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Abstract
During the S phase of the cell cycle, the entire genome is replicated. There is a high level of orderliness
to this process through the temporally and topologically coordinated activation of many replication
origins situated along chromosomes. We investigated the program of replication from origins
initiating in early S phase by labeling synchronized normal human fibroblasts (NHF1) with
nucleotide analogs for various pulse times and measuring labeled tracks in combed DNA fibers. Our
analysis showed that replication forks progress 9–35 kilobases from newly initiated origins, followed
by a pause in synthesis before replication resumes. Pausing was not observed near origins that
initiated in the middle of S phase. No evidence for pausing near origins was found at the beginning
of the S phase in glioblastoma T98G cells. Treatment with the S phase checkpoint inhibitor caffeine
abrogated pausing in NHF1 cells in early S phase. This suggests that pausing may comprise a novel
aspect of the intra-S phase checkpoint pathway or a related new early S checkpoint. Further, it is
possible that the loss of this regulatory process in cancer cells such as T98G could be a contributing
factor in the genetic instability that typifies cancers.

Introduction
Progress on our understanding of nuclear DNA replication in eukaryotic cells has involved
studies of the molecular mechanisms of initiation, the enzymatic process of chain elongation,
and nucleotide analog labeling studies to investigate DNA replication dynamics. Early studies
demonstrated that DNA consists of long fibers that replicate in separate units that are tandemly
joined. 1, 2 Subsequently, Huberman and Riggs evaluated different grain densities produced
by incorporation of tritiated thymidine followed by a chase with non-radioactive thymidine to
demonstrate the directionality of replication and reveal that replication typically diverges
bidirectionally from origin sites. 3 More recent studies, such as those by Diffley and by Jackson
and Pombo, used sequential incorporation of two different thymidine analogs that could be
identified using separate fluorescent antibody probes to reveal directionality of replication and
the comparable timing of replication of genomic sites in sequential cell cycles. 4, 5 The
introduction of techniques for aligning DNA fibers on slides by “combing” 6 has also permitted
the investigation of replication events to be examined at particular sites in the genome.
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We have been studying the fraction of DNA replicated in the early S phase following our earlier
observations that cells in the early S phase are exquisitely vulnerable to transformation by
treatments with chemical carcinogens. 7–9 Synchronization studies with cultured fibroblasts
released from confluence were improved by using aphidicolin to transiently block the cycling
cells in early S phase. 10, 11 We found that in addition to improving synchronization of
populations of cells through the S phase, fibroblasts held in aphidicolin leaked into S phase
and replicated DNA very slowly, which allowed for improved precursor labeling of DNA
replicating in early S phase. Using this labeling approach, previous observations of the
localization of DNA precursor incorporation have shown that at the very beginning of the S
phase, replication occurs in only a small number of chromosomal sites. 12 Subsequent efforts
involving the cloning of DNA replicating in early S phase and mapping the sequenced clones
to the human genome revealed about 1700 regions of early replication. 13, 14 Replication
timing analysis of these regions and comparison with replication timing studies performed with
human lymphoblasts confirmed the early replication of the majority of these regions and the
similarities of replication timing between the two different human cell types. 14–16

The coordinated expression of cyclin-dependent kinases promotes the orderly entry into S
phase and progression through the cell cycle. Pre-replication complexes assembled at potential
origins must be activated at the appropriate time and only once per cell cycle. Once DNA
replication has begun, the integrity of DNA replication is monitored through the intra-S phase
checkpoint. This checkpoint is invoked in response to DNA damage during S phase and acts
to suppress firing of new origins as well as to inhibit elongation and stabilize stalled replication
forks. The intra-S phase checkpoint pathway involves activation of transducers and effector
kinases that phosphorylate downstream substrates leading to inhibition of cell cycle
progression. 17–24 There is also evidence that constituents of the intra-S phase checkpoint
function to coordinate origin firing during an unperturbed S phase. For instance, Chk1 kinase
has been shown to be required for normal cell proliferation as well as the survival of mouse
embryos and ES cells, suggesting that checkpoint proteins are essential for normal S phase
progression. 18, 25, 26

In the current study, we have employed DNA fiber analysis to evaluate DNA replication in the
early S phase and at other times in S phase. We show an apparent pause in replication fork
progression within 9–35 kilobases from origins that initiate early in S phase in normal human
fibroblasts (NHF1). This pausing is absent in mid S phase in NHF1 cells as well as the early
S phase of glioblastoma T98G cells. Treatment of NHF1 cells with the S phase checkpoint
inhibitor caffeine abrogated pausing in early S phase NHF1 cells. This suggests that pausing
may constitute a regulatory mechanism contributing to the orderly progression of early S phase
that may be overridden during oncogenesis.

