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Abstract

We have recently shown that replication forks pause near origins in normal human fibroblasts (NHF1-
hTERT) but not glioblastoma T98G cells. This observation led us to question whether other
differences in the replication program may exist between these cell types that may relate to their
genetic integrity. To identify differences, we detected immunoflourescently the sequential
incorporation of the nucleotide analogs 1dU and CldU into replicating DNA at the start of every hour
of a synchronized S phase. We then characterized the patterns of labeled replicating DNA tracks and
quantified the percentages and lengths of the tracks found at these hourly intervals. From the
directionality of labeling in single extended replicating DNA fibers, tracks were categorized as single
bidirectional origins, unidirectional elongations, clusters of origins firing in tandem, or merging forks
(terminations). Our analysis showed that the start of S phase is enriched in single bidirectional origins
in NHF1-hTERT cells, followed by an increase in clustering during mid S phase and an increase in
merging forks during late S phase. Early S phase in T98G cells also largely consisted of single
bidirectional origin initiations; however, an increase in clustering was delayed until an hour later,
and clusters were shorter in mid/late S phase than in NHF1-hTERT cells. The spike in merging forks
also did not occur until an hour later in T98G cells. Our observations suggest models to explain the
temporal replication of single and clustered origins, and suggest differences in the replication
program in a normal and cancer cell line.
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Introduction

Replication of DNA is thought to occur on or in association with nuclear matrix, an assembly
of incompletely defined nuclear proteins.! It is reported that DNA is attached to the matrix

through matrix attachment regions (MARS)2 which are thought to be located near origins.3-8
Attachment of the DNA to the matrix is reported to organize the formation of loops of DNA
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in units ranging in size between 50-200 kb.3:%10 The unit of replication, the replicon, has been
reported to be of comparable size, between 75-175 kb. 11 The proteins responsible for DNA
replication are thought to assemble at the matrix in replication factories or foci. 12-17 It has
been suggested that DNA traverses through the factories at the matrix during replication.1:10:
18,19 The assembly of replication factories in the nucleus is very dynamic and details are still
being understood. After replication of the DNA in each region of the nucleus, the factories
appear to relocate to other parts of the nucleus to replicate other regions of the genome.
Chromosomes occupy distinct territories within the nucleus during interphase, and segments
of the chromosomes are aligned within these territories by their alternating R and G bands. R
and G bands are reported to be organized so that R bands are facing the interior of the nucleus
while G bands are located toward the nuclear and nucleolar peripheries.!! R bands are GC-
rich, replicate in the first few hours of S phase and have a high concentration of genes that are
transcriptionally active.20-25 In contrast, G bands typically are AT-rich, replicate later and are
gene-poor.20:22-27 Correspondingly, replication in early S phase appears to occur at multiple
sites toward the center of the nucleus, while replication late in S phase tends to be located
toward the nuclear periphery.

DNA replication has been visualized at the level of individual DNA fibers using DNA fiber
analysis or DNA combing. Initially, this was done with pulses of tritiated thymidine with
different specific activities to yield autoradiographic tracks of higher and lower labeling
intensity to distinguish the direction of replication.28 More recent studies have used sequential
incorporation of nucleotide analogs iododeoxyuridine (IdU) and chlorodeoxyuridine (CldU),
which are detected using specific antibodies linked to secondary antibodies labeled with
different colors.2%:30 This labeling strategy leads to different color patterns of labeling which
enables visualization of the direction of fork movement.

Fiber analysis has been used to show different aspects of DNA replication, such as rate of fork
elongation, and spacing of initiation events and origin choice in mammalian cells. Daboussi et
al have used fiber spreading to show that the rate of fork elongation is approximately 1 kb/min
in hamster cells. 31 We have found the rate of replication in NHF1-hTERT and T98G cells to
range between 1-2 kb/min.32 In addition, Lebofsky et al have used DNA combing to study
origin interference and the spacing between initiation events.33 Work by Courbet et al has
shown that slower rates of DNA replication induced during treatment with aphidicolin at a
concentration of 75 ng/ml. leads to the mobilization of latent origins in Chinese hamster
fibroblast 471 cells.3* DNA fiber spreading has also been used to show differences in
replication between normal and cancer cells. Using pulse-labeling with 3H-thymidine and DNA
fiber spreads, Martin and Oppenheim showed that the average replicon size of SV40-
transformed Chinese hamster lung cells (~31 microns) was significantly less than that of the
non-transformed cells (~44 microns).3> The same investigators also showed that there are more
DNA initiation points per unit length DNA in SV40-transformed BALB/c 3T3 cells than in
the non-transformed cells.

As with other phases of the cell cycle, replication in S phase occurs in an ordered temporal
manner. Jackson and Pombo have shown that regions of the nucleus that replicate early show
reproducible patterns of BrdU incorporation in subsequent cell cycles.30 Other work has
demonstrated a reproducible order of gene replication and agreement with identification of
very early replicating regions.21:36-38 Although differences have been reported,3? it has also
been demonstrated that the patterns of nuclear localization of BrdU incorporation at every hour
throughout S phase are similar in normal, immortal and cancer cell types,*? as well as at
different developmental stages in mouse cells.1 Although these studies suggest that the nuclear
structure may be conserved in normal and cancer cells, there may be differences between DNA
replication in normal cells and cancer cells that could be not be detected at the resolution of
replication in their studies. It is plausible that unrecognized aberrations from the normal
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replication program may contribute to oncogenesis. For example, cells with genetic defects as
found in cancer may accomplish the temporal progression through S phase differently. There
may be cellular differences between normal and cancer cells, such as fork speed, nucleotide
pools, or checkpoint function, that affect initiation of origins, elongation, clustering or
termination of forks. These potentially different properties of cancer cells may deregulate DNA
replication and contribute to genetic instability.

In the current study, we used fiber analysis to observe how replication progresses throughout
7 hours of the S phase in normal human fibroblasts, and whether these processes differ in T98G
cancer cells. The fiber extension technique used enabled us to examine DNA replication
throughout S phase at the level of individual fibers, a higher resolution than used in many
previous studies, and analyze replication as patterns of sequential DNA precursor incorporation
in the nucleus at every hour throughout S phase.

Characterization of labeled replication patterns at every hour throughout S phase in normal
human fibroblasts (NHF1-hTERT) and glioblastoma (T98G) cells

To understand how replication normally progresses through S phase and whether these normal
processes may be deregulated in cancer cells, we synchronized normal human fibroblasts
(NHF1-hTERT) and human glioblastoma (T98G) cells to Gy followed by release into the cell
cycle in the presence of aphidicolin to allow cells to accumulate in early S phase. Aphidicolin
was removed after 24 hrs and after a 15 min recovery time, the cells were allowed to progress
synchronously throughout 7 hours of S phase. At the start of every hour, cells were labeled
with the deoxy-nucleotide analog IdU for 10 min, followed sequentially by labeling with a
second analog, CldU, for 20 min. After labeling, the cells were collected, and DNA fiber
spreads were prepared. In this technique, cells are spread onto a tilted glass slide and are lysed.
DNA fibers are aligned and extended on the slide by the gravitational movement of the lysis
buffer. Incorporated 1dU (detected with an antibody tagged in red) and CldU (detected with an
antibody tagged in green) were visualized using a confocal microscope. The patterns of linked
red and green labeling produced by incorporation of IdU and CldU indicate the type of
replication occurring at that particular site. For example, since replication forks are thought to
progress bidirectionally from origins, a red track (first pulse, 1dU) flanked on both sides by
green (second pulse, CldU) indicates the presence of an origin at the center of the red track
activated during the first pulse, with forks proceeding bidirectionally during the second pulse
and visualized in green. Sites of unidirectional fork elongation are detected by a single joined
red and green track. Merging of replicons (termination) is detected by 2 red tracks joined by a
central green track, since this pattern can only be made by forks from 2 different replicons (red
tracks) merging and terminating during the second (green) pulse. Likewise, origins firing in
tandem were defined in this study as clusters of at least 2 red and 2 green tracks merged into
a single labeled unit of replicating DNA. Although red-only and green-only tracks can also be
detected, we only included labeled tracks containing both red and green to ensure the replicating
DNA was active through the first and second pulses. The different types of replication events
revealed by continuously stained patterns of incorporation of IdU and CIdU in replicating DNA
were quantified and assigned to the categories of single bidirectional origins, unidirectional
elongations, clusters of origins activated in tandem, or merging forks (terminations). The
lengths of the labeled red and green tracks were measured and recorded for each labeling
category at every hour of S phase.

