Overreplication of short DNA regions
during S phase in human cells
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DNA replication origins (ORI) are regulatory regions from which the genome is replicated once every cell
cycle. A widely used method for their identification in mammalian chromosomes relies on quantitative PCR
of DNA nascent strands across candidate regions. We developed a new high-resolution PCR strategy to
localize ORIs directly on total unfractionated human DNA. The increase in sensitivity provided by this
approach has revealed that a short region of ~200-base-pair overlapping well-characterized replication origins
undergoes several rounds of replication, coinciding with their specific time of activation during S phase. This
process generates a population of discrete dsDNA fragments detectable as free molecules in preparations of
total DNA in normally proliferating cells. Overreplicated regions have precise boundaries at the edge of the
nucleosome-free gap that encompasses the transcription initiation sites of CpG island promoters. By itself,
active transcription does not induce overreplication but does stimulate it at ORIs associated with promoters.
The coincidence in time and space between the overproduction of short DNA fragments and ORI activity
predicts the precise localization of thousands of ORIs in the human genome and uncovers a previously

unnoticed step in the initiation of DNA replication.
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DNA replication origins (ORI) are regulatory regions that
control the correct initiation of DNA replication during
the cell cycle. Unscheduled ORI activity results in ab-
normal replication patterns and genomic instability. De-
spite their importance, to date only a small number of
mammalian ORIs have been characterized, probably ow-
ing to the absence of a functional assay for their direct
identification in complex populations of genomic frag-
ments. However, three recently developed strategies
based on subtractive hybridization of libraries of nascent
DNA strands (Todorovic et al. 2005), direct isolation of
restriction fragments containing replication bubbles
(Mesner et al. 2006), and microarray hybridization of
DNA nascent strands (Lucas et al. 2007) will likely con-
tribute to expanding the catalog of mammalian ORIs. In
contrast with the limited information about ORI local-
ization, the protein complexes that regulate their activ-
ity are comparatively better known. ORIs are licensed
for replication by the sequential recruitment of the ori-
gin recognition complex (ORC), Cdc6, Cdtl, and the
MCM 2-7 hexamer to form the prereplication complex
(pre-RC) (DePamphilis et al. 2006). Upon ORI firing, re-
replication is prevented by the maintenance of high cy-
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clin-dependent kinase activity and through the modula-
tion of the stoichiometry of the complex formed by Cdtl
and its inhibitor geminin (Blow and Dutta 2005; Lutz-
mann et al. 2006).

How pre-RC complexes are targeted to ORIs is a major
unresolved issue in the field of replication. In Xenopus
egg extracts, transcription complexes have been shown
to contribute to ORI positioning in plasmids (Danis et al.
2004), and recent studies in Drosophila and human cells
(MacAlpine et al. 2004; White et al. 2004) have confirmed
at genome-wide scale the link between transcription and
early replication reported previously for a more limited
number of examples (Goldman et al. 1984). Mammalian
ORIs lack consensus sequence elements, and ORC
shows no preferential affinity for ORI sequences, which
suggests that epigenetic factors probably play an impor-
tant role in ORI specification (Vashee et al. 2003; Ante-
quera 2004).

Several of the mammalian ORIs identified to date are
close to CpG island promoters (Giacca et al. 1994; Del-
gado et al. 1998; Keller et al. 2002; Gémez and Brockdorff
2004; Gray et al. 2007). However, the well-characterized
human B-globin ORI (Kitsberg et al. 1993) does not co-
localize with a CpG island, and examples of ORIs distant
from known promoters have also been reported (Mesner
and Hamlin 2005; Todorovic et al. 2005). In all these
cases, and in another 28 human ORIs recently identified
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(Lucas et al. 2007), replication origins have been found to
map to discrete genomic regions. In contrast, large re-
gions containing multiple initiation sites have also been
described downstream from the hamster DHFR gene
(Hamlin and Dijkwel 1995), in the mouse immunoglob-
ulin heavy chain locus (Norio et al. 2005), and in human
primary keratinocytes (Lebofsky et al. 2006). We ana-
lyzed in detail the initiation of DNA replication at sev-
eral human ORIs associated with promoters by a new
quantitative PCR (Q-PCR) approach, and we report here
that ORI firing during S phase is accompanied by the
overproduction of short double-stranded fragments en-
compassing these regions.