Materials and Methods
Cell lines and synchronization

Normal human diploid fibroblasts (NHF1) 27 immortalized by ectopic expression of the
catalytic subunit of telomerase 24 and T98G glioblastoma cells were cultured in minimum
essential medium (MEM) (Invitrogen) supplemented with 2 mM L-glutamine (Invitrogen) and
10% fetal bovine serum (FBS) (Hyclone Laboratories, Inc.). For synchronization, NHF1 cells
were arrested at confluence as described previously. 28, 29 Briefly, NHF1 cells were plated at
1 × 106 cells/100 mm plate and were grown for seven days with medium changes on the third
and fifth days. The confluence-arrested cells were presence or absence of 2 µg/ml aphidicolin
(A.G. Scientific, Inc.) at 374,000 cells/60 mm plate for pulse labeling and fiber spreading, or
600,000–800,000 cells/100 mm plate for flow cytometry. T98G cells were serum starved for
three days in MEM containing only 0.2% FBS followed by release into MEM with 10% FBS
in the presence or absence of aphidicolin. Aphidicolin was removed through three washes with
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Hanks’ balanced salt solution (HBSS) (HyClone), and cells were incubated in complete
medium for 15 min to remove any effects of the aphidicolin block. Cells were then labeled
with nucleotide analogs as described below.

Caffeine treatment
Thirty minutes prior to labeling, caffeine (Sigma Aldrich) was added at a concentration of 2
mM to the culture medium of cells synchronized by confluence arrest only. Labeling was
performed either in the presence of or 2 mM caffeine or Phosphate Buffered Saline (PBS,
Sigma Aldrich) as control.

Labeling of cells with thymidine analogs
Actively replicating cells were pulsed first with the thymidine analog IdU (50 µM) (Sigma
Aldrich) for 10, 20 or 45 min followed by a pulse with another thymidine analog CldU (100
µM) (Sigma Aldrich) for 20 min.

DNA fiber spreading
DNA was spread on glass slides as described previously 30, 31 with modifications. After
labeling, the cells were trypsinized and resuspended in PBS at 200 cells/µl. Two microliters
of cell suspension was streaked on a silane-prep slide (Sigma Aldrich), and the cell suspension
was allowed to air-dry almost completely. Eight microliters of spreading buffer (0.5% SDS in
200 mM Tris-HCl, pH 7.4, 50 mM EDTA) was then added over the cells. After 10 min, the
slides were tilted at 15°, an additional 8 µl was added and the buffer was allowed to run down
the slide. The resulting DNA spreads were air-dried, fixed in 3:1 methanol/acetic acid, and
frozen overnight.