We chose to score labeled fibers only where labeling was continuous to maximize objective
identification and reproducible classification of the different replication structures that we
scored. We did not make judgments about whether labeled tracks separated by gaps were
connected to minimize subjectivity in our scoring. Thus, in this study, labeling patterns with
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red-green tracks diverging from a central unlabeled gap were scored as two elongations even
though for some it was likely that these were bidirectional replication origins. Those criteria
almost certainly cause us to choose not to score some origins. Similarly we did not attempt to
resolve whether multiple labeling tracks along a fiber represented a cluster. For this study,
clusters were only scored when the labeling between origins had been completed; this approach
almost certainly generates a lower score of clusters than would other labeling schemes. More
clusters would have been found had we used a longer labeling interval, but then other labeling
patterns would have been more difficult to distinguish. By using well-defined criteria for
scoring replication figures we expected to improve the reproducibility of our data and to
increase the likelihood that we could detect small differences in labeling patterns between time
intervals or between normal and cancer cells.

Synchronous progression of NHF1-hTERT and T98G cells throughout S phase

We first confirmed that the NHF1-hTERT and T98G cells were progressing through S phase
at similar rates so that the distributions of labeled tracks at each hour would correspond to a
comparable stage of the S phase for the two cell lines. Since only actively replicating DNA is
detected in the fiber analysis, we compared the percentages of IdU-positive (replicating)
NHF1-hTERT and T98G cells in early, mid and late S phase. For our flow cytometric analysis,
we labeled the normal and cancer cells with IdU for 10 min at the start of the first, fourth and
seventh hours of their synchronous progression though S phase to represent time points during
early, mid and late S phase. Then for each flow profile we distinguished cells in early, mid and
late S phase compartments and determined the percent of the replicating labeled cells that fell
into each of these three bins. We compared the percents of labeled replicating cells in each of
the three bins, excluding the unlabeled Go/G4 and G,/M fractions, since these corresponded
to the labeled replicating DNA that we analyzed in the extended labeled DNA fibers. Our flow
cytometry analysis showed that for all three S phase time-points the normal and cancer cells
had similar distributions of cells in the early, mid and late S phase bins.

This data indicated to us that replicating NHF1-hTERT and T98G cells were progressing
through the S phase at the same rate. It is indeed possible that there are sub-populations with
different rates of replication in the cancer cell line, but if such sub-populations are present they
represent a sufficiently small proportion of the total population that they do not alter the flow
profile enough to produce a detectable difference. Since the fibers we score are representative
of the labeled populations seen by flow cytometry the differences we observed between the
normal and cancer cells at each hour are due to differences in the replication program at that
hour, and not to the presence of a minor sub-population with an atypical program of replication.

Flow cytometric analysis of NHF1-hTERT and T98G cells is shown in Figure 1. Although
NHF1-hTERT cells are diploid and T98G cells are hyperpentaploid, both cell lines progress
through S phase by doubling their genomic content at a similar rate throughout the 7 hour
interval analyzed in this study. Therefore, the subsequent analysis of the distributions and
lengths of the fibers at each hour of S phase corresponds to comparable stages of S phase
completion in the two cell lines.

Scoring of labeled DNA fibers

We next counted and assigned the labeled tracks produced at the start of each hour into the
categories of single bidirectional origins, unidirectional elongating forks, clusters and merging
forks (terminations). Figure 2 shows images of the typical replication patterns seen in each
hour of the S phase for NHF1-hTERT cells. Examples of fibers that were and were not included
in the analysis are shown by block arrows or small arrows, respectively. In Figure 2, we show
unprocessed images of the actual fibers that were scored in the analysis. We chose not to
subtract background staining or enhance the appearance of the images so that investigators
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who repeat this study or use our approach will have a realistic example of the appearance of

fibers. Although the fibers are not always evenly aligned, the staining quality and continuity

on the fibers in the images was clear enough to identify patterns and measure lengths of labeled
fibers.

In Figure 2 we illustrate the criteria employed for selecting fibers to be used in the study and
we show overlapping fibers or inadequately stained fibers that could not be scored to explain
the criteria we used for eliminating these fibers. We have chosen to emphasize criteria of
continuous labeling to maximize the objective identification and reproducible classification of
the different structures that we scored. That this approach was successful can be seen from the
statistical analysis of the color pattern distributions between replicates of NHF1-hTERT cells
and replicates of T98G cells. Our analysis shows that replicates are statistically the same for
both cell lines (Fig. 2b). This data shows that not only are the images of a high enough quality
to enable statistical reproducibility between repeats, but that our criteria for scoring the coded
fibers is consistent enough to produce statistical similarity between repeats.

All of the identifiable fibers on each slide were included for the analysis. We divided the labeled
fibers at each hour into the 4 categories for both cell lines to compare their relative percentages
and the lengths of the labeled tracks produced during the 30 min of labeling. A statistical
analysis was performed on two pooled replicates of NHF1-hTERT and two pooled replicates
of T98G to increase the number of fibers in each category for the analysis.

The temporal replication program in NHF1-hTERT cells

The results in Fig. 3a and Table 1 show that in NHF1-hTERT cells, a large proportion (~32%)
of replication events during the 15t hour of S phase was single bidirectional origins. During the
15t hr, over half (59%) of the total replication occurring was as unidirectional elongations for
this cell line (Fig 3b and Table 1). Approximately 6% of replication events occurring during
the 15U hr was in clusters (Figure 3c and Table 1), and less than 4% of the replication was
visualized as merging (terminating) forks (Figure 3d and Table 1). This data shows that a large
proportion of replication in early S phase begins largely at single, non-clustered sites in NHF1-
hTERT cells.

During the 2" hr, the percent distribution of single bidirectional origins decreased with
significantly from 32% in the first hour down to 8% of the scored replication events (Figure
3a, Table 1 and Table 2). A comparison of the percent distributions of origins at the second hr
with later timepoints showed no statistical difference, suggesting that enrichment in single
bidirectional origins is restricted to the first hour of S phase (Supplemental Table 1). The
majority of replication occurred during the second hr as unidirectional elongations (80%)
(Figure 3b and Table 1), which was a significant increase from the percent of unidirectional
forks present during the first hour (Table 2). This increase in unidirectional elongations may
reflect replication forks proceeding from origins initiated in the previous hour. The percent of
clusters began to increase from ~6% in the preceding hours to ~11% during the 3" hr (Figure
3cand Table 1 and Supplemental Table 1), and the presence of clusters increased significantly
by the start of the 4™ hour (~20%) (Table 2). Clusters persisted through the 5! hr, reaching a
peak during this time at 24% (Figure 3c and Table 1). There were significantly more clusters
during the 41-6! hours of mid S phase than the first two hours of early S phase, suggesting
that replication of clusters is a feature of mid to late replication rather than early S phase
(Supplemental Table 1). Clusters decreased significantly from this peak to ~13% by the start
of the 6! hr and comprised a statistically smaller percent of replication events for the rest of
S phase compared to mid S phase (Figure 3c, Table 1 and Supplemental Table 1). We also
found the proportion of merging (terminating) forks rose throughout S phase (Figure 3d) but
there was no statistical difference between hours during the first three hours of S phase
(Supplemental Table 1). The increase in terminating forks reached statistical significance by
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the 4™ hr (Table 2) and reached a peak at ~24% of scored events during the 6! hr (Figure 3d
and Table 1). This peak was statistically significant from the percent of merging (terminating)
forks present at any of the preceding times (Supplemental Table 1), and dropped significantly
during the following hour (Table 2). This suggests that merging forks accumulate and are
resolved during late S phase. Our data suggests that the predominant feature distinguishing
early S phase is the replication of single non-clustered origins, while mid S phase is marked
by the emergence of replication of tandemly-firing origins, and late S phase is enriched in
merging (terminating) forks.

