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Abstract
The checkpoint mediator protein Claspin facilitates the phosphorylation and activation of Chk1 by
ATR and thus is required for efficient DNA replication. However, the physical association of Claspin
homologues with replication factors and forks suggests that it might have additional functions in
controlling DNA replication. DNA combing was used to examine the functions of Chk1 and Claspin
at individual forks and to determine whether Claspin functions independently of Chk1. We find that
Claspin, like Chk1, regulates fork stability and density in unperturbed cells. As expected, Chk1
regulates origin firing predominantly by controlling Cdk2-Cdc25 function. By contrast, Claspin
functions independently of the Cdc25-Cdk2 pathway in mammalian cells. The findings support a
model in which Claspin plays a role regulating replication fork stability that is independent of its
function in mediating Chk1 phosphorylation.
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Introduction
A major challenge for all proliferating cells is the maintenance of genomic integrity during
replication. The sheer size of the human genome requires that DNA synthesis be initiated at
more than 50,000 individual sites called origins of replication. Accordingly, the accurate and
efficient duplication of genetic material depends on the proper progression and coordinated
activation of numerous independently functioning replication forks. When fork progression is
halted it is necessary that all components of the replication apparatus remain associated with
the fork if progression is to resume efficiently after removal or repair of the blockade. Thus,
in response to replication stress, cells activate a checkpoint response known as the replication
or intra S-phase checkpoint that stabilizes replication forks and suppresses further origin firing,
facilitating the effective completion of replication. In mammalian cells the central players of
this checkpoint pathway are the damage sensing kinase ATR and its down-stream effector
kinase Chk1 [1]. The generation of RPA-coated regions of single-stranded DNA causes
activation of the ATR-ATRIP complex [2] which in turn activates Chk1 by phosphorylation
on two sites, Ser345 and Ser317 [3,4]. In addition to ATR, the activation and/or function of
Chk1 requires the activity of several other sensor or mediator proteins including Claspin,
TopBP1, the Rad9-Hus1-Rad1 (9-1-1) complex and the Rad17-RFC complex [5,6,7,8,9]. In
addition to its function as a checkpoint mediator circumstantial evidence suggests that Claspin
has a more direct role in the regulation of replication forks. For example, human Claspin is a
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ring-shaped molecule that binds branched DNA structures [10] and Xenopus Claspin binds
replication forks and interacts with several components of the replisome [11,12]. The functional
homologue of Claspin in budding yeast, Mrc1, travels with the replication fork and is required
for normal rates of fork progression in an unperturbed S-phase [13,14,15]. Interestingly, these
functions of Mrc1 are independent of its checkpoint functions [15]. The extent to which Claspin
functions are dependent on Chk1 in mammalian cells is not clear [16,17].

Chk1 functions in the replication checkpoint to block cell cycle progression, suppress further
origin firing, stabilize replication forks and facilitate the restart of collapsed forks [18]. The
mechanism by which activated Chk1 prevents inappropriate cell cycle progression is well
established. Phosphorylation of the protein phosphatase Cdc25A by Chk1 results in ubiquitin-
mediated degradation of Cdc25A [19], thereby preventing Cdc25A from dephosphorylating
and activating its cyclin-Cdk substrates [20]. In addition to the role that Chk1 plays in
replication stress it is clear that it has key roles in regulating the timing and progression of
replication in unperturbed cell cycles [21,22]. The mechanism by which Chk1 regulates origin
firing is also thought to depend on phosphorylation of Cdc25A, inhibition of Cdk2 and the
prevention of Cdc45 loading [23,24], but whether this pathway functions at the level of
individual origins has not been tested. Labeling techniques that allow monitoring of replication
in whole nuclei provided evidence that Chk1 regulates origin density, protects against
replication-associated DNA breaks, and prevents the firing of late origins when early origins
are stalled [21,24,25,26]. More recently, DNA combing technologies, a single molecule assay
that allows the examination of events at individual replication forks, have provided evidence
that Chk1 and Claspin regulate the rate of progression of individual forks [17,21,22]. We have
employed DNA fiber labeling to assess the role of Claspin in replication fork firing and
progression and to establish whether these functions are independent of Chk1 in human cells.
We find that both Chk1 and Claspin are required to regulate origin firing and fork stability in
HeLa cells. Furthermore, we demonstrate that although Chk1 regulates replication primarily
via the Cdc25-Cdk2 pathway, Claspin regulates replication through a mechanism that is largely
independent of Cdc25 and Cdk2 function.