Immunostaining
Slides were treated with 2.5 M HCl for 30 min, washed once in PBS/0.1% Tween 20 and twice
in PBS and then incubated in 2% bovine serum albumin in PBS for 40 min to decrease non-
specific binding of antibodies. The slides were then incubated with the primary antibody
mixture at room temperature in a humid chamber: 1 hour in 1:250 rat anti-bromodeoxyuridine
(detects CldU) (OBT0030, Accurate) plus 1:250 mouse anti-bromodeoxyuridine (detects IdU)
(Becton Dickinson). After incubation, slides were incubated for 10 min in a buffer containing
10 mM Tris HCl pH 7.4, 400 mM NaCl, 0.2% Nonidet 40 (NP40) to eliminate any non-
specifically bound primary antibodies. Slides were then washed twice in PBS. The slides were
then incubated in the secondary antibody mixture in a humid chamber at room temperature:
30 min in 1:250 Alexafluor 488-conjugated chicken anti-rat (Molecular Probes) plus 1:333
Alexafluor 594-conjugated rabbit anti-mouse (Molecular Probes). Slides were washed once in
PBS/0.1% Tween 20 followed by two washes in PBS. Before incubation in the third antibody
mixture, slides were blocked in 2% Normal Goat Serum (Gibco) in PBS for 15 min. The third
antibody mixture was added in a humid chamber at room temperature: 30 min in 1:250
Alexafluor 488-conjugated goat anti-chicken (Molecular Probes) plus 1:333 Alexafluor 594-
conjugated goat anti-rabbit (Molecular Probes). The slides were then washed as described for
the secondary antibody mixture. The slides were mounted in antifade (UNC Microscopy Core).
Microscopy was carried out using an Olympus FV500 confocal microscope using the
sequential scanning mode. A single-blind evaluation was performed to measure the lengths of
continuously stained red tracks using Image J software. To demonstrate the presence or absence
of pausing across many origins, during the scanning and selection process the images taken
were not limited to any one area of the slide; instead, pictures were taken of all possible origins
on the entire slide and on multiple slides, reducing the chance of over- or under-representing
certain origins or the genomes of individual cells.

Frum et al. Page 3

Cell Cycle. Author manuscript; available in PMC 2009 June 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Conversion from arbitrary units to kilobases
To determine the conversion factor from arbitrary units to kilobases, FISH was used to probe
a region of 282984 base pairs in the DNA fiber spreads, and the hybridized region was measured
in arbitrary units. The average of 13 measurements (326.2 arbitrary units) was divided into the
length of the probed region to give a conversion of 867.5 bp per arbitrary unit. This analysis
was done on fibers spread by the same person at the time the experimental slides were prepared
to ensure a similar stretching of the DNA.

Statistical analysis
Levene’s test showed that the group variances were not equal in many of the data sets even
after log transformation of the original data. As such, the F test in the traditional one-way
ANOVA will be affected as the group sample sizes differ greatly in many data sets.
Consequently we adopted a general linear model approach with unequal group variances on
the log transformed data (SAS, PROC MIXED). We compared the means of the 10 and 20 min
and 10 and 45 min data sets and the p-values were adjusted for multiple comparison using
Tukey’s method.

Flow cytometry
Cells for flow cytometric analysis were labeled for 10 min with 50 µM IdU. The cells were
then trypsinized, collected, washed twice with PBS and fixed in 70% cold ethanol. Staining
was performed following a published protocol. 32 Cells were incubated in primary antibody,
1:10 mouse anti-bromodeoxyuridine (Becton Dickinson), for 30 min, followed by incubation
in the secondary antibody, 1:500 goat anti-mouse FITC (Sigma Aldrich), for 30 min in the
dark. The cells were analyzed and data was collected using a CyAn flow cytometer.

Results
Pausing of replication forks near origins occurs in early S phase in NHF1 cells

To characterize the replication program from origins that initiate at the onset of the S phase,
we initially synchronized normal human fibroblasts (NHF1) by confluence arrest followed by
replating in the presence of 2 µg/ml aphidicolin for 24 h. Fifteen minutes after removal of
aphidicolin, the synchronized population of early S phase cells was sequentially pulse-labeled
with the thymidine analogs IdU and CldU (Fig. 2a). These cells then were harvested and lysed,
and their genomic DNA straightened and aligned by fiber spreading.5, 6, 30, 31, 33, 34
Incorporated IdU and CldU in the DNA fibers were detected using red or green fluorescently-
tagged antibodies, respectively, and visualized by confocal microscopy. During pulse-labeling,
cells were incubated with IdU (red) for 10, 20 or 45 min followed by a 20 min pulse with CldU
(green) to track replication patterns and directionality of fork movement (Fig. 1). Newly
initiated origins are indicated by a red track flanked on both sides by green, since these patterns
can only be obtained as a consequence of replication origin initiating during the first pulse (red)
and replication forks still moving bidirectionally during the second pulse (green). Flow
cytometric analysis of IdU incorporation during a 10 min pulse at the start of this time point
demonstrated the early S phase cell cycle profile at the time of the first nucleotide analog pulse
(Fig.2b, left panel). For comparison, a flow cytometric profile of an asynchronous population
of NHF1 cells is shown in Supplemental Fig. S1b. The profile of confluence arrested NHF1
cells incubated with IdU and aphidicolin for 24 h is shown in Supplemental Fig. S1a. This
showed that 33% of cells were already in early S phase at the end of the incubation with
aphidicolin; once aphidicolin was removed, cells moved synchronously through S phase (40%
IdU-positive cells in Fig. 2b, left panel).
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We expected the red track lengths at origins to increase proportionally to labeling time with
IdU and the distribution of the lengths of the red tracks at origins to be different at the increasing
pulse times. A frequency curve was generated for the red track lengths at origins, and a
statistical analysis was performed on the different populations. The statistical analysis assumed
that red track lengths (after log transformation) are normally distributed with different means
and variances. The means of the red track lengths at 10, 20 and 45 min pulses were compared
for origins fired in early S phase.