The temporal replication program in T98G cells and comparison with NHF1-hTERT cells

Similar to NHF1-hTERT cells, we found that replication in T98G cells begins with enrichment
of replication at single origins. Single origins comprised 34% of replication occurring during
the first hour in T98G cells (Figure 3a and Table 1), which was statistically similar to NHF1-
hTERT cells (Table 1). A statistical analysis comparing the percent of single origins in the 1st
hour of T98G cells with other times of S phase shows there are significantly more origins firing
during the 15t hour than at any other time in this cell line (Supplemental Table 1). This suggests
that similar to NHF1-hTERT cells, the 15t hour of S phase in T98G cells is distinguished from
the rest of S phase by an enrichment in single bidirectional origins. We also found that during
the 15t hr, unidirectional elongations comprised 59% of the labeled tracks, while clusters were
5% of the early replicating DNA and merging forks (terminations) were ~2% of the scored
fibers (Figure 3b, 3c and 3d and Table 1). There were no statistical differences in the percent
distributions of any of the categories between NHF1-hTERT and T98G cells during the first
hour of S phase (Table 1), suggesting that NHF1-hTERT and T98G cells may rely on similar
strategies for initiating replication at the start of S phase. Also similar to NHF1-hTERT cells,
we found a statistically significant decrease in the percent of single origins from the 15t to the
2" hour in T98G cells (Table 2). However, the percent of single bidirectional origins decreased
to a lesser degree in the T98G cells during the 2" hour compared to NHF1-hTERT cells (Table
1). Approximately 17% of the scored replication events were single bidirectional origins at the
start of the 2"d hour in T98G while these origins comprised only 8% of labeled fibers during
this time in NHF1-hTERT cells (Table 1). This difference between the two cell-types is
statistically significant (Table 1). This suggests that T98G cells may depend on more origin
initiations in early S phase to replicate their genome, which may lead to differences in their
replication program as S phase advances. As was found for the similar time intervals in NHF1-
hTERT cells, we found a statistically significant increase in the percent of unidirectional
elongations in T98G cells at the start of the 2" hour compared to the 15t hour (Table 2). This
suggests that similar to the normal cell line, the increase in unidirectional forks during the
2" hour in T98G cells may be reflective of ongoing forks produced by the origins that fired
during the preceding hr. However, whereas the percent of unidirectional forks differed
significantly between subsequent hours for the majority of S phase in NHF1-hTERT cells, after
the 2" hour T98G cells maintained a statistically similar percent of unidirectional elongations
between subsequent hours for the remainder of S phase (Supplemental Table 1). We also found
that an increase in the clustering of tandemly firing origins did not achieve a level of
significance in T98G cells until the 5 hour, an hour later than was found in NHF1-hTERT
cells (Figure 3c and Table 2). This delay in the emergence of clusters in T98G cells created a
statistically significant difference in the presence of clusters during the 41 hours in NHF1-
hTERT and T98G cells (Table 1). However, the presence of clusters peaked at the same time
in both NHF1-hTERT and T98G cells during the 51 hour (Figure 3c and Table 1). Similar to
the hour delay that we observe in T98G cells for the increase in clustering, we also found an
hour delay in the emergence of a spike in merging (terminating) forks in T98G cells compared
to NHF1-hTERT cells (Figure 3d). Whereas the percent of merging forks peaks during the
6t hour of late S phase in the normal cell line, a spike in the appearance of these merging forks
does not occur until the 7 hour in T98G cells (Figure 3d). These data suggest that while NHF1-
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hTERT and T98G cells follow a similar strategy for enriching replication in early S phase with
single bidirectional origins, clusters of tandemly-firing origins in mid S phase, and merging
forks (terminations) in late S phase, though differences exist in the timing or degree to which
these strategies are utilized for replicating the DNA throughout S phase by these cell lines.

Comparison of lengths of replication tracks throughout S phase in NHF1-hTERT and T98G

cells

We next performed a statistical analysis on the total combined lengths of red and green tracks
for the same fibers categorized as origins, elongations, clusters and merging forks
(terminations) analyzed above. The results in Figure 4 show the average lengths of these
replication types by hour and category, converted to kilobases (kb). With few exceptions, the
average length of replication tracks was shorter in T98G cells at each hour and for each category
than was found in NHF1-hTERT cells (Table 3 and 4). The shorter lengths were found to be
statistically significant only during mid to late S phase for unidirectional elongations in the
3" and 6! hours and clusters during the 4%, 5t and 6™ hours (Table 3). The exceptions where
lengths of replication tracks appeared to be longer in T98G cells (although not rising to
statistical significance) included single bidirectional origins, clusters and merging
(terminating) forks in the 15t hour as well as in clusters in the 7t hour and terminations in the
5t and 7t hours (Figure 4 and Table 3). Replication tracks generated during the 30 min total
pulse were found to range in size from the shortest (29-33 kb) in both cell lines at unidirectional
elongations in early S phase to the longest (167-193 kb in NHF1-hTERT during mid to late S
phase, and 136-193 kb during late S phase in T98G) at clusters (Figure 4). We observed that
the average length of all tracks steadily increased through the 6t hour in NHF1-hTERT cells,
then slightly decreased by the 7t hour, while the average length of replication tracks produced
during the 30 min pulse did not greatly increase until the 7t hour in T98G cells (Table 4b).
Throughout the duration of S phase, the average length of tracks (by hour) combining all
categories was longer in NHF1-hTERT cells than T98G cells for all hours except the 15t hour
(Table 4b) and they were longer as well for all categories (Table 4a). In general, throughout
the entire S phase, the overall average track length was found to be approximately 17% shorter
in T98G cells compared to NHF1-hTERT.

Determination of inter-origin distances in clusters in NHF1-hTERT and T98G cells

We next performed an analysis to determine the average inter-origin distance in clusters in
both NHF1-hTERT and T98G cells. Since the red tracks produced from the first pulse with
IdU are likely origins within the clusters, we counted the number of red tracks in a cluster at
each hour and divided this averaged number into the average length of clusters (converted to
kb as described in Methods) at that hour. We found that although the length of clusters varied
by up to 2-fold between different hours within the same cell line or at the same hour between
cell lines, the average number of red tracks (origins) was very similar for all time-points and
both cell lines (a range of 2.2 to 3.1 in NHF1-hTERT, and 2.3 to 3.1 in T98G) (Table 5). We
found for both NHF1-hTERT and T98G cells, there was an average of 2.6 red tracks in a cluster
throughout S phase (Table 5). This number was independent of cluster length, suggesting there
may be a requirement, perhaps by the replication machinery, for approximately 3 origins to
fire during the replication of a cluster (as determined by our labeling protocol). It is possible
that the average 2.6 origins firing per cluster, independent of length of the cluster, may represent
a unit of replicating DNA, possibly representing loop length or length of epigenetically
activated replicating DNA. We found the average inter-origin distance throughout S phase was
57 kb in NHF1-hTERT cells and 48 kb in T98G cells, suggesting there may be additional
origins activated in T98G cells (Table 5) to accomplish DNA duplication in the same time
interval.
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Discussion

We compared replication dynamics during 7 hourly intervals of S phase in NHF1-hTERT and
T98G cells by examining individual replicating DNA fibers. NHF1-hTERT cells and T98G
cells were synchronized by confluence arrest or serum starvation, respectively, followed by
aphidicolin treatment to enrich the cycling population at the start of S phase. Both cell lines
were synchronized to G followed by release into medium containing aphidicolin to enable
cells to accumulate synchronously in early S phase; aphidicolin treatment for 24 hours was use
to minimize differences in replication dynamics between cell types that could be due to the
synchronization method.32 Although immortalized NHF1-hTERT cells are diploid, and T98G
are hyperpentaploid, both cell lines show similar progression in doubling their DNA content
through the 7 hour interval, presumably because there are more origins and more active sites
of replication in T98G cells. This is in agreement with a previous report demonstrating that
there are more DNA initiation sites per unit length of DNA in aneuploid SV40-transformed
BALB/c 3T3 cells than in non-transformed BALB/c 3T3 cells.*?

