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ABSTRACT

A major challenge each human cell-division cycle
is to ensure that DNA replication origins do not
initiate more than once, a phenomenon known as
re-replication. Acute deregulation of replication
control ultimately causes extensive DNA damage,
cell-cycle checkpoint activation and cell death
whereas moderate deregulation promotes genome
instability and tumorigenesis. In the absence of
detectable increases in cellular DNA content how-
ever, it has been difficult to directly demonstrate
re-replication or to determine if the ability to
re-replicate is restricted to a particular cell-cycle
phase. Using an adaptation of DNA fiber spreading
we report the direct detection of re-replication on
single DNA molecules from human chromosomes.
Using this method we demonstrate substantial
re-replication within 1h of S phase entry in cells
overproducing the replication factor, Cdt1. More-
over, a comparison of the HeLa cancer cell line to
untransformed fibroblasts suggests that HeLa cells
produce replication signals consistent with low-
level re-replication in otherwise unperturbed cell
cycles. Re-replication after depletion of the Cdt1
inhibitor, geminin, in an untransformed fibroblast
cell line is undetectable by standard assays but
readily quantifiable by DNA fiber spreading analysis.
Direct evaluation of re-replicated DNA molecules
will promote increased understanding of events
that promote or perturb genome stability.

INTRODUCTION

In each cell-division cycle, a human cell must duplicate
over three billion DNA base pairs precisely once.

In order to efficiently copy a large genome in a single
cell cycle, eukaryotic cells initiate replication at thousands
of chromosomal locations known as origins of DNA repli-
cation. Initiation of DNA synthesis, or origin ‘firing’,
takes place in the S phase of the cell cycle with individ-
ual origins firing at different times during that period.
Each origin that fires must simultaneously be prevented
from firing again until the next cell cycle. Even modest
re-replication from failure to maintain this ‘once and
only once’ rule results in DNA damage and genome
instability which has been linked to oncogenesis (1-5).
Origins are licensed for DNA replication during the G1
cell-cycle phase by the assembly of an origin-bound pre-
replication complex (preRC). PreRCs are assembled by
the recruitment of the Mcm2—-7 complex through the com-
bined action of the Origin Recognition Complex (ORC)
and the Cdc6 and Cdtl proteins. Once S phase begins,
licensed origins containing a preRC are stimulated to
fire by the S phase-specific protein kinases, Cdk2 and
Cdc7, but no new preRCs can be assembled, thus avoiding
relicensing and reinitiation of origins that have already
fired (6,7). To prevent re-replication a variety of overlap-
ping non-redundant mechanisms restrict origin licensing
in all cell-cycle phases except G1 by directly affecting the
activity or abundance of individual preRC components.
These mechanisms include ubiquitin-mediated degrada-
tion, Cdk-mediated phosphorylation and the accumula-
tion of the Cdtl inhibitor, geminin (1-3,8).
Overexpression of Cdtl or depletion of the Cdtl inhi-
bitor geminin can induce substantial re-replication in
human cancer cell lines that is detectable as an aberrant
increase in the overall amount of DNA per cell (9-12).
It is presumed that re-replication at more physiological
(sublethal) levels promotes genomic instability. In support
of that assertion, modest overproduction of Cdtl or Cdc6
did not induce detectable re-replication in cultured cells
but markedly increased tumorigenesis in xenograft
assays (4,5). The increased tumorigenesis may have been
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the result of limited re-replication, but it is unclear if
re-replication actually occurred in those studies or if the
tumorigenesis was related to potential other functions of
Cdtl and Cdc6. Conventional cell-based techniques to
detect re-replication are restricted to the subpopulation
of cells that accumulate a DNA content greater than 4C
(more than the normal G2 DNA content) and require
lethal extents of re-replication to reach detectable levels.
For this reason, detection of re-replication has required
extensive origin refiring and fork elongation over periods
of time longer than the normal S phase to allow hyper-
accumulation of chromosomal DNA. It is thus impossible
to determine when in the cell cycle the re-replication actu-
ally occurred. In addition, during these long incubations
DNA becomes fragmented triggering a secondary cell-
cycle DNA damage checkpoint and/or apoptosis
(9,11,13,14). Moreover, most primary and nontrans-
formed cells appear to be resistant to re-replication induc-
tion when analyzed for total DNA content, though cell-
cycle checkpoints are still activated (9,14). Re-replication
in these cells can only be inferred from cell-cycle check-
point activation, but it has not been demonstrated that
these cells re-replicate after geminin depletion or Cdtl
overproduction.