To our surprise, we found that replication tracks near origins did not increase in direct
proportion to labeling time in NHF1 cells during early S phase (Fig. 1a and Fig. 2c). Replication
forks near origins synthesized DNA in a range measured in arbitrary units during the 10 min
incubation, but the range did not increase significantly during the next 10 min of incorporation.
During the following 25 min, the red track lengths at origins increased significantly from that
at the 10 min pulse (Fig. 1a and Fig. 2c). The distributions of lengths for the different pulse
times are shown as logarithms of the arbitrary units in Fig. 2c, as we used for the statistical
analysis. Since taking the logarithm helps to give the data a more normal distribution, the data
is shown as log to better illustrate pausing visually. The distributions of red tracks after
conversion from arbitrary units to kilobases are shown in Fig. S2 (see Materials and Methods).
This analysis suggests that during the beginning of S phase, replication initiation near single
origins proceeded within 9 to 35 kb and was followed by a decrease in replication incorporation,
or a “pause” in DNA synthesis before replication resumed.

Pausing does not occur at unidirectional elongating forks
To determine whether pausing is specific for replication forks near origins or affects all
replication sites globally, we measured the red tracks from unidirectionally elongating forks
distinguished as a single red track adjoined to a single green track (henceforth referred to as
“unidirectional elongation forks”) (Fig. 1a). Statistical analysis of the red track lengths
suggested that the rate of displacement of single forks away from the origins led to different
red track lengths after 10 min and 20 min of synthesis, as well as after 10 and 45 min (Fig. 2d).
This finding indicates that pausing does not occur at all replication sites but only proximal to
the origin initiation site. Also, since the range of lengths of unidirectional forks increased with
time, fork pausing near origins cannot be due to changes in nucleotide pools that would affect
replication globally. Histograms comparing the distributions of red tracks converted to
kilobases are shown for origins and elongations in Supplemental Fig. S2a and S2b.

Pausing does not occur during mid S phase in NHF1 cells
We next determined whether pausing near origins is specific for replication in early S phase.
Cells synchronized by confluence arrest and aphidicolin treatment were pulsed with IdU and
CldU during the fourth hour after release from aphidicolin. The flow cytometric profile of these
mid S to late S phase cells, with 47% of the cells incorporating IdU, is shown in Fig. 2b (right
panel). During this time point, the mean track length of IdU incorporation at origins (red tracks)
labeled for 10, 20 or 45 min increased in proportion with time, suggesting that forks near origins
do not pause during mid S phase (Fig. 2e). Red track lengths at unidirectional elongation sites
also increased progressively with pulse times during this mid S phase time interval (Fig. 2f).
The distributions of red tracks for origins and elongations, in lengths converted to kb, are shown
in Supplemental Figs. S2c and S2d.