Results

Overrepresentation of DNA fragments at DNA
replication origins

Q-PCR defines ORIs as regions preferentially amplified
in relation to their flanking sequences in preparations of
purified DNA nascent strands. Differences in PCR effi-
ciency between different primer sets are corrected by
normalization against total genomic DNA. However,
since total genomic DNA usually contains replicating
DNA molecules, the closer a region is to an ORI, the
higher its abundance will be as a template. This implies
that the efficiency of the primers covering these regions
will be overestimated and, as a consequence of normal-
ization, the amount of DNA nascent strands close to the
ORI will be underestimated. We reasoned that the use of
the cloned versions of the loci to be analyzed instead of
total genomic DNA for normalization would circumvent
this limitation and improve the accuracy of the measure-
ments. We applied this strategy to two well-character-
ized human ORIs adjacent to the promoters of the
TIMM13 gene (known as Lamin B2 ORI) and of the
TOP1 gene (Fig. 1A). Total heat-denatured DNA from
human HEK293 cells was run in a neutral sucrose gradi-
ent, and fractions enriched in nascent strands between
200 and 800 nucleotides (nt) long (Supplemental Fig. 1A,
fractions 3,4) were pooled. They were then digested with
N-exonuclease to remove possible contaminating small
nonreplicating DNA fragments without 5' RNA primers
prior to be used as input for Q-PCR (Bielinsky and Gerbi
1998). Primer efficiency was normalized against total
sonicated HEK293 DNA. In agreement with previous ob-
servations, we detected a three- to fourfold enrichment
of TIMM 5-6 and TOP 5-8 relative to the TIMM 10-11
and TOP 11-12 regions that were used as a baseline (Fig.
1B; Giacca et al. 1994; Keller et al. 2002). In contrast,
when the same nascent strand-enriched fraction was
used as a template and cloned DNA was used for nor-
malization, two unexpected results were observed. First,
overrepresentation of TIMM 1-2 and TOP 5-8 increased
to ~25-fold and 15-fold relative to TIMM 10-11 and TOP
11-12 (Fig. 1C), and second, the preferentially amplified
fragment in the TIMM13 locus switched from TIMM 5-6
(Fig. 1B, green bar) to TIMM 1-2 (Fig. 1C, red bar), de-
pending on whether genomic or cloned DNA was used
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Figure 1. Overrepresentation of DNA fragments at DNA rep-
lication origins. (A) All three exons of the TIMM13 gene and the
first two exons of the TOP1 gene are represented by white
boxes. Striped areas indicate nontranslated regions. Arrows in-
dicate major transcription initiation sites, and color bars repre-
sent regions analyzed by Q-PCR. The black arrow points to a
replication initiation site identified previously (Abdurashidova
et al. 2000). (B) Relative abundance of the nine regions shown in
A in a HEK293 DNA nascent strand fraction 200-800 nt long
using total DNA for primer normalization. Values for the
TIMM 10-11 and TOP 11-12 regions were considered as base-
line. (C) Relative abundance in the same nascent strand prepa-
ration as in B but using the cloned TIMM13 and TOP] regions
for primer normalization. (D) Relative abundance in total un-
fractionated HEK293 DNA using the cloned TIMM13 and TOP1
regions for primer normalization. (E) Relative abundance in the
cloned TIMM13 and TOP1 regions using total genomic DNA for
primer normalization. (F) Relative abundance in three prepara-
tions of purified DNA nascent strands of the indicated sizes
using total DNA for primer normalization. (G) Same as F but
using the cloned TIMM13 region for primer normalization. All
of the experiments were carried out in duplicate in at least two
independent preparations of the standards and the samples used
as a template. Standard deviation bars are indicated.

for primer normalization, respectively. The striking dif-
ferences between TIMM 1-2 and TIMM 3-4, which are
so close to one another that they partially overlap, and
between TOP 5-8 and TOP 7-6, which were only 42 base
pairs (bp) apart (Fig. 1A), were difficult to reconcile with



the expected smooth progression of replication forks af-
ter ORI firing.