The limits of available re-replication assays prompted
us to develop a more sensitive method to directly quantify
re-replication. We report here a protocol for detecting
re-replication by single molecule DNA fiber analysis,
also known as ‘fiber spreading’. We have used this tech-
nique to demonstrate for the first time that re-replication
can occur in very ecarly S phase, in geminin-depleted
untransformed cells, and further that HeLa cells may
re-replicate at a low level even in unperturbed cell cycles.

MATERIALS AND METHODS
Cell manipulations

Normal human fibroblasts immortalized with human tel-
omerase (NHF1-hTert) and HeLa cells were cultured in
Dulbecco’s modified Eagle’s medium (Gibco) containing
10% fetal bovine serum (Sigma, St Louis, MO) and 2 mM
L-glutamine (Sigma). Purified adenovirus producing
HA,-tagged Cdtl was previously described (15), and a
derivative truncating Cdtl after amino acid 321 was con-
structed by standard methods. siRNA oligonucleotides
were previously described (16) and introduced into cells
using Dharmafect 1 reagent (Dharmacon). Cells to be
analyzed for flow cytometry were trypsinized, fixed with
ethanol and treated with propidium iodide/RNAse solu-
tion by standard methods. DNA content was analyzed
using the CyAn (DakoCytomation) and cell-cycle distri-
butions were determined using Summit v4.3 software
(DakoCytomation). Total cell lysates were separated by
SDS-PAGE and transferred to PVDF membrane
(Millipore) and probed with antibodies to detect the fol-
lowing proteins: anti-geminin (FL-209) and anti-HA
(y-11) purchased from Santa Cruz Biotechnology (Santa
Cruz, CA), anti-tubulin (DM1A) purchased from Sigma,
phosphospecific antibodies to p53 and Chkl purchased
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from Cell Signaling Technology (Beverly, MA) and poly-
clonal anti-Cdtl described in Cook et al. (17).

Fiber spreading

Culture medium was supplemented with CIdU to 100 uM
for 30 min, the medium containing CldU was removed and
fresh medium was added. After 30 min, IdU was added to
50 uM for 10 min. Cells were trypsinized and resuspended
in PBS to a density of 250 cells per microliter. DNA
spreads of approximately 500 cells per slide and the stain-
ing of the fibers were as previously described (18,19) with
the following modifications: the amount of antibody that
detects IdU was diluted 1:500 instead of 1:250 and the
length of the stringency buffer wash increased to 15 min.
In addition, IdU-only and CldU-only slides were also
stained alongside the slides from the experimental con-
ditions. If more than 5 of 100 tracks stained with both
antibodies in the IdU-only or CldU-only slides (i.e. appre-
ciable staining from both antibodies when only one
nucleotide was used), then slides from the whole set were
not analyzed. IdU and CIdU were considered coincident if
the IdU and CIdU fluorescence were equal to each other
(i.e. the red and green signals were similar). To determine
whether they were equal in intensities, the red channel and
green channels were visually estimated simultaneously
using Image J software (Rasband, W.S., Imagel, U. S.
National Institutes of Health, Bethesda, Maryland,
USA, http://rsb.info.nih.gov/ij/, 1997-2006)) alongside
the composite image.

The length of the yellow tracks were measured using
Image J software, the length converted to micrometers
using five arbitrary units per micrometer and the micro-
meters were converted to kilo base pairs by multiplying
the micrometers by 2.5kb as previously described (19).
The tracks were scored as being all green (green-only),
all red (red-only), tracks containing red adjoined to
green (red-green tracks), or tracks containing more than
one micrometer of yellow (tracks that contained red and
green signal with substantial overlap). Red-green tracks
on occasion contained yellow at the joint, but the length
of the yellow track was less than 1 um (2.5kb in length)
and were due to a single replication fork being active
during both pulses (which is rare due to the gap between
signals). True re-replication tracks containing yellow were
always much larger and not due to a single replication
fork that was active during the first pulse and continued
to be active during the second pulse. Any closely spaced
tracks that appeared to have come from separate DNA
strands due to their angles relative to each other or thick-
ness of signal were ignored.

Statistical analysis

In experiments characterizing re-replication levels and re-
replication track length, a minimum of 200 individual
fibers was analyzed between at least two independent
experiments. Because re-replication level studies compared
two categorical values, Fisher’s two-tailed exact test was
utilized to determine statistical significance. Re-replication
track length studies compared populations of lengths so
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Student’s two-tailed ¢-test was used to determine statistical
significance.