Despite having achieved rather good synchronization of the cell populations there is still minor
variability of the timing of entrance into S phase and the timing when individual origins fire
in individual cells. Synchronization of cells with aphidicolin as employed in our studies greatly
slows but does not stop replication. We have found that during the 24 hour incubation in
aphidicolin during our synchronization protocol, replication progresses equivalent to about 20
min of a normal S phase.*3 While aphidicolin is present and following its removal, origins fire
continuously not as a synchronous cohort. In our studies we chose to delay the start of labeling
until 15 minutes after the removal of aphidicolin to allow the cells to recover from residual
effects of aphidicolin on nucleotide pools and to restore normal rates of replication. For
consistency we begin all 7 hourly time-points with this 15 minute interval before we began to
label cells with IdU (red) followed by CldU (green). Since we are making comparisons between
different replication forms seen at different times in S in the same cells and we compared these
events between cells we do not think that the concerns about replication rates or rates of entry
of precursors into cells are a concern in these experiments.

Our data suggests that for both NHF1-hTERT and T98G cells, single non-clustered
bidirectional origins are most prevalent during the first hour of S phase, and this type of
replication event is dramatically reduced for the remainder of the S phase. The decrease in
single bidirectional origins is less extensive during the second hour in T98G cells, however,
suggesting that there may be a difference in regulation or coordination of origin firing in early
S phase of the cancer cell line. This would support previous observations that there is
deregulation of origin initiations in cancer cells. Our data also suggests that replication in early
S phase may be largely composed of initiations originating from individual sites controlled by
single origins without activation of nearby origins in both cell types. The increase in the number
of unidirectional elongations that follows in the 2" hour in both NHF1-hTERT and T98G cells
may reflect the large percentage of single origins that are active during the first hr of S phase,
since the origins firing in the 15t hour presumably produce some of the unidirectional forks
extending from these origins. We have recently shown that replication forks near single
bidirectional origins pause for at least 10 min after an initial 10 min of synthesis at origins that
fire during the 15t hour of S phase in NHF1-hTERT cells, and that this pausing is absent in the
early S phase of T98G cells.32 It is interesting to note that the total lengths of single bidirectional
origin replication tracks labeled for the 30 minute interval in the present study are longer in
NHF1-hTERT than T98G at all hours except for the 15t hour. This finding is consistent with
the pausing of replication near origins that occurs only during the 15t hour of S phase in NHF1-
hTERT cells but is inoperative in T98G cells. This effect is sufficient to reduce the length of
labels fibers at bidirectional origins to be detected.
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It was shown previously that multiple origins can fire in tandem clusters at the same time.30
We have found that replication events occurring in tandemly activated adjacent DNA segments
(clusters) were prevalent during the mid to late S phase in NHF1-hTERT cells, and the length
of the clusters increased until the 4™ hour and then reached a plateau. However, an increase in
the distribution of clusters during the S phase of T98G cells was not seen until an hour later
than in NHF1-hTERT, and lengths of clusters did not increase until late S phase. The lengths
of clusters in T98G cells were statistically shorter than NHF1-hTERT during late S phase
(4t 5t and 6t hours). Although our method of fiber spreading enabled us to discern increases
in the presence of clusters as S phase progressed, the actual percent distribution of clusters may
be underestimated in our analysis since their longer length may have caused breakage or
tangling with other fibers which might have made it difficult to measure them accurately.
However, analysis of the data clearly shows that there is a trend of clustering that is most
pronounced during mid-to-late or late S phase as opposed to early S phase. Our data also
demonstrates that there is a larger percent distribution of unidirectional elongations during the
4th_gt hours of S phase in T98G cells compared to NHF1-hTERT cells. The greater distribution
of individual forks in mid to late S phase of T98G cells may indicate more individual sites of
active replication along the chromosomes in this cell line during this time, which may explain
or reflect less clustering and the shorter lengths of the clusters during the 3"9-6t" hours in T98G
cells.

Another difference in replication between the two cell types was found during late S phase,
when the percent distribution of merging forks (terminations) increases in NHF1-hTERT cells
during the 5™ hour and peaks during the 6! hour, while the distribution of merging forks
decreases during these times in T98G and peaks later during the 7t hour. Although the red-
green-red patterns we scored indicate areas of merging (terminating) forks, and an increase in
these patterns does not occur in T98G cells until later in S phase than found in NHF1-hTERT,
there may be other ways that replication at certain sites gets completed in late S phase other
than by that indicated by this specific labeling pattern. The red-green-red pattern shows the
simultaneous meeting of two replication forks, but not all terminations may be visualized as
two forks simultaneously converging at the same time. For example, one of the converging
forks may be delayed or further away from the other converging fork during late S phase of
T98G cells, which could explain why there are fewer red-green-red terminating patterns during
this time in T98G cells. Alternatively, there may be a shorter distance between merging
replicons in late S phase of T98G cells that may result in merging of forks during the first (red)
pulse, producing red only tracks, and thereby artificially reducing the percent of terminations
in T98G cells visualized as red-green-red tracks. Replication may also be slower in T98G cells,
so by the 51 and 6™ hours when terminating forks merge in NHF1-hTERT cells, units of
replication may not be ready to terminate in T98G cells until later. The smaller percent
distribution of merging forks indicated by the red-green-red pattern in late S phase of T98G
cells may not indicate that there are fewer terminations occurring during this time in this cell
line but the process and labeling pattern may be different. However, the higher occurrence of
merging forks during the 5! and 6™ hours of S phase in NHF1-hTERT than in T98G cells may
also suggest that the normal program of replication termination during late S phase is altered
in the cancer cell line. Cha et al have shown that terminations accumulate during late S phase.
44 The smaller percent of merging (terminating) forks that we observe during late S phase in
T98G cells may play a role in DNA breakage or genomic instability because unresolved
terminations may be present at the end of S phase and may persist to be resolved later when
the cells are in the G2 phase. Fragile sites, where breakage of DNA occurs with increased
frequencies, replicate late in S phase 45752, the same time when we find a smaller percentage
of terminations in T98G cells than in NHF1. It is plausible that these late-replicating fragile
sites may be subjected to breakage due to faulty or delayed termination of replicons. It is
conceivable that a faulty program of terminations during late S phase may have led to a higher
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rate of breakage of DNA or the persistence of unreplicated regions in the DNA in the late S
phase of T98G cells; such processes may have contributed to their abnormal DNA content.

A recent paper by Conti et al addresses replication fork velocities in adjacently-firing origins.
53 These authors report a large heterogeneity in fork velocity, with a mean fork velocity of 1.46
kb/min in primary normal keratinocytes. We report a similar rate in NHF1-hTERT and T98G
cells, varying between 1-2 kb/min at different hourly intervals throughout S phase. This rate
was calculated from the total length of the tracks with the single red-green pattern produced
during 30 min of labeling (not shown), assuming that the majority of these tracks represent
continual unidirectional fork movement.