Results
Claspin, like Chk1, regulates origin firing and fork stability in unperturbed cells

DNA fiber labeling and combing analysis has recently been use to demonstrate that Chk1 is
required to maintain normal rates of DNA replication fork progression in vertebrate cells
[21,22]. To determine whether Claspin plays a similar role, replication fork progression was
examined in cells in which expression of either Claspin or Chk1 was reduced by siRNA (Figure
1A). Active replicons were labeled with bromodeoxyuridine (BrdU) for 10, 20 or 40 minutes
and the mean lengths of labeled tracks were calculated for each time period. The mean
replication rate in control siRNA-treated cells, 1.2kbp/min, is similar to previous reports for
unperturbed HeLa cells [27]. Depletion of either Chk1 or Claspin severely impact replication
fork progression such that the rate was < 25% of that seen in controls (Figure 1B). To determine
which parameters of DNA replication are affected by Claspin or Chk1 depletion, a system in
which replication fork progression is monitored by sequentially labeling tracks with two
different nucleotide analogues was used [28,29]. Isolated DNA fibers were spread onto glass
microscope slides and sites of replication were detected with antibodies that preferentially
recognize the different halogenated nucleotides. Using this protocol three patterns of labeling
can be distinguished (See Supplementary Figure 1 for examples). Tracks containing green
staining next to a red region (BrdU followed by IdU) are classified as tracks of ongoing
replication. Ongoing replication events include a single region of green followed by a single
region of red (generated by a single fork), green flanked by red regions (generated by two
diverging forks) and red flanked by green (terminal fusions). Origins that stalled during the

Scorah and McGowan Page 2

Cell Cycle. Author manuscript; available in PMC 2009 April 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



first pulse and remain inactive in the second labeling period are green only and represent both
natural terminations, due to completion of replication in that region, and forks that stalled, due
to damage or fork instability. Red only tracks represent regions that initiated replication in the
second labeling period only and are therefore classified as newly initiated origins. In addition,
closely spaced short tracks of alternating green-red-green-red are occasionally seen in control
cells (<1% of total events). This interspersed pattern represents the firing of several closely
spaced origins and is thus included in the count of firing events [21]. HeLa cells were
transfected with control siRNA, or siRNA against Chk1 or Claspin (Figure 1A). Forty-eight
hours after transfection, cells were incubated with BrdU for 20 minutes; this was washed out
and cells were then incubated with iododeoxyuridine (IdU) for 20 minutes and DNA spreads
were prepared. This analysis showed significantly increased levels of origin firing and fork
stalling both in Chk1- and Claspin-depleted cells (Figure 1C and 1D). The specificity of these
effects on Chk1 and Claspin suppression was confirmed by repeating the analysis with
independent siRNA oligonucleotides against Chk1 or Claspin (Supplementary Figure 2). These
data show that both Claspin and Chk1 play critical roles in regulating origin firing and
maintaining fork stability in untreated cells.

Claspin and Chk1 regulate origin density
Dual labeling allows the direction that replication forks are traveling to be determined and from
this the distance between adjacent replication origins can be calculated [28]. Disruption of
Chk1 leads to a significant decrease in inter-origin distances in unperturbed cells [21]. Based
on the similarity of Claspin and Chk1 knockdowns in fork stalling and firing assays we wished
to determine if inter-origin distance is also reduced in Claspin-depleted cells. Cells expressing
control, Chk1 or Claspin siRNA were labeled for 20 minutes with BrdU followed by IdU for
20 minutes and the mean inter-origin distance was measured (Figure 2A). In HeLa cells
expressing control siRNA, adjacent origins were a distance of 138 ± 12kbp apart (Figure 2B).
This is similar to the value of 145kbp measured by [27] for untreated HeLa cells. In contrast,
the mean inter-origin distance in Chk1- and Claspin-depleted cells was 24kb and 35kb,
respectively (p<0.001) (Figure 2B). The nature of the difference in inter-origin distances is
more clearly seen when the distribution of distances is plotted as a histogram (Figure 2B). In
control siRNA treated cells, less than 1% of origins are found within 20kb of each other,
whereas in Chk1-siRNA cells 50% of origins were less than 20kb apart (Figure 2B). A similar,
but less substantial shift to shorter inter-origin distances was seen in Claspin-depleted cells, in
which nearly 30% of origins are less than 20kb apart. Inter-origin distances in Chk1 and Claspin
depleted cells were significantly reduced. The increased incidence of origin firing in Chk1-
and Claspin-depleted cells, together with the observed decrease in inter-origin distance
suggests that, similar to Chk1 (Figure 1 and 2 and [21]), Claspin plays a key role in regulating
origin density in an unperturbed S-phase.