RESULTS
Cdt1 overproduction induces an S phase delay

Re-replication induced by Cdtl overproduction can be
demonstrated in human cells by the appearance of a sub-
population of cells with DNA contents greater than 4C
(9,14,20). We recapitulated this result by infecting an
asynchronous population of HeLa cells with adenovirus
expressing HA epitope-tagged Cdtl and quantifying the
amount of DNA per cell using flow cytometric analysis of
propidium iodide-stained nuclei. Cdtl-overproducing
cells displayed the typical re-replication phenotype char-
acterized by a reduction in the G1 population (2C) and
an increase in both the G2 population (4C) as well as
a subpopulation with DNA content greater than 4C
(Figure 1A). Due to the long incubations required to
produce the re-replication phenotype (typically 24h or
more) (9,14,20), it is not clear if the re-replication only
occurred after S phase was completed (i.e. in G2 phase)
or if origins continuously reinitiated throughout S phase.
If re-replication does occur early in S phase, it is not pos-
sible to detect the re-replicated DNA by flow cytometry
because cells still have DNA content less than 4C.

To determine if there might be cell-cycle restrictions on
the opportunities for re-replication, we evaluated synchro-
nized cells overproducing Cdtl in S phase by the protocol
outlined in Figure 1B. In early S phase, endogenous Cdtl
levels are kept low by ubiquitin-mediated proteasomal
degradation (21-23) (Figure IC, lane 1). High-level
expression of ectopic Cdtl presumably overwhelmed the
capacity of the cells to properly degrade Cdtl allowing it
to persist into S phase (Figure 1C, lane 2). Control cells
completed S phase 8 h after release (Figure 1D), but cells
overproducing Cdtl failed to complete S phase on sche-
dule (Figure 1D). Instead, the majority of Cdtl-overpro-
ducing cells still harbored near-G1 DNA content,
indicating that Cdtl overproduction interferes with S
phase progression. By 24 h after release (and held in noco-
dazole to block mitosis), these cells showed a heteroge-
neous DNA content with some cells accumulating DNA
to levels greater than 4C (Figure 1D). Previous studies in
asynchronous cells or using in vitro replication assays had
indicated that high levels of Cdtl can interfere with S
phase progression, presumably due to re-replication
(13,24). One interpretation of these results is that Cdtl
overproduction induced re-replication in early S phase
shortly after S phase entry and that this re-replication
interfered with S phase progression.

An alternate interpretation hinges on the fact that Cdtl
has multiple binding partners including other components
of the preRC, geminin and cyclin A/Cdk2. Early studies
suggested that cyclin A/Cdk?2 activity is critical for S phase
entry and/or progression (25,26), so it was possible that
the S phase progression defect in Cdtl overproducing
cells was due to interference with cyclin A/Cdk2 rather
than an immediate consequence of re-replication. To
address this question, we constructed a recombinant

adenovirus in which Cdtl was truncated after amino
acid 321 ‘CdtlAC (Figure 1E). The corresponding
Xenopus laevis truncation is defective for origin licensing,
but retains geminin binding and the cyclin A binding motif
(24,27). We have also recently demonstrated that this
truncation is defective for induction of re-replication in
asynchronous cells (28). We confirmed the binding proper-
ties of CdtlIAC using bacterially expressed GST-Cdtl
fusions incubated with HeLa cell lysate. Both full length
(‘FL’) and the truncation mutant (‘AC’) bound cyclin A
and geminin as expected (Figure 1F).

A derivative of the Cdtl adenovirus bearing the ‘AC’
truncation was constructed and tested for the ability to
delay S phase. Overproduction of CdtlAC to levels simi-
lar to that of full-length Cdtl (Figure 1G, immunoblot)
failed to induce a substantial S phase progression defect,
whereas full-length Cdtl-producing cells again progressed
very slowly through S phase (Figure 1G). Taken together
the results described above are consistent with excess Cdtl1
in S phase immediately re-licensing previously fired origins
followed by a re-replication-induced S phase progression
defect. Nevertheless, these indirect assays do not defini-
tively demonstrate that re-replication took place within
S phase.

Single fiber analysis quantifies early S phase re-replication
in Cdt1-overproducing cells

DNA replication can be directly detected by incubation
with halogenated nucleotide analogs followed by spread-
ing DNA fibers on glass slides and staining with fluores-
cent antibodies to the nucleotide analogs (29,30). This
procedure is referred to as ‘fiber spreading’ because the
DNA fibers are uniformly stretched on a glass slide so
that individual replication tracks can be identified. Cells
can be sequentially incubated with two different haloge-
nated nucleotides detected by two different fluorescent
antibodies so that ongoing replication tracks can be dis-
tinguished from replication terminations and origin firing
events. Ongoing replication forks produce tracks with
the first label adjoining the second label, forks that termin-
ated during the first incubation contain only the first label
and origins that fired during the second incubation con-
tain only the second label (31). We hypothesized that re-
replication would produce a unique signal where both
labels coincide on a single replication track. Since the anti-
bodies to detect the nucleotide analogs are labeled with
either red or green fluorescent dyes, the coincidence of
these signals would produce a yellow track on merged
micrographs.