Conti et al >3 and we have both addressed the issue of inter-origin distances in clusters. Clusters
have been defined as 2-9 adjacent replicons that are replicated simultaneously because of their
close proximity to the replication machinery (foci), within a timeframe of 45-60 min.30:54,55
Conti et al have also shown the median interorigin distance between adjacently-firing origins
as 111 kb in asynchronous primary normal keratinocytes.>3 Here we show an average
interorigin distance in clusters for the averaged 7 hours of S phase as 57 kb in NHF1-hTERT
cells and 48 kb in T98G cells. These differences in values between the two studies may be
explained by different criteria used to evaluate inter-origin distances (i.e, the requirement for
a continuously labeled fiber) and the shorter labeling interval used in our study. Conti, et al.
aimed to determine fork velocity at adjacent origins, using 1dU and CldU, and this required
unlabeled space (gaps) between adjacent replicons. To study fork velocity at adjacent origins,
fibers were selected based on replication of the adjacent origins not being completed during
the 40 min labeling interval, as some of the origins initiated before labeling started, producing
unlabeled “gaps” between bidirectional forks, representing origins in the gap, and replication
of some adjacent replicons was not completed by the end of the labeling interval. Since labeled
forks from adjacent origins in the scored fibers do not always meet during the 40 min labeling
interval, these “clusters” of adjacent initiating origins probably represent larger replicons, with
the determined mean interorigin distance of 111 kb. In contrast, our inter-origin distances were
calculated by tandem origins firing simultaneously in a continually labeled track with no gaps,
that was completed within 30 min of labeling. These well may be smaller “clusters” than those
evaluated in the Conti et al study, with an average inter-origin distance of 57 kb for the averaged
7 hours of S phase in NHF1-hTERT cells, and 48 kb for the averaged S phase interval in T98G
cells. We show that more of these “clusters” of tandemly firing origins accumulate during mid
S phase in NHF1-hTERT cells and they are longer in mid S phase than in T98G cells. The
results of our study might have been more like those of Conti had we used longer labeling
intervals which would have allowed the DNA between more distantly spaced origins to have
labeled. Ininterpreting these cluster results in our study what we may be comparing is a subclass
of replicon clusters that are activated simultaneously from origins no further apart than about
50 kb. In this case our results should not be interpreted as reflecting all replication at contiguous
clusters of simultaneously replicated replicons. Interestingly, Conti, et al. and we both observe
approximately three origins activated per cluster. We found there was an average of 2.6 origins
initiated per simultaneously activated cluster regardless of cluster length or cell type. This may
reflect a fundamental requirement of replication factories to accomplish the replication of
clustered regions of DNA whose adjacent origins are activated in tandem.

Previous studies have shown that replicons that initiate as S phase begins were activated in
small clusters. 3954 In our study, we show that S phase begins largely with the initiation of
single bidirectional origins, while replication that occurs during mid to late S phase is largely
enriched in clusters of origins that simultaneously fire in tandem producing a continually
labeled track during the labeling scheme. We believe the differences of interpretations between
those observed in previous studies and those in our study reflect both the different
methodologies and objectives in these studies. In operationally defining a “cluster” of replicons
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as 2 or more adjacent actively replicating units that merge into a continuously labeled track
during the total 30 min labeling time we put a very stringent and more narrow requirement
than in past studies where the proximity of labeled replicating tracks even if separated by an
labeled gaps could be interpreted as clustered synchronously activated replicons on the same
fiber. It is likely, therefore, that our approach underestimates the number of adjacent
synchronously activated replicons. We did not label fibers with a general DNA stain and score
labeling tracks on the same DNA fiber but separated by unlabeled gaps since the objective of
our study was to acquire data that allowed us to distinguish quantitatively differences in patterns
of replication at different times in S phase and between normal and malignant cells with
minimal subjectivity. We believe that this objective was met well by the methods employed
as demonstrated by the statistical analysis of the labeling pattern distributions between
replicates of NHF1-hTERT cells and replicates of T98G cells which show that replicates are
statistically the same for both cell lines. This data shows that the images we analyzed were of
a high enough quality to achieve statistical reproducibility between repeats, and further that
our criteria for scoring the coded fibers is sufficiently consistent to validate the statistical
similarity of results in repeat experiments. Nonetheless, the lack of a DNA fiber label and our
choice not to score apparent clusters separated with unlabeled gaps could also have resulted in
an underestimate of the frequency of clustering of origins in our studies. Further, it is entirely
possible that if we had chosen longer labeling intervals, more replication would have been
recognized as having occurred in clusters even using our definition. However, by using the
criteria that clusters be contiguously labeled without gaps, we also more objectively quantify
clustering of adjacent replicons, since there is no ambiguity about where or whether origins lie
in the gaps between labeled tracks. We recognize that we are assessing only a fraction of
potential clusters by the labeling protocol used and the criteria we chose for scoring labeling
patterns. We chose our criteria of continuously labeled tracks to optimize the recognition of
labeling patterns and facilitate statistical analysis of data sets. Since our objectives in this study
were more to characterize differences in replication at successive hours through S phase and
to compare a normal and cancer cell line, the more rigid objective criteria were advantageous
in reducing noise in our analysis to distinguish what might be small but significant differences.

Our data shows that a large proportion of replication events occurring during early S phase in
both NHF1-hTERT and T98G cells are in the form of single bidirectional origins. The
distribution of replication events shifts toward more clustering of replication sites during mid
S phase in NHF1-hTERT cells; clusters are shorter and occur later in T98G cells than in the
normal cells. These observations prompted us to speculate about reasons for the prevalence of
single bidirectional origins and shorter clusters in early S phase in both NHF1-hTERT and
T98G cells and in T98G cells compared to NHF1-hTERT cells during the middle of S phase.
We can envision two different scenarios to explain this data. In Figure 5a, we illustrate one of
these hypotheses in which our observations may be explained by a different organization of
DNA into loops during early and mid S phase. DNA loops are thought to be created via
attachment of the DNA to the nuclear matrix through matrix attachment regions (MARS)?;
origins of DNA replication are also thought to be located near MARS. 3:9:10 |t has been shown
that actively transcribed sequences are closely associated with the matrix.>6-62 Since most
DNA that is actively transcribed is replicated in the first few hours of S phase 2025 this suggests
there may be more sites of attachment of DNA to the matrix in early S phase. This may lead
to formation of smaller loops than in mid S phase, when replication occurs more frequently in
transcriptionally-inactive heterochromatin.83-66 Models for DNA replication have proposed
that after initiation at origins, replication of DNA occurs at the nuclear matrix as DNA is reeled
through replication factories associated with the matrix.1:10:18:19 We hypothesize that if
replication occurs by the reeling of DNA loops through the replication machinery, the
prevalence of single origins in early S phase and clusters in mid S phase may be determined
by differences in loop size and therefore number of origins present in the loops. Since actively
transcribed genes are replicated in early S phase, and MARS are generally associated with
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actively transcribed DNA, it is possible that there is more extensive attachment of the DNA to
the matrix in early replicating DNA,; this may create smaller loops by the anchoring of many
potential origins to the matrix. As these origins anchoring the ends of the loop would be pulled
through the replication machinery at the matrix this could lead to what we visualize as
replication of unclustered single bidirectional origins. In contrast, sites of attachment of DNA
to the matrix during the middle of S phase may occur less frequently, since DNA that replicates
during this time is less transcriptionally active. This organization of the DNA may result in
larger loops containing multiple origins. It is possible that when these larger loops are
replicated, the licensed origins in the loop may simultaneously be pulled down to assemble at
the matrix sites near replication factories (or foci), and thus be activated to fire at the same
time. This may lead to the increase of clusters that we observe during the middle of S phase.
Our observations support the results of Tomilin et al who reported the presence of mini-foci
in early S phase nuclei and suggest that these represent single replicons that may correspond
to DNA loop domains.®7 In addition, during Xenopus development, an increase in the length
of DNA loops is associated with a reduced number of MARS.58