Requirement for Chk1, but not Claspin, to suppress origin firing during replication stress
We sought to determine whether inhibition of late origin firing during replication stress was
dependent on Chk1 and Claspin by examining the firing of individual origins during a
replication block. Cells were transfected with siRNA and active replicons were labeled with
BrdU for 10 minutes to establish the intrinsic rates of replication. To test the effect of a
replication block on origin firing BrdU was removed and cells were incubated in aphidicolin
and IdU for 40-minutes. As expected, aphidicolin significantly inhibited labeling of nascent
tracks, it was therefore necessary to add IdU for 40 minutes to allow detection of new or
continuing replication tracks (Supplementary Figure 3). Untreated samples were labeled with
BrdU for 10 minutes followed by IdU labeling for 40 minutes in the absence of aphidicolin.
Consistent with evidence that aphidicolin inhibits origin firing in a checkpoint-dependent
manner [25,30,31,32], origin firing in control cells was reduced by the presence of aphidicolin
(Figure 3A). In Chk1-siRNA treated cells, origin firing, which is already elevated, further
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increased in the presence of aphidicolin. Interestingly, in Claspin siRNA transfected cells the
level of origin firing was elevated in the untreated sample but did not increase further upon
addition of aphidicolin. Similarly, a Chk1-dependent, Claspin-independent response to
aphidicolin and hydroxyurea was found using a different protocol in which cells were
monitored for the ability to resume replication following exposure to replicational stress for 2
or 6 hours (Supplementary Figure 4).

To investigate the reason that Chk1- and Claspin-depleted cells behave differently in this assay
we examined checkpoint activation in these cells. The phosphorylation of Chk1 on Ser345 in
the presence and absence of aphidicolin was examined by western blotting (Figure 3B). As
expected, the addition of aphidicolin to control-siRNA treated cells led to increased
phosphorylation of Chk1. Similarly, when Claspin abundance was reduced by siRNA, Chk1
was efficiently phosphorylated upon addition of aphidicolin treatment (Figure 3B). The
phosphorylation of Chk1 in Claspin-depleted cells suggests that at least some components of
the replication stress checkpoint remain operational in these cells.

Chk1, but not Claspin, regulates origin firing by controlling Cdk activity
To determine whether the increased origin firing measured in Claspin and Chk1 knockdown
cells is due to increased Cdk2 activity we used an inhibitor of Cdc25, (Cdc25i, NCS663284)
[33] and roscovitine, a direct Cdk inhibitor [34]. Cells were transfected with siRNA against
Chk1, Claspin or transfected with control siRNA. Forty-eight hours after transfection, cells
were incubated with 25μM roscovitine or 1μM Cdc25i for one hour prior to and during labeling
with BrdU for 10 minutes followed by IdU for 40 minutes. As shown in Figure 4A, origin
firing in control siRNA cells was reduced by 40% and 55% by the presence of roscovitine and
Cdc25i, respectively. Elevated levels of origin firing were seen in cells with reduced Chk1
expression and the incidence of origin firing was significantly decreased upon addition of either
roscovitine, reduced by 70%, or Cdc25i, reduced by 60%. The data confirm that Cdc25-Cdk2
function is the major down-stream effector of Chk1 controlling the firing at individual
replication forks. It is likely that the residual firing seen in Chk1-RNAi-roscovitine and Chk1-
RNAi-Cdc25i treated cells, is due to incomplete suppression of Cdc25-Cdk2 function, although
the possibility that other Chk1 targets also contribute to this signal cannot be formally excluded.
Surprisingly, addition of either drug to Claspin-depleted cells did not significantly reduce
origin firing (Figure 4A), suggesting that, unlike Chk1, Claspin does not function
predominantly through the Cdc25-Cdk2 pathway in mammalian cells.