To test this hypothesis, we infected synchronized HeLa
cells with control adenovirus or adenovirus overproducing
Cdtl as in Figure 1B. These cells were released from the
aphidicolin block immediately into medium containing the
thymidine analog CldU. Thirty minutes later, the medium
was removed and fresh medium lacking nucleotide ana-
logs was added for an additional 30 min. Cells were then
labeled with IdU for 10 min and harvested and subjected
to fiber spreading as described in Materials and Methods.
The chase period between pulses was introduced to ensure
that any residual CIdU was exhausted from the
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Figure 1. Cdtl overproduction induces slow S phase progression. (A) Asynchronously growing HeLa cells were infected with control adenovirus
(Ad-CMV) or adenovirus expressing epitope-tagged Cdtl (HA,-Cdtl) at a multiplicity of infection of 500. Cells were harvested 48 h post-infection
and evaluated for DNA content by flow cytometric analysis of propidium iodide-stained nuclei. The percentage of cells with greater than 4C
DNA content is 1.2% for Ad-Control and 9.4% for Ad-Cdtl. (B) Workflow of the cell synchronization. HeLa cells were synchronized in early S
phase with a thymidine-aphidicolin double synchronization protocol and infected with recombinant adenovirus expressing either HA,-tagged Cdtl
or empty virus (CMV promoter only) as a control at a multiplicity of infection of 500. This viral dose leads to Cdtl overproduction by ~25-30-fold
over endogenous Cdtl in asynchronous cells (data not shown). About 18h post-infection, aphidicolin was removed and cells were collected
at various times after release. (C) Immunoblot of Cdtl in cells collected at 0, 8 and 24 h after release from aphidicolin; ‘control’ is a non-specific
band serving as a loading control. (D) DNA content of synchronized HeLa cells from C determined by flow cytometry. The percentage of cells with
greater than 4C DNA content was the following: for Ad-Control, Oh 0.3%, 8h 3.6%, 24h 5.4%; for Ad-Cdtl, Oh 0.6%, 8h 8.7%, 24h 14.9%.
(E) Diagram of human Cdtl identifying the cyclin A binding motif, geminin binding domain and the replication licensing domain. The truncation to
remove the licensing domain ‘CdtlAC’ is illustrated below. (F) Fusions of full-length Cdtl (‘FL’) and CdtlAC to glutathione-S-transferase
(GST) were produced in E. coli, bound to glutathione agarose, then incubated with lysates of asynchronous HeLa cells. Endogenous geminin
and cyclin A were detected in the lysate (‘input’) or bound fractions by immunoblotting and the purified GST fusions were detected by Coomassie
staining. (G) HeLa cells were infected with control Ad-CMV (control virus), Ad-HA2-Cdtl, or Ad-HA2-Cdtl AC and synchronized in early S phase
as in (B). Cells were collected at the 0 and 9 h timepoints and analyzed for DNA content. Portions of the cells from the 0 h samples were analyzed for
ectopic Cdtl expression by immunoblotting with anti-HA antibody. Non-specific bands serve as a loading control.
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Figure 2. Fiber spreading detects re-replication. (A) Workflow of the labeling protocol and representative replication tracks. See Materials and
methods section for details. (B) DNA fibers from HeLa cells synchronized and transduced with control adenovirus or Cdtl adenovirus as in
Figure 1A. Labeling was initiated immediately after the release from aphidicolin and cells were harvested approximately 70 min after release. Bar
graph: a total of at least 200 replication tracks were analyzed from each sample and the relative fraction of yellow tracks (re-replication) in Cdtl-
overproducing cells compared to control is plotted; P <0.001. (C) Quantification of re-replication in asynchronous unperturbed HeLa cells and
NHFI cells. The number of yellow tracks produced by NHF1 cells was set to 1 and the relative number of yellow tracks in HeLa cells is plotted;
P <0.05. (D) Asynchronous HeLa cells were treated with 1J/m> UV immediately before labeling with CldU and IdU by standard protocols; the
30 min chase period was omitted. Yellow tracks were scored as in B and reported as the fold-change in the irradiated cells compared to unirradiated

control cells.

intracellular nucleotide pools when the second thymidine
analog was added. With this protocol, actively progress-
ing replication forks produce two distinct tracks with a
clear unlabelled region between them and no overlap
(Figure 2A, left panels). We confirmed the staining speci-
ficity by labeling a set of control cells with either CldU
only or with IdU only but staining with both antibodies
(for an example, see Figure 3D). Small numbers of cells
were applied to the slides and only tracks that were clearly
separate from neighboring tracks were analyzed. Finally,
the fluorescence emissions of the two secondary antibodies
were scanned sequentially by confocal microscopy rather
than at the same time to minimize spectral overlap.

