATP, and 5 µCi -[33P]ATP) for 10 min at 30°C. Samples were then ana-
lyzed by SDS-PAGE followed by autoradiography.

DNA fiber analysis
DNA fiber spreading was performed as described previously (Ge et al., 
2007). Cells were pulsed with 40 µM BrdU for different times depending 
on the concentration of inhibitor used so that labeled track lengths were 
more homogenous in size than would occur if the BrdU pulse length was 
kept constant: 0–100 µM HU, 10 min; 200 µM HU, 20 min; 400–500 
µM HU, 30 min; 0.1–0.2 µg/ml aphidicolin, 20 min; and 0.4 µg/ml 
aphidicolin, 30 min. Cells were then harvested, and DNA fiber spreads 
were prepared as described previously (Jackson and Pombo, 1998). 
BrdU-labeled tracks were detected with BrdU anti–sheep antibody 
(M20105S; 1:1,000; BioDesign, Inc.) using either Cy3– or Alexa Fluor 
488–conjugated donkey anti–sheep secondary antibody. Biotin-11–dUTP 
was detected using a mouse monoclonal antibody (clone BN-34; 1:1,000; 
Sigma-Aldrich) and an appropriate Cy3-conjugated second antibody. 
Quality control for spreading DNA was performed using 0.1 µM YOYO 
(Invitrogen) labeling. Fibers were examined using a 65× microscope 
(Leica) and 100× confocal microscope (LSM 510; Carl Zeiss, Inc.). The 
mean and standard deviation of track lengths were determined by mea-
suring the length of labeled tracks that were well separated from other 
tracks (thereby minimizing the risk that they represented fusions between 
adjacent replicons).

Online supplemental material
Fig. S1 shows the HU-induced increase in the number of forks per cell 
when replication rates were measured by BrdU incorporation and the HU-
induced reduction in factory number using an anti-PCNA antibody. The 
changes in factory number are shown by different cell lines treated with 
HU. Fig. S2 shows the increase in fork number per factory when cells are 
treated with HU, as measured by BrdU incorporation. Fig. S3 shows focus 
intensity and fork speed when cells are treated with combinations of HU, 
Chk1 siRNA, and caffeine. Fig. S4 shows checkpoint-dependent inhibition 
of progression through the replication timing program in cells treated with 
200 µM HU. Online supplemental material is available at http://www.jcb 
.org/cgi/content/full/jcb.201007074/DC1.

These two features work together to ensure the maintenance  
of genome stability in cells.

Many anticancer drugs target DNA replication, either di-
rectly by inhibiting replication fork progression or indirectly by 
causing damage that has its primary effects during S phase (Blow 
and Gillespie, 2008). The ability of cells to survive treatment 
with these drugs depends on the correct regulation of dormant 
origins (Woodward et al., 2006; Ge et al., 2007). Therefore, this 
study raises the possibility that if certain cancer cells are in
capable of correctly regulating dormant origin and replication 
factory usage when under replicative stress, they would be more 
sensitive to chemotherapy drugs.

Materials and methods
Cell lines, synchronization, and siRNA
U2OS, HFF, MRC-5, IMR90, and Saos2 cells were grown in DME contain-
ing 10% fetal bovine serum, penicillin, and streptomycin. To synchronize 
cells in early S phase, cells were treated with 100 ng/ml nocodazole for 
10 h before shaking off into 5 mM thymidine for 12 h. Cells were then re-
leased from thymidine for 1 h into early S phase and treated with HU, 
aphidicolin, or 5 mM caffeine for 2 h. MCM5 and CHK1 siRNA were used 
as described previously (Ge et al., 2007). siRNA oligonucleotides (Applied 
Biosystems) were made to the following sequences: Mcm5, 5-GGAG
GUAGCUGAUGAGGUGTT-3; and Chk1, 5-AAGCAGUCGCAGUGAA
GAUUG-3. Control unrelated oligonucleotide was purchased from Thermo 
Fisher Scientific. Transfections were performed using Lipofectamine RNAiMAX 
(Invitrogen) according to the manufacturer’s protocol. For Chk1 knock-
down, U2OS cells were transfected with 40 nM siRNA twice within 72 h.

Total cellular rate of DNA synthesis
Asynchronous cells were labeled with 10 µM EdU for 30 min and stained ac-
cording to the manufacturer’s instructions (Click-iT EdU Alexa Fluor 647 flow 
cytometry; Invitrogen). DNA was stained with 20 µg/ml 7AAD. All samples 
were analyzed using a flow cytometer (FACSCalibur; BD) and CellQuest soft-
ware (BD). To quantify EdU incorporation, the geographic mean of incorpo-
rated EdU was calculated (because the data are collected on a logarithmic 
scale), from which the overall rate of DNA synthesis was derived.

Replication foci
To label replication foci, U2OS cells were transfected with 83 µM Cy3-
dUTP using FuGENE6 transfection reagent. The cellular incorporation of 
this amount of Cy3-dUTP into replication foci could last for 60 min. Cells 
were fixed with paraformaldehyde 30 min after transfection and analyzed 
on the number and intensity of Cy3-dUTP foci. Alternatively, cells were 
pulsed with 10 µM BrdU for 20 min followed by staining with BrdU anti-
body. To label replication factories, cells were transfected with GFP-PCNA 
plasmid using Lipofectamine 2000 (0.7 µg DNA/106 cells); only cells ex-
pressing low levels of GFP-PCNA were selected for analysis (Leonhardt  
et al., 2000). Alternatively, endogenous PCNA was labeled with PCNA 
antibody (PC10) and Alexa Fluor 568–labeled secondary antibodies.

Image acquisition and data analysis
To image replication foci/factories in cells, a wide-field fluorescence micro-
scope (DeltaVision DV3; Applied Precision) was used to collect 0.2-µm se-
rial sections using a 100× NA 1.4 Plan Apochromat objective (Olympus). 
After deconvolution with SoftWorx (Applied Precision), 3D image stacks 
were analyzed with Volocity (PerkinElmer) where a threshold-based seg-
mentation was applied to define replication foci. The same degree of 
threshold was used across different samples to cover 90% of all visually 
defined foci in each cell. The total voxel intensity of individual focus within 
a cell was averaged to give rise to cellular focus intensity. More than 120 cells 
pooled from three sets of experiments were sampled to generate mean  
focus intensity and SEM under each condition. To calculate cellular foci num-
ber, >150 cells pooled from three sets of experiments were used to generate 
mean foci number and SEM. To analyze the percentage of colocalization 
between GFP-PCNA and Cy3-dUTP foci, the total colocalized volume was 
divided by the total volume of GFP-PCNA foci within a cell. More than  
50 cells were analyzed under each condition to give rise to the mean  
percentage of colocalization between the two types of foci and SEM,  
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