The next aim was to determine whether the elevated origin firing observed following addition
of aphidicolin to Chk1-depleted cells is dependent on Cdk2 and Cdc25. Origin firing was
monitored during an aphidicolin block in siRNA-transfected cells that had been incubated in
the presence or absence of 25μM roscovitine or 1μM Cdc25i for 1 hour prior to labeling and
during the labeling. As before, Chk1-depleted cells displayed a high incidence of firing upon
aphidicolin-treatment (Figure 4B). Strikingly, this was significantly reduced in the presence
of roscovitine or Cdc25 inhibitor, suggesting that under checkpoint-induced conditions Chk1
functions mainly to inhibit Cdc25-Cdk2 function. siRNA-mediated knockdown of Claspin also
resulted in increased origin firing but this was not significantly altered by inhibition of Cdk2
or Cdc25. Together these data demonstrate that Chk1, but not Claspin, regulates origin firing
by controlling Cdc25-Cdk2 function both in unperturbed S-phase and during replication
blocks.

Discussion
Claspin was originally identified as an adapter protein that is essential for ATR-mediated
phosphorylation of Chk1 in Xenopus extract [6]. However, several properties of the protein;
its size, its ability to bind directly to branched DNA structures [10,11,12] and the fact that the
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Claspin homologue in yeast (Mrc1) has checkpoint independent functions [13,14,15] suggest
that it might have functions that are independent of Chk1 activation. This study presents
evidence that Claspin function does not depend exclusively on its ability to promote Chk1
phosphorylation in human cells.

DNA fiber analysis has been recently used to demonstrate that Chk1 and Claspin are required
for normal rates of replication fork progression in human cells [17,21,22]. In agreement with
these reports we found that depletion of Chk1 or Claspin by siRNA severely impacted
replication fork progression. Reduced track lengths could be due to slower rates of progression
along the same replication track, or they could result from increased rates of fork stalling
causing an increased number of short tracks. Detailed assessment of the parameters of DNA
replication by dual labeling analysis demonstrated that Chk1- and Claspin-depleted cells have
an increased incidence of replication fork stalling. This increased rate of fork stalling suggests
that the reduced rate of fork progression detected in single label experiments ([17,22] and
Figure 1B) is likely due to increased rate of fork failure in Chk1- and Claspin-depleted cells.

The rate of replication fork progression is inversely correlated with the density of active
replicons such that decreased rates of fork progression are associated with an increase in the
number of active origins [28]. The adaptation to variable inter-origin distances in times of
replication stress appears to be at least partly regulated by Chk1 [21,35]. However, the role of
Claspin in regulating origin density was not known. Using dual labeling of Claspin-depleted
cells we determined that Claspin, similar to Chk1, regulates the distance between active origins.
These data are all consistent with models that place Claspin upstream in the activation of Chk1
in maintenance of replication fork function.

Mammalian cells execute a spatially and temporally ordered pattern of replication initiation
that is visible as clusters of replication forks in labeled whole nuclei [36]. Drugs that directly
inhibit replication also suppress the firing of late origins and this suppression of late origin
firing depends on Chk1 function [25,30]. By examining the firing of single origins during an
aphidicolin-induced replication block we determined that Chk1 is required to suppress the
origin firing at individual forks during replication stress. Depletion of Claspin, however did
not increase origin firing during replication stress and phosphorylation of Chk1 was seen.
Claspin was first identified as a Chk1-binding protein that is required for ATR-mediated
phosphorylation in Xenopus extracts, and initial reports suggested that it is essential for efficient
Chk1 phosphorylation in human cells [5,16]. However, the presence of other mediator proteins
such as TopBP1, Rad9 and Tim/Tipin that stimulate ATR-dependent phosphorylation of Chk1
suggest that phosphorylation is not uniquely dependent on Claspin [7,8,37,38]. More recent
evidence confirms that Chk1 can be phosphorylated in a Claspin-independent manner [17].