The analysis of several hundred fibers from each sample
clearly revealed a significant number of yellow tracks

when Cdtl was overproduced in very early S phase
(Figure 2B). Some tracks containing extensive yellow
regions had nearly complete overlap of the red and
green signals (an example is shown in Figure 2A, right
panels) and some had more complex combinations
with flanking single-labeled regions (data not shown). Pre-
sumably these differences related to the relative timing
of the first and second replication events. Quantification
of hundreds of distinct tracks from each sample revealed
an approximate four-fold increase in the number of
tracks with substantial regions of yellow signal from
Cdtl-overproducing cells compared to control cells
(Figure 2B). The presence of coincident replication
tracks from two distinct labeling pulses is consistent
with the immediate refiring of early origins and we suggest
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Figure 3. Quantification of re-replication in unperturbed and geminin-depleted cells. (A) NHF1 cells were transfected with siRNA targeting geminin
or GFP as a control and harvested at 24, 30 and 48 h after transfection. DNA content was determined by flow cytometric analysis of a portion of the
harvested cells. The percentage of cells with greater than 4C DNA content is indicated on each histogram. (B) Immunoblot analysis of a portion of
cells from (A) to detect endogenous geminin and a non-specific band as a loading control. (C) Immunoblot analysis of phospho-53 (Ser 15) and
phospho-Chk1 (Ser 345) from cells in A transfected with siRNA for 48 h. (D) Representative fields of stained DNA fibers. Single labeling with CldU
or IdU only (stained with antibodies to both) demonstrates minimal cross-reactivity. Examples of representative yellow tracks are marked with
asterisks. Table: Quantification of all re-replication tracks in siRNA transfected NHF1 cells from (A). The category ‘Other’ includes tracks with
green into red, green flanked with red and red or green tracks with yellow ends. Bar graph: Comparison of geminin-depleted cells to control cells:
24h, P =10.02; 30h, P <0.001; 48h, P <0.001. (E) Measurement of re-replication track lengths from the samples in D. Comparison of yellow track

lengths to those in geminin-depleted cells: 24 h; 30h, P = 0.98; 48h, P =

that these yellow tracks are the direct visualization of
single molecules of re-replicated DNA in early S phase.

HelLa cells produce coincidently labeled tracks in
unperturbed cell cycles

In the course of these experiments we were surprised at the
high number of yellow tracks that were detectable in the

0.2.

control HeLa cells not overproducing Cdtl. Individual
yellow tracks in the control cells were indistinguishable
in length or staining pattern from the yellow tracks in
Cdtl-overproducing cells (data not shown). The control
cells had not been intentionally manipulated to perturb
re-replication control and yet they consistently produced
yellow tracks (Figure 2B). Because we have shown that the
number of yellow tracks increase when HelLa cells are
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manipulated to induce re-replication, we were interested to
determine if the yellow tracks in these unperturbed cells
represented a basal level of re-replication in HeLa cells.
First, we considered the possibility that the synchroniza-
tion procedure that arrested cells in early S phase might
have been responsible for this observation, so we repeated
the experiment in asynchronously growing HeLa cells. In
the absence of cell-synchronizing drugs, the percentage of
yellow tracks dropped ~2-fold (~6%), suggesting that
holding cells for a period of time in early S phase could
promote origin relicensing and re-firing. Importantly how-
ever, these findings may suggest that re-replication is not a
rare event even in unperturbed HeLa cells.

HeLa cells are transformed cells and as a result suffer
multiple disruptions to normal cell cycle and replication
controls. Because of these genectic alterations, the HelLa
cell line, like most tumor cell lines, shows relative genomic
instability (32,33). A higher rate of re-replication in each
cell cycle is one potential contribution to genomic instabil-
ity in cancer cell lines. If so, then HeLa cells would be
predicted to re-replicate at a higher rate than non-trans-
formed (more normal) cells. To test that idea, we assayed
NHF1-hTert fibroblasts (hereafter NHF1) for re-replica-
tion tracks. This cell line was established by telomerase
expression in primary human diploid fibroblasts and
thus has not been subjected to selection for endogenous
mutations to escape senescence or promote aberrant
growth (34). Using the same labeling and staining proto-
col in Figure 2A, samples of asynchronously growing
NHF1 and Hela cells were processed simultaneously
and assayed for yellow replication tracks. Strikingly, com-
pared to NHF1 cells, unperturbed HeLa cells are 2.5 times
more likely to produce yellow tracks (Figure 2C).