Our hypothesis that the length of the labeled tracks may represent the size of the DNA loops,
as well as our observation that clusters of shorter length are replicated during mid S phase in
cancer cells, is supported by a study by Linskens et al.5° This group showed that transformed
BHK cells have a shorter average DNA loop length than non-transformed cells. In agreement
with this study, we have observed shorter clusters during mid S phase of glioblastoma T98G
cells than normal NHF1-hTERT cells. Our results in conjunction with the study by Linskens
et al. suggest that the shorter clusters during mid S phase in T98G cells may be due to smaller
loops in this cancer cell line. Linksens et al speculated that shorter loop size in transformed
cells may result in more origins being active, since there would be more attachment to the
matrix, and a higher number of matrix-associated origin initiations may lead to deregulated
DNA replication.59

Our analysis of labeled DNA track lengths has shown that 30 min of labeling produces single
bidirectional origins that range in length from 48-107 kb in NHF1-hTERT cells, and 47-80 kb
in T98G cells. We have also shown that clusters of tandem replicons range in size in NHF1-
hTERT cells from 88- 189 kb and in T98G cells from 93-193 kb. It has been reported previously
that DNA loops resulting from the attachment of DNA to the matrix range in size between
50-200 kb.® This loop size is comparable to the lengths of the labeled single bidirectional
origins and clusters that we found in NHF1-hTERT and T98G cells, which supports our
hypothesis that the single origins found in early S phase and the clusters of tandem replicons
found in mid S phase may comprise different organization of DNA into loops during early and
mid S phase. However, factors that control the occurrence of single or clustered units of
replication, and whether loops of different sizes contain single or multiple replicons, have not
yet been determined.

In addition to differences in loop size, we hypothesize there may be an alternate explanation
for single or clustered origins in early or later S phase. In Figure 5b, we illustrate that it is also
possible that these replication patterns may be explained by differences in the status of the
chromatin at different times in S phase. Since early replicating DNA is generally
transcriptionally active, chromatin in these regions may have more activating epigenetic marks.
This property might make the individual origins in these regions more accessible to the nuclear
matrix and replication factors, and might lead to the activation of single origins with the most
activating of epigenetic marks. In support of this hypothesis, it has been suggested that
chromatin remodeling associated with transcription factors may be involved in site-specific
origin recognition in eukaryotes.’® This site-specific origin recognition may be reflected in the
high percentage of single bidirectional origins that we observe in early S phase. DNA replicated
in the middle of S phase, however, is generally less transcriptionally active with less-activating
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epigenetic marks, which may make the selection of replication origins to activate more random.
Therefore, replication through such heterochromatin may allow adjacent replication origins to
have access to nuclear matrix and replication factors, which would favor simultaneous firing
of tandem origins. Support for this hypothesis comes from comparison of the replication timing
analysis of early and later replicating regions of the genome. Comparisons between normal
human fibroblasts and human lymphoblasts showed the similarities of replication timing of
early regions between the two different human cell types 21:36, while the order of replication
of genes that initiate in mid and late S phase is not as reproducible. Differences in replication
timing of early or late replicating DNA between cell types may therefore be reflective of
different epigenetic markings that result in reproducible firing of single origins in early S phase
and the more random selection of origins firing in clusters during later S phase. This model
would predict that DNA replicated at later times in S phase may exist in loops the same size
as found earlier in S phase, and the firing of tandem origins observed later as replication
progresses may reflect differences in chromatin status and the requirement for remodeling.
This may be reflected in the small replication foci or factories that are observed during early
S phase, which may be sufficient for the replication of single origins during that time, while
the larger factories found present later in S phase may be required for the firing of adjacent
origins, and leading to the clusters that we observe in mid S phase.18:1° This hypothesis is
further supported by the observation that DNA loop size correlates with the size of replicons.
71721t js possible that the individual origin patterns that we observe in early S phase may
reflect starting points for replication in dispersed sites on multiple chromosomes, while
clustering of tandem-firing origins in mid S phase may suggest more replication localized to
one or a few chromosomes at a replication focus in the middle of S phase.

Our observations show and compare properties of replication throughout S phase in a single
normal and single cancer cell line. We have categorized the patterns of replication as single
bidirectional origins, unidirectional elongations, clusters and merging forks (terminations);
however, this is our current definition of what these patterns mean, and our interpretation of
how replication proceeds throughout S phase is based on the patterns produced during 10 min
of labeling with one analog followed by 20 min with a different analog. It is possible that later
studies will show that these patterns indicate replication events other than those we classify in
this study; for example, unidirectional elongations visualized in our experiments may represent
unidirectional fork movement at an origin rather than distal to an origin (Frum and Kaufman,
unpublished observation), or these patterns may represent broken DNA.

In addition to confirming some previous observations on replication, our data suggests there
are differences in the replication program as replication proceeds through early, mid and late
S phase. We propose that these differences may be explained by the manner in which early or
later replicating DNA is organized into loops or by the chromatin status of DNA which may
reflect the transcriptional activity of the replicating regions. Our data shows the program of
replication in one normal and one cancer cell line, and suggests how replication through S
phase differs between them. The differences in replication that we show are applicable to these
cell lines; the applicability of these differences to all normal and cancer cell lines remains to
be established. However, our studies suggest different strategies for replicating DNA within
two different cellular contexts; these differences and their contribution to genetic instability
may be investigated in future studies.

Materials and Methods

Cell lines and synchronization

Normal human diploid fibroblasts (NHF1-hTERT), derived from neonatal foreskin and
immortalized by expression of telomerase reverse transcriptase ("TERT)?3-74 and malignant
T98G glioblastoma cells were cultured in minimum essential medium (MEM) (Gibco)
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supplemented with 2mM L-glutamine (Gibco) and 10% fetal bovine serum (FBS) (Hyclone
Laboratories, Inc.). NHF1-hTERT cells were seeded at 1 x 10° cells/200mm plate and were
grown to confluence arrest for seven days with media changed on the third and fifth days,
followed by replating at 374,000 cells/60mm plate for fiber spreading, or 600,000-800,000
cells/2100mm plate for flow cytometry. T98G cells were serum starved for three days in 0.2%
FBS followed by release into MEM with 10% FBS. For both cell types, aphidicolin (A.G.
Scientific, Inc.) was added to the culture medium at a concentration of 2ug/ml for 24 hr at
release from confluence arrest or serum starvation. After 24 hr, aphidicolin was removed using
three washes with Hanks’ balanced salt solution with calcium (HBSS) (HyClone), and cells
were incubated in complete medium for 15 min before labeling. Thereafter, cells were labeled
with nucleotide analogs as described below.

Labeling of cells with thymidine analogs

Actively replicating cells at the start of each hour of S phase (based on time after release from
the aphidicolin block) were first labeled with the thymidine analog IdU (50uM) (Sigma) for
10 min, washed three times with HBSS and then labeled with CldU (100uM) (Sigma) for 20
min. 1dU and CIdU incorporated into replicating DNA were later detected with antibodies that
fluoresce red or green, respectively, as described below. Two independent replicate
experiments were performed and analyzed for both NHF1-hTERT and T98G cells.