The critical, proximal down-stream target of Chk1 in the regulation of DNA replication is
thought to be the protein phosphatase Cdc25A that is phosphorylated and destabilized in a
Chk1-dependent manner [39,40,41]. The inactivation of Cdc25A prevents the
dephosphorylation and hence activation of the cyclin dependent kinases (Cdks) that in turn
prevents the loading of Cdc45 which is needed to initiate replication [20]. Inhibition of Cdc25
or Cdk function in Chk1-depleted cells revealed that Chk1 regulates origin firing in a largely
Cdc25-Cdk2 dependent manner. Interestingly and in striking contrast, the data show that
Claspin does not function predominantly through the Cdc25-Cdk2 pathway in mammalian
cells. An alternative or additional role for Claspin in replication fork regulation is consistent
with evidence that it is a DNA binding protein and by its direct physical interaction with
components of the replisome [5,10,42].

The mechanism by which Claspin regulates replication is not known. In addition to interacting
with ATR and Chk1, human Claspin also interacts with Rad9, a component of the 9-1-1
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complex which, like PCNA, is thought to encircle DNA and promote processive replication
[43,44]. The physical interaction between Claspin and 9-1-1 or Claspin and PCNA may directly
promote replication fork integrity. Interestingly, in budding yeast the Claspin homologue,
Mrc1, maintains replication fork integrity by promoting the association of Cdc45 with
replisomes in a checkpoint independent manner [13]. In addition, recent evidence suggests that
Mrc1 physically interacts with the catalytic subunit of DNA polymerase epsilon and with
components of the replicative helicase, the MCM complex [45]. It has therefore been proposed
that in yeast, Mrc1 maintains replication fork stability by coupling polymerase and helicase
activities [13,45]. Data presented here indicate that human Claspin has checkpoint-independent
roles in replication and that it maintains replication fork integrity through a mechanism that is
fundamentally distinct from the Chk1-Cdc25-Cdk2 pathway. The data presented here are
consistent with a model in which human Claspin, like Mrc1 and Xenopus Claspin, plays a role
both in the S-phase checkpoint and at the replication fork [11,12,13,45].

Materials and Methods
Cell lines and treatments

HeLa cells were grown in DMEM (Invitrogen) containing 10% bovine calf serum, penicillin
and streptomycin, at 37°C and 5% CO2. Cells were treated with 2mM hydroxyurea, 15μM
aphidicolin or 25 μM roscovitine (Sigma-Aldrich) where indicated. Cdc25 phosphatase
inhibitor II (NSC 663284) was from Calbiochem. [33].

Oligonucleotides and transfections
siRNAs were transfected into cells using Oligofectamine (Invitrogen). HeLa cells were
transfected twice, 24 hours apart and harvested 48 hours after initial transfection. The final
concentration of the siRNA duplex in media was 75nM. All siRNA duplexes were from
Dharmacon Research; Claspin: CCUUGCUUAGAGCUGAGUCdTdT, Chk1:
GAAGCAGUCGCAGUGAAGAdTdT, Control: UUGGCCGAUAUCGCUCGACdTdT,
Chk1-2: AACAGUAUUUCGGUAUAAUdTdT, Claspin-2:
GCACAUACAUGAUAAAGAAdTdT.

Antibodies
Monoclonal Chk1 (G-4) antibodies were from Santa Cruz. Polyclonal phospho-Ser345 and
phospho-Ser317 Chk1 antibodies were from Cell Signaling. Polyclonal antibodies to Claspin
(ab3720) were from Abcam.

Western Blotting
Extracts were prepared by re-suspending an equal number of cells per sample in Laemmli
sample buffer and briefly sonicating. Extracts were boiled and loaded on SDS-PAGE gels.

Replication Labeling and DNA Fiber Spreads
Replication tracks were labeled by adding 25μM BrdU (Sigma) to culture media for 10, 20 or
40 minutes. For dual labeling, cells were incubated with 25μM BrdU for 10 or 20 minutes,
washed twice with PBS, twice with media and then incubated with 250μM IdU (Sigma) for 20
or 40 minutes. DNA spreads were prepared as described previously [21,44]. BrdU-containing
tracks were detected with sheep anti-BrdU antibody (Biodesign; M20107S) and Cy3-
conjugated donkey anti-sheep secondary (Jackson ImmunoResearch). In dual labeling
experiments, BrdU labeled tracks were detected with rat anti-BrdU (Accurate; BU 1/75) and
Alexa-fluor488-conjugated chicken anti-rat secondary (Invitrogen Molecular Probes), and IdU
labeled track were detected using mouse anti-BrdU/IdU (Beckton Dickinson) and Cy3-
conjugated goat anti-mouse (Jackson ImmunoResearch). Fibers were examined using a Nikon
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Eclipse E800 microscope using a 60X or 100X lens. Labeled track lengths were measured
using ImageJ and converted to basepairs using the conversion 1μm = 2.59kb [27].
Measurements were made in randomly selected fields of discrete, untangled fibers.