A radical implication of these results was that the
overrepresented molecules should be directly detected
on total genomic DNA without previous enrichment of
nascent strands. We tested this possibility by Q-PCR
across the TIMM13 and TOP1 ORI regions using total
unfractionated HEK293 DNA as a template and primer
normalization against the corresponding cloned regions
and found that TIMM 1-2 and TOP 5-8 were indeed
overrepresented ninefold and sevenfold relative to the
baseline (Fig. 1D). As a control, we performed the reverse
experiment using total genomic DNA as a reference for
normalization and the cloned TIMM13 and TOP1 re-
gions (where all sequences were equally represented) for
quantitation. Figure 1E shows that both regions appeared
to be underrepresented in the cloned molecules in a pro-
portion comparable with their overrepresentation in Fig-
ure 1D. These results indicated that the usual normal-
ization against genomic DNA greatly underestimates
the number of short intermediates close to ORIs and
suggested that the overrepresented molecules could have
been generated through several rounds of replication
without elongation into their neighboring sequences.
Otherwise, the maximum possible overrepresentation of
a replicated ORI region relative to their flanks in total
unfractionated DNA would be twofold, even assuming
the extreme possibility that ORI efficiency was 100%
and that every cell in the population was in S phase (a
highly unlikely situation in an exponential asynchro-
nous culture).

The second unexpected result of the Q-PCR experi-
ments was the switch from TIMM 5-6 to TIMM 1-2 as
the preferentially amplified fragment using the same
template but depending on whether genomic or cloned
DNA was used for normalization (Fig. 1B,C, left panels,
green and red bars). The TIMMI13 ORI had originally
been mapped to the TIMM 5-6 region using nascent
strands ranging from 800 to 1200 nt long as input for
Q-PCR (Giacca et al. 1994), and a site of replication ini-
tiation has also been mapped at nucleotide resolution in
this region (Fig. 1A, black arrow; Abdurashidova et al.
2000). We hypothesized that preferential enrichment of
TIMM 1-2 would have been detected if nascent strands
shorter than 200-300 nt had not been excluded from that
analysis. Figure 1F (top panel) shows that this prediction
was correct and that TIMM 1-2 was indeed fourfold
more abundant than TIMM 5-6 in fractions containing
DNA fragments shorter than 300 nt, even when genomic
DNA was used for normalization. However, the situa-
tion was reversed when nascent strands longer than 200
nt were used as a template, in agreement with Giacca et
al. (1994), probably due to a depletion of short nascent
strands containing TIMM 1-2 (Fig. 1F, middle panel). As
expected, relative differences between the tested regions
diminished when longer DNA nascent strands were used
as a template (Fig. 1F, bottom panel). When cloned DNA
was used for normalization, TIMM 1-2 reached a 60-fold
overrepresentation in the fraction containing short rep-
lication intermediates, where it should be enriched, and

DNA overreplication during S phase

was found to be the most abundant fragment in all frac-
tions, regardless of their size (Fig. 1G).

It should be noted that the fraction containing nascent
strands up to 300 nt should be enriched in Okazaki frag-
ments. However, given that asynchronously growing
cells were used in these experiments, Okazaki fragments
were expected to derive from all the genome without a
bias for particular loci. In addition, a higher abundance of
the same short fragments was also clearly detectable in
total unfractionated DNA (Fig. 1D), where overrepresen-
tation of specific genomic regions cannot be attributed to
any artificial enrichment.