DNA fiber spreading

Spreads of extended DNA fibers were made as described earlier with modifications.30:75 After
labeling, the cells were trypsinized and resuspended in Phosphate Buffered Saline (PBS)
(Sigma) at 200 cells/pl. Two pl of cell suspension was streaked across a silane-coated slide
(Sigma-Aldrich) and allowed to air dry almost completely. Eight ul of spreading buffer (0.5%
SDS in 200mM Tris-HCI, pH 7.4, 50mM EDTA) was added to the streaked cells. After 10
min, the slides were tilted at 15°, 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 2.5M HCI for 30 min, washed once in PBS/0.1% Tween 20 and twice
in PBS and then exposed to 2% bovine serum albumin in PBS for 40 min. 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 this step, slides were
incubated for 10 min in a stringency wash buffer containing 10 mM Tris HCI pH 7.4, 400 mM
NaCl, and 0.2% Nonidet 40 (NP40) to eliminate 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 incubated
with 2% Normal Goat Serum (Gibco) in PBS for 15 min to suppress subsequent non-specific
binding by goat antibodies. 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 following incubation in 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. Tracks without
gaps in staining were measured using Image J software. After staining, slides were assigned a
random code number, and the fibers were scored by code number. During data collection, the
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analyzer was unaware of the identity of the samples. After collecting the data, the slides were
decoded. Further analysis of data was performed after decoding the slides.

Statistical Analysis

For the analysis of length data, a general linear model was fit using length as response and cell
type, hour, and category and all their interactions as predictors, adjusting for replicates. Least
squares differences between the mean lengths of cancer cells and normal cells were estimated
and corresponding p-values were calculated for each category and hour using t-tests. For the
analysis of distribution data, a Poison regression model was fit using percentage of each
replication event compared to all replication events as response and cell type, hour, and
category and all their interactions as predictors, adjusting for replicates. Least squares
differences between the mean percentages of cancer cells and normal cells were estimated and
corresponding p-values were calculated for each category and hour using chi-square tests.
Adjustments for multiple testing were done using Sheffe’s method for the analysis of length.
The statistical method for percentage distribution is less powerful and any adjustment for
multiplicity with only two replicates is not viable. The total number of fibers scored for the
analyses combining both replicates for NHF1-hTERT cells was: 15t hr: 253; 2nd hr: 288; 31d
hr: 316; 41 hr: 316; 51 hr: 271; 6t hr: 311; 7t hr: 251. The total number of fibers analyzed
combining both replicates in T98G cells was: 15t hr: 459; 2"d hr: 390; 34 hr: 338; 4t hr: 303;
5t hr: 184; 6™ hr: 250; 7t hr: 200.

Flow cytometry

Cells for flow cytometric analysis were labeled at the start of each time point for 10 min with
50 uM IdU. The cells were then trypsinized, collected, washed twice with PBS and fixed in
70% cold ethanol. Staining was performed following a published protocol.”® Cells were
incubated in primary antibody, 1:10 mouse anti-bromodeoxyuridine (Becton Dickinson) to
detect 1dU, 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 run on a CyAn flow
cytometer and cell cycle distributions were analyzed using Summit software.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Synchronous progression of NHF1-hTERT and T98G cells through the S phase
NHF1-hTERT cells were plated at 108 cells/100mm plate and were grown to confluence. On
the seventh day, the cells were replated at a lower density to enable them to re-enter the cell
cycle in the presence of 2 ng/ml aphidicolin. After 24 hours, aphidicolin was removed, and
cells were given a 15 minute recovery time; thereafter cells were labeled for 10 minutes with
IdU followed by 20 minutes with CldU at the start of every hour for 7 hours. Similarly,
subconfluent T98G cells were synchronized by 0.2% serum starvation for 72 hour, followed
by release with 10% serum in the presence of aphidicolin. After 24 hours, aphidicolin was
removed, and after a 15 minute recovery period, cells were labeled as for NHF1-hTERT cells,
at the start of every hour for 7 hours. Synchronous progression of NHF1-hTERT and T98G
cells is shown for early, mid and late S phase time-points. Both cell lines showed a similar
distribution of early, mid and late S phase cells during the 15¢, 4t and 7t hours after removal
of aphidicolin.
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Figure 2. Fiber analysis of replicating DNA in NHF1-hTERT cells

(@) A snapshot of typical replication patterns observed in NHF1-hTERT cells at the start of
every hour of S phase after 10 minute labeling with 1dU (red) followed by 20 minute labeling
with CIdU (green). Fibers were included in the analysis when they contained red and green
tracks that were clearly stained in a way that the tracks could be distinguished from each other
and where fibers to be scored were not tangled with other fibers that would interfere with the
interpretation of their labeling pattern. The block arrows identify examples of fibers that would
be counted in the study, although similar scorable fibers are also clearly present in the images:
single bidirectional origins (15t hour), unidirectional elongation (2" hour), clusters (3™ and
4™ hours) and terminations (5™ and 6™ hours) are shown. Only labeled fibers whose entire
lengths were contained in the images were counted in the analysis. Examples of labeled fibers
that would not be counted in the study are shown by small arrows. Exclusion of fibers from
the study resulted from factors such as tangling with other labeled fibers (small arrows labeled
“g” in 2nd, 4t and 5t hours) or excessive spottiness of staining (small arrows labeled “b” in
4t hour) that made interpretation of the patterns difficult. Yellow color in the fibers is a result
of overlap between the red and green stains; this can occur as a result of staining with the
antibodies at intersections between the red and green labels, or by overlapping fibers, or a result
of cross-reactivity of the antibodies or re-replication. Fibers with spots of yellow were included
in the analysis if the yellow color did not interfere with interpretation of the patterns (block
arrows in 3™ and 4! hours). (b) Statistical reproducibility between replicates of NHF1-hTERT
or T98G cells are shown with p-values higher than 0.05. The percentages of each category
(origins, elongations, clusters or terminations) for the entire S phase were compared between
replicates of the same cell line. For the entire S phase, all categories showed statistical similarity
between replicates of the same cell line, suggesting reproducibility between replicates.
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Figure 3. Percent distribution of labeled replication patterns in NHF1-hTERT and T98G cells at
every hour for 7 hours of S phase

The labeled tracks of replicating DNA in fiber spreads were counted and divided into categories
of single bidirectional origins (a), unidirectional elongations (b), clusters (c) and terminations
(d). The percent of fibers in all four categories at every hour equals 100%.
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Figure 4. Comparison of average track lengths of single bidirectional origins, unidirectional
elongations, clusters and terminations in NHF1-hTERT and T98G cells at every hour for 7 hours
of S phase
The average length of replicating DNA in fiber spreads were measured and divided into
categories of single bidirectional origins (a), unidirectional elongations (b), clusters (c), and
terminations (d), for the start of every hour of S phase for both NHF1-hTERT and T98G cells.
The arbitrary length of measurement was converted into kb using the conversion factor 867.5
base pairs/arbitrary unit.32 The lengths in kb are shown and indicated below the chart for every
hour in both NHF1-hTERT and T98G cells.
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Figure 5. Proposed models for organization of DNA into single bidirectional origins or clusters
(a) DNA is thought to be organized into loops through attachment of the DNA to the nuclear
matrix at matrix attachment regions (MARS) located near origins. DNA that replicates in early
S phase is enriched in genes that are actively transcribed in the cell. Since actively transcribed
genes have been shown to be enriched in MARS, it is expected that there is more attachment
of early replicating DNA to the matrix, potentially creating smaller loops with fewer origins.
We propose that when these loops are reeled through replication factories at the matrix, the
paucity of origins per loops results in an enrichment of the non-clustered bidirectional origin
replication patterns that we observe in the early S phase of NHF1-hTERT and T98G cells.
However, sequences that replicate later in S phase are generally gene-poor. It is therefore
expected that there are fewer sites of attachment of the DNA to the matrix during mid S phase,
resulting in larger loops with potentially more origins per loop. When these mid S phase loops
are reeled through replication factories at the matrix, we hypothesize the larger number of
origins per loop assemble at the replication factories at the matrix and simultaneously fire. This
could result in the clustered pattern of tandem-firing replicons that we typically observe in mid
S phase in NHF1-hTERT cells. (b) An alternate model suggests that the way origins are
epigenetically marked in early and later S phase determines the way they get replicated. The
alternate model is based on the findings that DNA that replicates in early S phase is more
transcriptionally active and contains more site-specific highly-activating epigenetic marks.
This would lead to initiations of specific single origins that we observe in early S phase.
However, DNA replicated later in S phase is less transcriptionally active and may contain more
weakly-activating epigenetic marks. This may lead to more random initiation of tandem
origins, and simultaneous firing of adjacent origins found in clusters during mid to late S phase.
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Table 1
Comparison of percent distribution of replication patterns by hour and category in NHF1-
hTERT and T98G cells

Percent distributions are presented in columns for single bidirectional origins, unidirectional elongations, clusters
and terminations present for each of the 7 hours of S phase for T98G or NHF1-hTERT cells. The percents of all
four categories at each hour equals 100%. The percents of each category at every hour were compared between
the cell lines for statistical significance. The p-value for this comparison is shown in the far right column for
every category. Significant differences indicated by a p-value of 0.05 or less are shown in bold.