Pausing occurs in early S phase of confluence arrested NHF1 cells in the absence of
aphidicolin treatment

To demonstrate that synchronization with aphidicolin did not activate a signal that was
responsible for the pause seen near origins, we labeled normal human fibroblasts synchronized
by confluence arrest in the absence of aphidicolin. A schematic of the labeling protocol used
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in this study is shown in Fig. 3a. Analysis by flow cytometry confirmed that 17% of the cells
labeled during the thirteenth hour after release from confluence arrest were replicating and had
an early S phase flow profile similar to the profile of NHF1 cells synchronized using aphidicolin
in Fig. 2b, although a smaller percent of the cell population entered S phase in the absence of
aphidicolin at the thirteenth hour after release compared to cells released from confluence arrest
followed by incubation in aphidicolin for 24 h. Once again we found that in these early S phase
cells the lengths of DNA tracks did not increase significantly between the 10 and 20 min pulses
near origins but replication was resumed between the 20 and 45 min pulses (Fig. 1b, left panels,
and Fig. 3c). Individual elongation forks continue synthesis without pausing between the 10,
20 and 45 min pulses (Fig. 1b, and Fig. 3d). The lengths of red tracks at origins and elongations
converted to kb are shown in Supplemental Figs. S3a and S3b. These data suggest that pausing
of forks near origins is a process inherent to the normal replication program and is not a
consequence of aphidicolin treatment.

Pausing of newly initiated forks near origins is absent in early S phase in T98G glioblastoma
cells

Since the orderly progression of DNA replication is presumed to be necessary to preserve
genomic integrity and prevent the genetic instability typical of cancer, we hypothesized that
the regulation of replication during early S phase provided by pausing near origins might be
lost in cancer cells. To test this hypothesis, we analyzed replication fork progression near
origins in early S phase T98G glioblastoma cells, a cancer cell line that can be efficiently
synchronized by serum starvation. The cell cycle profile of the T98G cells labeled following
serum starvation (Fig. 4a) had 33% of the cells IdU-positive and a distribution of early S phase
cells comparable to the profile of NHF1 cells that exhibit origin pausing. A profile of
asynchronous T98G cells is shown in Supplemental Fig. S1c. In contrast to our observation
with NHF1 cells, labeling of T98G cells with IdU for 10, 20 or 45 min during the fourteenth
hour after release from serum starvation resulted in mean red track lengths at origins that
increased in proportion to pulse time (Fig. 1c, and Fig. 4b). Their distribution appeared similar
to that observed for individual elongating forks (Fig. 1c, and Fig. 4c, and Supplemental Figs.
S4a and S4b). This finding suggests that pausing of replication forks near origins that are
activated in early S phase does not occur in T98G cancer cells.

Pausing cannot be induced near early S phase origins in T98G cells by treatment with
aphidicolin

To confirm that pausing in NHF1 cells is independent of aphidicolin treatment, we treated
T98G cells with aphidicolin for 24 h after release from serum starvation. If pausing is an effect
of aphidicolin, treatment with the drug should induce pausing in T98G cells. Fifteen minutes
after release from aphidicolin, the T98G cells showed a similar, though enriched (81% IdU-
positive), entry of cells into early S phase cells at the time of labeling (Fig. 5a). Although the
enriched population of early S phase cells obtained with the aphidicolin treatment suggests that
aphidicolin functions in these cells, analysis of labeled tracks near origins showed that pausing
was still absent near origins (Fig. 1d, Fig 5b and Supplemental Fig. S5a), and replication also
proceeded in proportion to time at individual elongating forks (Fig. 1d, Fig. 5c and
Supplemental Fig. S5b). This demonstrates that pausing is not an artifact of aphidicolin
treatment.