Overrepresented fragments derive from a short region
adjacent to the transcription initiation sites

To define the size of the overrepresented molecules more
precisely, we scanned the TIMM13 and TOPI1 5’ regions
by Q-PCR with closely spaced or overlapping pairs of
primers using total unfractionated genomic DNA as in-
put and primer normalization against the corresponding
cloned regions as in Figure 1D. We found that overrep-
resented fragments derived from two narrow regions be-
tween primers TIMM 1 and TIMM 16 (214 bp) and TOP
3 and TOP 4 (203 bp) immediately adjacent to the tran-
scription start sites (TSS) of both genes (Fig. 2A). Beyond
these boundaries, the number of molecules fell sharply
to the baseline level, consistent with results in Figure 1,
suggesting that overrepresented molecules derived from
short genomic regions with well-defined limits. TIMM13
and TOP1 are widely expressed genes whose 5’ ends lie
within CpG islands, and because CpG islands are often
associated with replication origins, we asked how gen-
eral this phenomenon might be by examining two more
examples. We chose the a-L-Fucosidase (FUCA1) and the
glutamate-cysteine ligase (GCLC) genes at random from
among the several thousand CpG island genes whose
TSS have been accurately mapped in the DBTSS database
(http://dbtss.hgc.jp). Neither of these two genes has been
previously studied in the context of DNA replication. As
shown in Figure 2B, a fragment of 187 bp between prim-
ers FUC 4 and FUC 3 in FUCA1 and another of 161 bp
between primers GCLC 19 and GCLC 16 in GCLC im-
mediately adjacent to their respective TSS were overrep-
resented in relation to their flanks in both cases in a
proportion similar to that found in TIMM13 and TOP1.
These experiments were done in HEK293 cells, and vir-
tually identical results were obtained in HeLa, K562,
HepG2 cells, exponential IMR90 primary human fibro-
blasts, and human blood (Supplemental Fig. 2). However,
overrepresentation was reduced to one-third in senes-
cent IMROO cells, suggesting that the overproduction of
short molecules requires active cell proliferation
(Supplemental Fig. 2). We tested whether DNA nascent
strands elongated from the overreplicated FUCA1 and
GCLC regions by measuring the amount of replication
intermediates of different sizes in two gradient fractions
and normalizing primer efficiency against total DNA as
previously done for the TIMM13 and TOP1 ORIs (Giacca
et al. 1994; Keller et al. 2002). As shown in Supplemental
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Figure 2. Overrepresented fragments derive from a short re-
gion adjacent to the transcription initiation sites. Color bars
span regions analyzed by Q-PCR across the promoter regions of
the TIMM13 and TOP1 genes (A) and FUCA1 and GCLC genes
(B). Black TSS bars indicate the transcription initiation region as
annotated in the DBTSS database (http://dbtss.hgc.jp). Arrows
indicate major transcription initiation sites. The two TSSs of
the TIMM13 gene are indicated. Values for FUC 9-10 and GCLC
1-2 regions were considered as baseline. Other symbols are as in
Figure 1. Total genomic DNA was used as input and the corre-
sponding cloned loci for primer normalization. Duplicate ex-
periments were carried out in at least two independent prepa-
rations of genomic DNA. Standard deviation bars are indicated.
Primer sequences are shown in Supplemental Table 1. Sequence
and genomic localization of overrepresented fragments are
shown in Supplemental Table 2.

Figure 3B, regions between primers FUC 2-11 and GCLC
19-20 were more abundant than their flanks in a gradi-
ent fraction containing replication intermediates up to
800 nt. However, the relative amount of their immedi-
ately flanking sequences increased when using interme-
diates between 400 and 3500 nt long (Supplemental Fig.
3C). These results were comparable with those obtained
with TIMM13 and TOP1 and confirmed that overrepre-
sented regions mark the position of ORIs from which
DNA synthesis elongates to replicate the genome.
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Overreplicated fragments are released
from chromosomes as dsDNA molecules
with 5" RNA primers

