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ABSTRACT

The regulation of DNA replication initiation is well documented, for both unperturbed
and damaged cells. The regulation of elongation, or fork velocity, however, has only recently
been revealed with the advent of new techniques allowing us to view DNA replication
at the single cell and single DNA molecule levels. Normally in S phase, the progression
of replication forks and their stability are regulated by the ATR-Claspin-Chk1l pathway.
We recently showed that replication fork velocity varies across the human genome in
normal and cancer cells, but that the velocity of a given fork is positively correlated with
the distance between origins on the same DNA fiber.12 Accordingly, in DNA replication-
deficient Bloom’s syndrome cells, reduced fork velocity is associated with an increased
density of replication origins.2! Replication elongation is also regulated in response to
DNA damage. In human colon carcinoma cells treated with the topoisomerase | inhibitor
camptothecin, DNA replication is inhibited both at the level of initiation and at the
level of elongation through a Chk1-dependent checkpoint mechanism.10 Together, these
new findings demonstrate that replication fork velocity (fork progression) is coordinated
with inter-origin distance and that it can be actively slowed down by Chk1-dependent
mechanisms in response to DNA damage. Thus, we propose that the intra-S phase check-
point consist of at least three elements: (1) stabilization of damaged replication forks;
(2) suppression of firing of late origins; and (3) arrest of normal ongoing forks to
prevent further DNA lesions by replication of a damaged DNA template.

INTRODUCTION

In response to DNA damage, mammalian cells induce two main checkpoint pathways.
The ATM/Chk2 pathway is mainly activated after DNA double-strand breaks (DSB),
whereas the ATR/Chk1 pathway responds to DNA replication stress. Hydroxyurea
(HU), aphidicolin and UV are commonly used to induce ATR activation, which, in turn
phosphorylates its downstream target Chk1. However, crosstalk exists between those two
pathways, and most DNA damaging agents activate both. For instance, replication damage
induced by topoisomerase inhibitors activates both ATM-Chk2 and ATR-Chk1.1

The intra-S phase checkpoint inhibits progression through S phase and initiation of
later origins of replication.22 This gives the cell the necessary time to repair its genome,
recover DNA replication and enter into mitosis with the genome fully and accurately
duplicated. The initiating signal for the intra-S phase checkpoint is commonly gener-
ated by stalled DNA polymerases associated with replicons that have initiated before the
occurrence of the DNA damage. Uncoupling of the helicases and polymerases generates
single-stranded DNA,* and it is likely that the DNA synthesis inhibitor, aphidicolin,
also uncouples helicases and polymerase, which activates DNA-PK in addition to ATR.®
UV-induced DNA damage has also been shown to generate single-stranded DNA through
the uncoupling of the leading and lagging strand of DNA replication.8 Cimprich and
coworkers recently showed that primed single-stranded DNA is the signal that activates
the checkpoint and that Chk1 is a downstream component of this pathway.” Once acti-
vated, the checkpoint stabilizes those forks that are already stalled, and prevents them
from collapsing and undergoing repair by recombination, which can cause chromosomal
rearrangements.8 The present article will focus on two recent publications showing that
the replication checkpoint also functions to arrest the progression of normal forks in
trans.®10
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DNA Replication Checkpoints

To elucidate specifically the effect of a DNA damaging agent on
initiation and fork progression, and to investigate how initiation
and elongation are co-regulated requires the simultaneous analysis
of multiple adjacent origins and of individual replication forks
emanating from those origins. Single DNA fiber-based approaches
provide a unique tool to visualize both initiation events and fork
progression to further elucidate the role of the elongation check-
point.

SINGLE DNA MOLECULE ANALYSES (MOLECULAR COMBING)
TO MONITOR REPLICATION FORK PROGRESSION

Replication research has often focused on investigating the pres-
ence and the activity of a single origin of replication, visualizing the
replication forks in a specific locus or characterizing the proteins
involved in the different steps of DNA replication.>! Nascent
DNA-based approaches, ChIP, 2D gel and footprinting have been
the most common approaches used for these purposes but they allow
only for the analysis of a few hundred or thousands of base pairs. In
the recent past, large-scale microarray analyses have been developed
for localization of new origins of replication in the genome,2-15
driven by the idea that the detailed dissection of a large number of
origins would disclose the secret behind the choice of the origins to
use at each S phase in metazoan cells. However, both the single-locus
techniques mentioned above and the microarray-based approaches
share a common limitation: their result is an average of many events
of a population of cells instead of studying a single fork, thus limiting
the sensitivity of the approach. To overcome this limitation, single
DNA molecule and single cell-based approaches have been devel-
oped.