Fork pausing near origins is ablated in early S phase NHF1 cells by caffeine treatment
We hypothesized that since pausing does not occur in T98G cells, it may be due to a defective
checkpoint pathway. To test this hypothesis, we synchronized NHF1 cells by confluence arrest
to avoid possible complicating effects of aphidicolin treatment. At 12.5 h after replating to
release cells into the cell cycle, cells were treated either with PBS (control) or 2 mM caffeine
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for 30 min prior to labeling. Treatment with caffeine at this concentration has been shown to
effectively abrogate ATM- and ATR-dependent checkpoint responses. 35 Cells were then
labeled at 13 h after release as before, either in the presence of PBS or 2 mM caffeine. The cell
cycle profiles of PBS- (14% IdU-positive) and caffeine- (13% IdU-positive) treated cells at
the start of the labeling time point (Fig. 6a) shows their comparable early S phase status. The
measurements of red tracks at origins again showed the 10 and 20 min populations were
statistically the same in the PBS (control) cells, suggesting pausing occured near the origins
(Fig. 1e, and Fig. 6b). However, treatment with caffeine resulted in the red track length
distributions at origins for the 10 and 20 min pulses that were statistically different (Fig. 1f and
Fig. 6d) Elongations between 10, 20 and 45 min in both conditions were statistically different
(Fig. 1e and 1f, Fig. 6c and Fig. 6e). The distributions of red track lengths converted to kb for
the PBS- and caffeine-treated cells are shown in Supplemental Fig. S6. This data suggests that
the process of pausing near early S phase origins can be abrogated in NHF1 cells by treatment
with caffeine.

Discussion
We have used DNA fiber spreading to study the pattern of replication near origins in early and
mid S phase. We show that pausing of forks occurs near most if not all of the early S phase
origins analyzed in NHF1 cells, but is absent from origins that fire during mid S phase as well
as early S phase T98G glioblastoma cells. The whole genome approach in analyzing origins
by fiber spreading suggests the widespread occurrence of pausing across many origins may be
a manifestation of a general control mechanism to regulate fork progression near origins in
early S phase. We have demonstrated that pausing occurs in the early S phase of NHF1 cells
whether they are synchronized in the presence or absence of aphidicolin following release from
confluence arrest. In our experience, NHF1 cells can be synchronized to G0 by confluence
arrest, while the synchrony of cells that enter S phase is increased after release from treatment
with aphidicolin following confluence arrest. Despite the total percent of cells that enter S
phase during the labeling period with aphidicolin (40%, Fig. 2) or without (17%, Fig. 3), the
early S phase profile of cells replicating during labeling is similar between the two conditions,
as well as the synchronized T98G cells in which pausing does not occur, suggesting the cells
are at a comparable point in the cell cycle when the labeling is performed.

We have previously determined that it takes at least 12 hours for cells released from confluence
arrest to traverse G1 and enter S phase; thus the incorporation of IdU in the presence of
aphidicolin for 24 h before release should proceed during the 12–24th h as cells enter S phase.
Aphidicolin reduces the rate of replication to 2.6% of the normal rate, 12 suggesting that for
the normal ~8 h S phase of NHF1 cells, incubation in aphidicolin is equivalent to approximately
20 min of the normal S phase. Once aphidicolin is removed from the media and the cells are
allowed to recover from the drug for 15 min, this suggests that the “early” S phase timepoint
in which pausing is observed corresponds to a time within approximately the first hour of a
normal S phase. The cell cycle profile of NHF1 cells released from confluence arrest into
aphidicolin and IdU for 24 h is shown in Supplemental Fig. S1a.

We have shown that pausing occurs in early S phase in NHF1 cells after replication proceeds
within a range of 9 to 35 kb. We have not yet determined the reason for pausing at a distance
of 9 to 35 kb from the origin, whether for example it is determined by sequence or if it is related
to chromatin structure. During the labeling time when pausing is observed, we continue to see
incorporation of IdU at individual forks although incorporation near origins slowed or ceased.
This suggests that pausing is not due to alterations in nucleotide pools that globally affect
replication. The rates of replication measured for the red tracks of individual forks appeared
to be similar to replication rates reported for other cell lines 36, 37 (Supplemental Fig. S7).
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The observation of pausing of forks near origins prompted us to speculate about processes that
would only involve replication near the first cohort of DNA replication origins, that would
engage after several kb of DNA had been replicated and would require a brief interval of
cessation of replication before resuming. Since pausing is absent in the early S phase of T98G
glioblastoma cells, this suggests that pausing in early S phase may contribute to the orderly
progression of replication in normal cells that is disrupted to give a growth advantage
characteristic of cancer. It is possible that pausing near origins in early S phase may be part of
a checkpoint that helps to ensure the integrity of DNA as replication initiates at the start of S
phase. It has been demonstrated that the ATR and ATM checkpoint responses, which mediate
their effects through proteins such as Chk1 and p53, can be reversed by treatment with caffeine.
35 To determine whether pausing is an effect of these pathways, we have analyzed early S
phase NHF1 cells treated with PBS (control) or caffeine. Our data shows that whereas PBS-
treated control cells demonstrate pausing near origins in early S phase, pausing can be
abrogated in these cells by treatment with caffeine. This suggests that pausing may constitute
a novel S phase checkpoint function that facilitates surveillance of the earliest replicated DNA
for the presence of damage near origins at the start of S phase. Our data suggests that since
pausing can be ablated by caffeine treatment, this checkpoint function may involve the
functioning of ATR. It is also possible that pausing is mediated through ATM, which
phosphorylates p53 during the DNA damage response. Since T98G cells express mutant p53,
it is possible that pausing is dependent on functional p53.