Statistical Analysis
Statistical calculations were determined in Excel (Microsoft Office). Statistical difference was
considered significant when p≤0.05 and was determined using an unpaired Student’s t-test.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Chk1 and Claspin regulate origin firing and fork stability in unperturbed cells
(A) HeLa cells were transfected with control (siCon), Chk1 (siChk1), or Claspin (siClasp)
siRNA twice, 24 hours apart. Forty-eight hours following initial transfection, levels of Chk1
and Claspin protein were monitored using the relevant antibodies. Ku80 was used to verify
equal loading. (B) siRNA transfected cells were labeled with 25μM BrdU for 10, 20 or 40 min
before preparing DNA spreads. The mean length of at least 300 replication tracks, measured
in two independent experiments, is plotted for each time point. Error bars indicate standard
error of the mean. (C) Labeling protocol to determine replication origin firing: HeLa cells
transfected with the indicated siRNA were pulsed with 25μM BrdU for 20 minutes followed
by 250μM IdU for 20 minutes and DNA fiber spreads were prepared. Origin firing was
calculated as a fraction of ongoing replication by dividing the number of red only and
interspersed tracks by the total number of ongoing tracks. Graph represents fraction of origin
firing measured from ten independent experiments; at least 100 replication tracks were counted
in each experiment. Error bars represent standard error of the mean. (D) Fork stalling was
calculated as a fraction of ongoing replication by dividing the number of green only tracks by
the total of ongoing and stalled forks. Graph represents average fraction of fork stalling
measured from ten independent experiments; at least 100 replication tracks were counted in
each experiment. Error bars represent standard error of the mean.
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Figure 2. Chk1 and Claspin regulate replication origin density
(A) Representative images of DNA fibers prepared from Chk1, Claspin or control siRNA-
transfected cells pulsed with 25μM BrdU for 20 minutes followed by 250μM IdU for 20
minutes. Pattern of red-green staining shows the direction of synthesis in adjacent replication
forks and allows determination of initiation sites such that inter-origin distance (I) can be
measured. (B) Graph represents distribution of inter-origin distances in cells expressing
control, Chk1 or Claspin siRNA. Table summarizes mean and standard error of the mean for
distances measured from five independent experiments.
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Figure 3. Chk1, but not Claspin, is required to suppress origin firing during replication block
(A) HeLa cells transfected with the indicated siRNA were labeled with 25μM BrdU for 10
minutes followed by 250μM IdU for 40 minutes in the presence or absence of aphidicolin. The
level of origin firing measured in at least 100 replication tracks from three independent
experiments is plotted. Error bars are standard error of the mean. (B) HeLa cells transfected
with control (siCon), Chk1 (siChk1) or Claspin (siClasp) siRNA were treated with 15μM
aphidicolin for 40 minutes or left untreated. The extent of Chk1 phosphorylation was monitored
using anti-P-Ser345. Total levels of Chk1 and Claspin in cells were determined by probing
with the relevant antibodies. Ku80 was used as a loading control.
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Figure 4. Claspin regulates origin firing by a Cdc25 and Cdk-independent mechanism
(A) HeLa cells transfected with the indicated siRNA were left untreated (untreated) or pre-
incubated with 1μM Cdc25 inhibitor (Cdc25i) or 25μM roscovitine (Rosc) for one hour. Cells
were then labeled with 25μM BrdU for 10 minutes followed by 250μM IdU for 40 minutes in
the continued presence or absence of Cdc25i or roscovitine. Origin firing was determined by
measuring at least 100 replication tracks from three independent experiments. (B) HeLa cells
transfected with the indicated siRNA were left untreated (aphidicolin samples) or pre-incubated
with 1μM Cdc25 inhibitor (Cdc25i) or 25μM roscovitine (Rosc) for one hour. Cells were then
labeled with 25μM BrdU for 10 minutes followed by 15μM aphidicolin for 40 minutes during
the IdU label in the continued presence or absence of Cdc25i or roscovitine. DNA fiber spreads
were prepared and origin firing was determined as a fraction of ongoing replication tracks from
three independent experiments as above.
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