Individual DNA molecules can be spread and stretched on a
glass surface by molecular combing following deproteinization.t6
This technique has been largely employed to observe and study
chromosomal abnormalities that were undetectable on metaphase
spreads, and to study the kinetics of DNA replication in a quantita-
tive manner.1”-18 By using specially coated glass surfaces, molecular
combing spreads the DNA at a constant stretching factor inde-
pendently of the DNA's sequence and source. The density of the
fibers on the glass can also be controlled: thousands of fibers can be
combed on a 22 x 22 mm coverslip and a single locus can be observed
~80 times. Accurate measurements can therefore be performed on a
large sample of fibers, allowing for the detection of small effects that,
otherwise, would remain elusive.

In order to visualize events of DNA replication, newly replicated
DNA is labeled in vivo by incorporating halogenated nucleotides
into the replication bubbles. An asynchronous population of cells is
sequentially pulse-labelled with iododeoxyuridine (IdU) and chlo-
rodeoxyuridine (CldU), for equal times. Newly synthesized DNA,
labelled with IdU and CldU, can be detected by immunofluorescence
(revealed in green and red, respectively). The use of an asynchronous
population of cells avoids artefacts introduced by synchronisation
procedures, but requires the collection of a large number of signals
for a reliable representation of S phase. As will become obvious in
the course of the present discussion, the sequential incorporation
of two nucleotide analogues rather than one is required for unam-
biguous determination of sites of firing, fork speeds and direction of
their progression for adjacent replication bubbles on the same DNA
molecule (Fig. 1A and B).1%20 An ongoing fork labelled by sequential

www.landesbioscience.com

Cell Cycle

pulses with IdU and CldU is represented as adjacent green and red
signals resulting in three major patterns of signals (Fig. 1A, bottom
scheme). Figure 1B shows two origins that fired before addition of
the nucleotides. Those origins are placed at the mid-point of the
unlabelled segments. The distance between two adjacent origins is
defined as the “eye-to-eye” distance (i2i).

Figure 1C outlines four parameters describing the kinetics
and regulation of DNA replication in molecular combing experi-
ments. Inter-origin distance (i2i) can be measured as the distance
between two adjacent initiation sites (see Figs. 1B, 2A and B).
The frequency of origin firing (Figs. 1C and 2) can be deter-
mined as the sum of the origins that fired during the first pulse
(see Fig. 1A): 1%t pulse origin [signal b] plus the origins that fired
during the second pulse [signal c¢]. To normalize the frequency
of new origin firing, we are using the total number of elongating
forks (isolated dual 1dU/CldU signals [a]) per field as denomi-
nator (internal standard).l® Because of the constant stretching
factor in molecular combing, the velocity of each fork (Figs.
1C and 3) can be calculated by dividing the length of a fluores-
cent segment (1 Hm = 2 kb) by the time of the pulse (between
10 and 40 minutes generally). To avoid taking into account short
signals resulting from mechanically broken DNA fibers, it is safe to
scare only those forks with dual labels of equal size. Because in all
cell lines examined fork velocity varies over a wide range of values
(see Y-axis in Fig. 2C), replication fork velocity is best represented
as a histogram with the distribution of the frequency of fork veloci-
ties [see Fig. 1 in ref. 19, and Fig. 5 in ref. 21]. A reduction in fork
velocity, which then appears as a left-shift in the histogram, can be
due to a real slowdown of the polymerase or to an increase of transient
fork blocks. Indeed, during DNA synthesis the complex of proteins
at the fork may encounter obstacles that can perturb or block fork
progression, such as base alterations, DNA lesions, secondary DNA
structures, large protein complexes bound to the DNA, or the tran-
scription machinery travelling in the opposite direction. When DNA
synthesis is not disturbed by fork arrest or pausing, the two forks
emanating from a single origin will move bi-directionally with the
same speed, thus forming a symmetric replication bubble (Fig. 1B).
Replication fork arrest, on the other hand, results in asymmetric fork
progression (Figs. 1C and 4).1%-21 We recently showed that Bloom's
syndrome cells deficient for the RecQ helicase BLM tend to accumu-
late a large number of asymmetric (“arrested”) forks and appear to
compensate for this defect by activating new origins.2!

INTERCONNECTION BETWEEN FORK VELOCITY
AND ORIGIN FIRING

One of the most striking observations when examining replication
using the dual labeling protocol (see Fig. 1) is the heterogeneity in
replication velocity within a single cell population (and most likely
within a single cell). To gain insight into such a phenomenon, we
recently analyzed individual replication forks emanating from one
origin and from neighboring forks in individual DNA fibers in
normal untreated human keratinocytes.1® As expected for a bidirec-
tional origin, we observed that forks emanating from a given origin
tend to travel with the same velocity. However, less predictable was
the finding that replication forks within a given DNA fiber exhib-
ited comparable velocity. For instance, (Fig. 2A) shows six adjacent
forks with a comparable velocity (V,), and (Fig. 2B) shows four
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