While these observations point to re-replication as the
most likely source of the increased yellow tracks in HelLa
cells, it was also possible that they were produced by some
unrelated form of DNA synthesis, such as DNA damage.
To determine if DNA damage can induce similar yellow
tracks we irradiated asynchronous HeLa cells with 1J/m?
of UV and analyzed the replication tracks both before and
after UV. This dose of UV is sufficient to induce signifi-
cant replication stress, but is sublethal (P.D. Chastain,
unpublished observations). Rather than stimulating the
generation of yellow tracks however, UV irradiation actu-
ally reduced the number of yellow tracks produced by
HeLa cells (Figure 2D). These observations still cannot
exclude the possibility that some form of unusual replica-
tion could lead to yellow tracks. However, the reduced
number of yellow tracks in UV-treated cells argues against
the interpretation that damage-induced stress contributes
to the generation of yellow tracks and further supports the
conclusion that these events include re-replicated DNA.

Re-replication in geminin-depleted non-transformed cells

Cdtl overproduction or geminin depletion induces many
tumor cell lines to accumulate DNA content greater
than 4C, but some tumor cell lines and virtually all
non-transformed cells do not (9,14). For this reason, it
has been difficult to directly quantify re-replication in
non-transformed cells. Re-replication can be induced by

depleting cells of the Cdtl inhibitor geminin and in tumor
cell lines this treatment results in a robust re-replication
phenotype measurable by flow cytometric analysis of total
DNA content (10,11). We attempted to induce re-replica-
tion in NHF1 cells by transfecting them with geminin
siRINA or a control siRNA targeting GFP and then label-
ing as in Figure 2A prior to harvesting at 24, 30 or 48h
post-transfection. Samples were analyzed by flow cytome-
try (Figure 3A), by immunoblotting to confirm geminin
depletion (Figures 3B and 3C) and DNA fibers were ana-
lyzed for re-replication (Figure 3D). We observed no
change in overall DNA content in these cells even 48h
after geminin siRNA transfection (Figure 3A).
Nevertheless we inferred that some re-replication took
place because two checkpoint markers known to be
induced during re-replication, phosphorylated Chkl and
p53 (9-11), were induced in the geminin-depleted NHF1
cells (Figure 3C). Strikingly, the proportion of yellow
replication tracks steadily increased from 24 to 48 h after
geminin depletion (Figure 3D). By 48 h, more than 13% of
all replication tracks contained both nucleotide analogs, a
difference of more than 5-fold compared to the control
transfected cells (P <0.001). The accumulation of yellow
tracks appeared at the expense of ‘green only’ and ‘red
only’ tracks. These singly-labeled tracks include newly
fired origins and replication termination events respec-
tively but due to the 30 min chase period, many of these
could also represent ongoing replication forks. Geminin
depletion also induced an ~2-fold increase in tracks that
contained both labels (Figure 3D, table), but by our strin-
gent standards these did not score as re-replication that
was clearly distinguishable from ongoing replication. We
thus conclude that robust origin refiring occurred in gemi-
nin-depleted NHF1 cells despite the fact that the overall
cellular DNA content was not detectably increased.
Since the labeling with IdU followed the labeling with
CIdU by 40-70 min, we assume that some origins fired at
least twice in relatively close succession. Immediate refir-
ing of an origin would generate a second set of bi-direc-
tional forks that travel on the same stretch of DNA. Some
have speculated that replication forks from re-fired
origins could travel faster than normal since the chromatin
structure behind the first fork may be temporarily more
permissive to fork movement (13). Others have speculated
that two replication forks on the same strand would slow
fork movement because re-replication triggers DNA
damage checkpoints that slow replication (35). Our ability
to directly visualize re-replication on single DNA fibers
permitted the estimation of replication fork speed from
re-fired origins. We measured the length of yellow tracks
in NHF1 cells depleted of geminin for 24, 30 or 48 h. The
average yellow track at 24 and 30h was approximately
18 kb, (Figure 3E) and since the pulse of the second
label was 10min, this corresponds to a fork speed of
1.8 kb/min. We note that these tracks are much more
than 10 times longer than the 200-bp fragments recently
described by Gomez et al. (36), although we cannot rule
out a relationship between the released origin fragments
observed by that group and re-replication detected here.
At 48h post-transfection, geminin-depleted NHF1 cells
show robust checkpoint activation as determined by