Category Hour TQSOCA-?" hNFEEEE p-value
bidir. origins 1st 344 31.7 | 0.4976
bidir. origins 2nd 16.5 8.0 | 0.0155
bidir. origins 3rd 9.5 13.3 | 0.2764
bidir. origins 4th 10.4 14.7 | 0.2164
bidir. origins 5th 9.2 10.0 | 0.8390
bidir. origins 6th 11.3 6.0 | 0.1291
bidir. origins 7th 8.5 9.6 | 0.7563
unidir. elong. 1st 58.5 59.1 | 0.8962
unidir. elong. 2nd 71.2 79.9 | 0.0131
unidir. elong. 3rd 70.7 69.1 | 0.6577
unidir. elong. 4th 67.5 53.1 | <.0001
unidir. elong. 5th 63.6 48.7 | <.0001
unidir. elong. 6th 66.7 57.7 | 0.0102
unidir. elong. 7th 64.5 66.5 | 0.5695

clusters 1st 5.4 57 | 0.9312
clusters 2nd 8.4 55 | 0.4185
clusters 3rd 11.8 10.8 | 0.7820
clusters 4th 9.3 19.9 | 0.0026
clusters 5th 19.6 244 | 0.1736
clusters 6th 144 12.5 | 0.5888
clusters 7th 7.50 123 | 0.1724
term. 1st 1.7 3.6 | 0.6444
term. 2nd 4.0 6.6 | 0.4535
term. 3rd 8.0 6.7 | 0.7124
term. 4th 12.8 12.2 | 0.8655
term. 5th 7.6 17.0 | 0.0078
term. 6th 7.6 23.9 | <.0001
term. 7th 195 11.6 | 0.0248
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Table 2
Statistical significance of changes between successive hours of S phase in the percent
distributions of bidirectional origins, unidirectional elongations, clusters and terminations

The percents of single bidirectional origins, unidirectional elongations, clusters, and merging forks (terminations)
were individually compared hour by hour between subsequent hours for the same cell line to determine their
statistical significance. The p-values for all four categories are shown for each hourly transition throughout S
phase in both NHF1-hTERT and T98G cells. Significant differences within the same category as S phase
progresses hour to hour within the same cell line are indicated by a p-value of 0.05 or less. These p-values
correspond to the changes in percent distributions illustrated in Figure 3. An hour-to-hour comparison for all
hours of S phase for both cell lines is shown in Supplemental Table 1.

NHF1-hTERT
Hours | P orine | alongetons | CSETS | (irinions
p-value p-value p-value
1to2 0.0001 <0.0001 0.9583 0.3448
2t03 0.1275 0.0022 0.1318 0.9758
3to4 0.6904 <0.0001 0.0100 0.1151
4t05 0.1755 0.2092 0.2052 0.1791
5to 6 0.2614 0.0110 0.0007 0.0497
6to7 0.3076 0.0121 0.9649 0.0005
T98G
Hours | ¥ origine | longations | SIS | (iinaons
p-value p-value p-value
1to2 0.0001 0.0034 0.4831 0.5969
2to3 0.0471 0.8907 0.3297 0.2508
3t04 0.8020 0.3634 0.4725 0.1686
4t05 0.7477 0.2651 0.0035 0.1370
5t06 0.5501 0.3755 0.1386 0.9976
6to7 0.4192 0.5309 0.0513 0.0007
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Table 3
Comparison of replication track lengths by hour and category between NHF1-hTERT and
T98G cells

The average lengths of labeled tracks (in arbitrary units) of replicating single bidirectional origins, unidirectional
elongations, clusters and terminations produced during the 30 min total labeling period in NHF1-hTERT or T98G
cells were compared between cell lines by category at every hour. The average red+green track lengths of each
of the four categories is shown at each hour for both T98G and NHF1-hTERT cells. A statistical analysis was
performed for each category by hour between cell lines, and the p-value shows statistical similarities and
differences in the lengths of replication DNA tracks in the two cell lines. Significant differences indicated by a
p-value of 0.05 or less between cell lines are shown in bold in the right-hand column.

NHF1-
Category Z? (:ijog (A;’rk?iigry ( Ar\];gizt?;—ry p-value

units) units)
bidir. origins 1st 66.5 54.7 0.0323
bidir. origins 2nd 54.4 79.0 0.0114
bidir. origins 3rd 61.8 85.0 0.0142
bidir. origins 4th 60.4 85.4 0.0062
bidir. origins 5th 92.1 101.6 0.4436
bidir. origins 6th 89.4 123.0 0.0054
bidir. origins 7th 82.8 115.7 0.0100
unidir. elong. 1st 34.9 35.6 0.8568
unidir. elong. 2nd 34.1 37.7 0.3212
unidir. elong. 3rd 42.8 58.6 <.0001
unidir. elong. 4th 45.8 57.0 0.0078
unidir. elong. 5th 48.5 61.7 0.0091
unidir. elong. 6th 48.7 80.5 <.0001
unidir. elong. 7th 54.2 61.7 0.1138
clusters 1st 1455 101.4 0.0010
clusters 2nd 106.9 106.7 0.9888
clusters 3rd 135.3 161.7 0.0047
clusters 4th 112.8 2118 <.0001
clusters 5th 110.8 191.7 <.0001
clusters 6th 156.5 209.7 <.0001
clusters 7th 2225 217.8 0.7072
term. Ist 58.6 54.3 0.8179
term. 2nd 54.2 62.9 0.6086
term. 3rd 67.3 102.5 0.0027
term. 4th 72.4 90.6 0.0497
term. 5th 101.0 91.7 0.4893
term. 6th 80.3 104.1 0.0203
term. Tth 99.0 88.0 0.3225
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Table 4
Comparison of replication track lengths by category or hour for the averaged S phase of
NHF1-hTERT and T98G cells

The track lengths of replicating DNA in NHF1-hTERT and T98G cells were compared between cell lines as (a)
an average by category for the entire S phase or (b) as an average of all replicating tracks by hour throughout S
phase. A statistical analysis was performed to determine differences between cell lines. Significant differences
indicated by a p-value of 0.05 or less between cell lines are shown in bold in the right-hand column.

a
NHF1-
T9_SG hTERT
Category (Arbitrary (Arbitrary p-value
Units) units)
clusters 1415 1715 <.0001
unidir. elong. 44.1 56.1 <.0001
bidir. origins 725 92.1 <.0001
terminations 76.1 84.9 0.0844
b
NHF1-
. T98G hTERT
Period (hour) | (Arbitrary (Arbitrary p-value
Units) units)
1st 76.3 61.5 0.0128
2nd 62.4 71.6 0.1156
3rd 76.8 101.9 <.0001
4th 729 111.2 <.0001
5th 88.1 111.7 <.0001
6th 93.7 129.3 <.0001
7th 114.6 120.8 0.2520
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