Our data suggests that replication from origins that initiate in early S phase may occur in a
highly-controlled, coordinated manner important for protecting the orderly process of
replication. Since faithful duplication of DNA from cell to daughter cell is critical for proper
regulation of cell growth, the lack of pausing of forks near origins in early S phase in
glioblastoma T98G cells may reflect or explain the abnormal DNA content of these cells and
the disrupted organization of their chromosomes.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Detection of origin and unidirectional elongation fork patterns by DNA fiber spreading. Early
S phase cells were pulsed with IdU for 10, 20 or 45 min followed by a pulse with CldU for 20
min. The origin and elongation patterns for representative fibers near the median length of red
tracks produced by this labeling strategy are shown for early S phase cells in the following
populations: (a) NHF1 synchronized by confluence arrest followed by treatment with
aphidicolin (APH); (b) NHF1 synchronized by confluence arrest in the absence of aphidicolin;
(c) T98G synchronized by serum starvation; (d) T98G synchronized by serum starvation
followed by treatment with aphidicolin; (e and f) NHF1 synchronized by confluence arrest in
the absence of aphidicolin and pre-treated for 30 min and labeled in the presence of (e) PBS
(control) or caffeine (f).
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Fig. 2.
DNA replication forks pause near origins in early but not mid S phase in NHF1 cells. (a)
Schematic of the synchronization protocol with aphidicolin. (b) Flow cytometric analysis of
NHF1 cells during the first and fourth hour after release from aphidicolin arrest. (c to f)
Frequency distributions of red track lengths (log of arbitrary units) during the first hour after
release from aphidicolin arrest at (c) origins and (d) elongations and during the fourth hour at
(e) origins and (f) elongations.
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Fig. 3.
Replication forks near early origins pause in NHF1 cells. (a) NHF1 cells were synchronized
by confluence arrest. (b) Thirteen hours after release, a portion of the cells are in early S phase.
(c and d) Frequency distributions of red track lengths (log of arbitrary units) measured blind
are shown for (c) origins and (d) elongations.
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Fig. 4.
Forks near early origins do not pause in T98G cells synchronized by serum starvation. (a)
Fourteen hours after release from serum starvation, T98G cells exhibited a flow cytometric
profile comparable to that of NHF1 cells during which pausing occurs (Fig. 2b). Frequency
distributions of red track lengths (log of arbitrary units) measured blind are shown for (b)
origins and (c) elongations.
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Fig. 5.
DNA replication forks associated with early S phase origins do not pause in T98G cells
synchronized by serum starvation and aphidicolin treatment. (a) Flow cytometric analysis of
T98G cells at early S phase after release from aphidicolin treatment. (b and c) Frequency
distributions of red track lengths (log of arbitrary units) measured blind are shown for (b)
origins and (c) elongations.
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Fig. 6.
Pausing of DNA replication forks in early S phase of NHF1 cells is abrogated by caffeine
treatment . (a) Cell cycle profile of NHF1 cells released for 13 h from confluence arrest, after
pre-treatment with PBS (left panel) or caffeine (right panel) for 30 min prior to the start of
labeling. (b to e) Frequency distributions of red track lengths (log of arbitrary units) for origins
(b and d) and elongations (c and e) with treatment with PBS (b and c) or caffeine (d and e).
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