phosphorylation of Chkl and p53 (Figure 3C). At this
time point, the average yellow track length dropped
slightly to 15kb, but this difference was not statistically
significant (P = 0.2). Normal replication fork speeds in
unperturbed S phase have been measured by us in
NHF1 cells and by other investigators and all are in
close agreement of ~1.5kb/min. By this analysis, re-repli-
cating forks travel at close to the same speed as normal
forks. We noted that in control cells, the average length of
the IdU tracks (second label) was less than half that of the
CldU tracks (first label), which is expected given their
respective labeling times. Interestingly however, geminin-
depleted cells produced shorter CldU tracks (Figure 3E,
table) suggesting that these tracks were produced by forks
that have slowed in response to the effects of geminin
depletion, perhaps due to the effects of Chkl activation
on elongation (37). More importantly for the purposes of
this study however, the fact that the yellow tracks are of a
similar length to the singly labeled tracks further supports
the conclusion that the yellow tracks are the result of
re-replication.

DISCUSSION

In this study we have developed a highly sensitive method
for single-molecule detection of re-replication and have
applied it to the analysis of re-replication in early S
phase in HeLa cells and in a non-transformed cell line.
Our approach relies on the detection of two nucleotide
analogs incorporated at different times in S phase into
the same chromosomal DNA. Staining with red and
green fluorescent antibodies specific to the different
nucleotides produces yellow replication tracks on merged
micrographs that can be readily quantified. It is possible
that yellow tracks have been noted by other investigators
during fiber spreading experiments, but these signals
would likely have been attributed to cross-reactivity
from antibodies or chance deposition of tracks from dif-
ferent DNA fibers on the slide, and thus might not have
received much attention. Several features of this study rule
out such trivial explanations for the yellow tracks in our
experiments however. First, we increased the staining
stringency for our antibodies to reduce cross-reactivity
to less than 5% and we confirmed the specificity of the
staining with single-label controls (e.g. Figure 3D).
Second, we introduced a chase period between the two
labeling periods equivalent to the first pulse to ensure
that all of the first label was depleted before the second
label was added (e.g. the gap in Figure 2A). Third, we
were very conservative in scoring yellow signals as true
re-replication tracks. A few small foci of yellow signal
can sometimes be seen in standard fiber spreading proto-
cols where red signal meets green signal on the same
track, but these small signals were not scored as positives
in our analysis. Fourth, small numbers of cells were
applied to the slides for the combing experiments to
ensure that tracks were separated enough to be clearly
identified. We have noted extremely rare instances of
tracks that lic together on slides, and these pairs are
casily identified (and therefore excluded) by the double
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thickness of the fluorescent signal and the fact that their
ends are offset from one another. Fifth, we showed that
neither DNA damage nor its associated replication stress
can account for the increased yellow tracks produced by
Cdtl-overproducing cells. This observation argues against
an interpretation that the yellow tracks are the result of
DNA repair synthesis. Moreover, the length of the yellow
tracks is consistently much longer than any characterized
DNA repair synthetic events in eukaryotic cells and this
length is quite close to the normal length of tracks pro-
duced from fired origins (Figure 3E). Finally and most
importantly, any artifacts that could have produced
yellow tracks cannot account for the marked increase in
yellow tracks that was reproducibly observed when Cdtl
was overproduced or geminin was depleted. We induced
re-replication by two entirely different techniques, recom-
binant adenoviral transduction and siRNA transfection,
targeting two different genes, Cdtl and geminin, so any
off-target effects to explain this increase can be ruled out.

Using this fiber-spreading procedure we were able to
detect re-replication in early S phase long before cells
had accumulated supraphysiological DNA levels. The
ability to detect re-replication shortly after it begins
(within 1h) permits the evaluation of immediate effects
that are not influenced by the long-term cellular responses
to re-replication-induced DNA damage. For example, we
observe slow S phase progression from Cdtl overproduc-
tion, but little to no Chkl or Chk2 phosphorylation
within the first 89h of re-replication (E.S.D., unpub-
lished observations), whereas long-term overproduction
of Cdtl induces robust Chkl and Chk2 phosphorylation
(9,14,28). The mechanism by which Cdtl overproduction
slows S phase is likely a direct consequence of re-replica-
tion in early S phase. Continual re-licensing and re-firing
of early origins may act to titrate replication factors away
from the rest of the genome or may induce other forms of
a replication stress response not detectable as activation of
Chkl1 and Chk2.

A somewhat unexpected result that stems directly
from the sensitivity of this assay is the high number of
re-replication tracks produced by HeLa cells compared
to the more normal NHF1 cells. NHF1 cells produce a
small but quantifiable number of yellow tracks in unper-
turbed cell cycles, but it is difficult to determine if those
tracks are from re-replication or if they are produced by
some other process related to the experiments themselves,
telomerase activity, background staining, etc. Importantly
however, these cell lines were labeled and processed simul-
taneously, so the difference between their re-replication
rates almost certainly reflects a real biological difference
rather than an effect of the experimental technique.
This observation implies that HelLa cells already have
perturbations in origin licensing control and routinely
re-replicate in culture even when there has been no acute
experimental manipulation. If so, then HeLa cells must
have some means of accommodating the aberrant addi-
tional replication forks without triggering either a perma-
nent checkpoint arrest or acquiring lethal amounts of
DNA damage. Moderate deregulation of re-replication
control in budding yeast causes no overt growth defect
but renders those cells highly dependent on DNA repair



68 Nucleic Acids Research, 2009, Vol. 37, No. 1

activities (38). This observation suggests that cells with
moderate re-replication can appear to grow normally,
but these cells are constantly subjected to a level of re-
replication-associated DNA damage. It may be that
HeLa cells exist in a similar state with a constant
amount of low-level re-replication. Repeated rounds of
re-replication, DNA damage and repair would likely con-
tribute to genome instability. It is possible that absolute
‘once and only once’ DNA replication is not actually
achieved by HeLa cells and by extension, other tumor
cell lines as well.

A number of genetic lesions in the HeLa cell line are
likely to account not only for the possible low-level re-
replication, but also the ability to re-replicate significant
portions of the genome when Cdtl is overproduced
(Figures 1A and 1D). Deregulation of the Rb-E2F tran-
scriptional program by the HPV E7 protein results in
high-level expression of the majority of the replication
proteins including those that are directly involved in licen-
sing control such as Cdtl and Cdc6 (39—42). Excessive
endogenous amounts of replication factors may not be
regulated as tightly as they are in normal cells leading to
more opportunities for origin re-licensing. Low expression
of p53 as a result of the HPV E6 protein has multiple
effects on cell-cycle progression and a variety of DNA
metabolic events including replication and repair.
Insufficient p53 could promote S phase Cdk activity and
increase the likelihood that a relicensed origin actually
fires, though we note that the absence of p53 is not a
strict requirement for re-replication and therefore is not
the sole explanation for differences in the propensity to re-
replicate (10,11). In addition, recent studies have demon-
strated correlations between the activity of the ATR-Chk1
pathway and the ability of cells to re-replicate when Cdtl
is overproduced (14,43). An exciting implication from our
findings is that different cancers may be characterized by
different propensities to re-replicate based on individual
constellations of genetic abnormalities. If so, then the abil-
ity to sensitively quantify endogenous re-replication rates
may contribute to predicting differences in overall genome
stability.

In assays for increases in DNA content above 4C NHF1
cells did not re-replicate when Cdtl was overproduced
(J.R.H., unpublished observations) or when geminin was
depleted (Figure 3A). Similar failure to detect greater than
4C DNA content has also been observed in other untrans-
formed cells (9-11,14). In such cases re-replication can
usually only be indirectly inferred from the activation of
DNA damage checkpoint markers. NHF1 cells have con-
stitutive telomerase expression, but apparently normal
Rb, p53 and ATR pathways (28,34,44). Failure to observe
overt re-replication by flow cytometry could have been a
consequence of profound resistance to origin relicensing
and refiring, or it could have been the result of strong
checkpoint effects on replication elongation or other
events required to produce cells with greater than 4C
DNA content or both. Our finding that NHF1 cells can
produce robust re-replication tracks when geminin is
depleted suggests that these cells are not extraordinarily
resistant to origin relicensing and refiring. The undetect-
able increase in genomic DNA content from these refired

origins could be explained if only a subset of origins is
sensitive to origin licensing perturbation. In support of
that idea, even when large increases in DNA content
were induced by Cdtl overproduction in tumor cell
lines, the re-replication was unevenly distributed across
the chromosomes (9). It may be possible in the future to
combine this technique with sequence specific probes
(once more human origins have been mapped) to deter-
mine if some origins are more likely than others to re-
replicate. The ability to directly examine re-replication
tracks in a wide variety of cell lines is likely to be a
useful addition to the available tools to study genome
stability.
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