We next asked whether the overrereplicated fragments
were single- or double-stranded and whether they could
be detected as free molecules released from bulk DNA.
We pulse-labeled exponential asynchronous HEK293
cells with bromodeoxyuridine (BrdU) and *H-thymidine
for 30 min and fractionated the total undigested DNA in
a neutral cesium chloride (CsCl) gradient. The radioac-
tivity profile displayed a small peak of heavy-heavy (HH)
density, consistent with the presence of dsDNA mol-
ecules that had migrated independently from light-light
(LL) DNA (Fig. 3A). HH fractions 3-7 were collected and
fractionated again in a second CsCl gradient to further
remove possible contamination from bulk DNA and
were then used as input for Q-PCR. Figure 3B shows that
TIMM 1-2 was ~90-fold overrepresented relative to
TIMM 3-4 in the HH fraction, and this overrepresenta-
tion declined to 15-fold and sixfold in the HL and LL
fractions, respectively (Fig. 3B). These results indicated
that both strands of TIMM 1-2 were synthesized during
the 30-min pulse and that they were released from the
chromosomes after their synthesis. End-labeling of frag-
ments in the HH fraction with Klenow revealed that
their size ranged between ~100 and 200 bp (Supplemen-
tal Fig. 1B), consistent with the size of the overrepre-
sented fragments shown in Figure 2. To further ascertain
the double-stranded nature of these molecules, we di-
gested total HEK293 DNA prior to Q-PCR with Mspl or
Hpall (which cut inside the TIMM 1-2 and TOP 5-8
fragments) or with BamHI (which cuts outside them). In
both cases, digestion with Mspl or Hpall resulted in an
~100-fold reduction in the number of amplified mol-
ecules relative to undigested or BamHI-digested DNA,
further supporting the notion that the overrepresented
molecules were mostly double-stranded. The results for
TIMM 1-2 are shown in Figure 3C.

To confirm by an independent technique that short
overreplicated molecules were indeed released from bulk
DNA and to test whether they contained primers of
RNA at their 5’ ends, we pelleted total nondenatured,
non-RNAse-treated DNA from HEK293 cells through a
neutral sucrose gradient and collected the top fraction
(T), which contained fragments <400 bp (Fig. 3D). An
aliquot (input) was used directly for Q-PCR using TIMM
1-2 and TIMM 3-4 primers and cloned DNA for normal-
ization. Another two aliquots of the same volume were
digested with N-exonuclease with or without previous
treatment with NaOH under conditions that remove 5’
RNA primers (Abdurashidova et al. 2000). The results in
Figure 3, E and F, show that the amount and proportion
of both fragments were unaffected by treatment with
\-exonuclease under conditions in which bulk DNA was
completely digested (Fig. 3D, middle panel). In contrast,
no amplification with any pair of primers was detected
in the sample pretreated with NaOH. These results sup-
ported the idea that overreplicated fragments are inde-
pendent of bulk DNA, in agreement with their behavior



in the CsCl gradient (Fig. 3A), and they are consistent
with the presence of RNA primers at the 5’ ends. We also
tested the possibility that some fragments might adopt
the conformation of extrachromosomal circular DNA
described for several genomic regions in mammalian cells
under conditions of stress and genomic instability (Cohen
et al. 2006). Standard PCR using divergent primers from
the TIMM 1-2 region failed to amplify any product in par-
allel reactions in which a circular 3-kb plasmid containing
this region was readily amplified (data not shown).

Reiterative synthesis of short DNA molecules
coincides with the time of activation
of specific ORIs during S phase

We asked next whether the mechanism that generated
the overrepresented molecules was constitutive or cell
cycle-regulated and whether it occurred simultaneously
to the time of activation of ORIs during DNA replica-
tion. To address this point, HeLa cells were arrested very
early in S phase by a double-thymidine block, and syn-
chronization across S phase was monitored by FACS
analysis and ®H-thymidine incorporation (Fig. 4A,C). We
analyzed the replication profile of four regions of
TIMM13 (Fig. 4B) by Q-PCR using total unfractionated
DNA as a template and cloned DNA for normalization.
The data in Figure 4B show that TIMM 10-11, TIMM
5-6, and TIMM 12-13 duplicated in the first 2 h after
release into S phase, as expected for sequences close to
an early firing ORI (Giacca et al. 1994). Their levels re-
mained constant until 11.5 h, when it was reduced to
half because most cells have gone through mitosis at
that time (Fig. 4A). In contrast, the replication profile of
TIMM 1-2 raised sharply immediately after release,
reached about eightfold in the 4-5-h samples, and de-
clined to a level comparable with that of the other three
regions in the 8-h sample (Fig. 4B). This result indicated
that the TIMM 1-2 region must have undergone several
rounds of synthesis during a single S phase.

To compare the replication rate of TIMM 1-2 and
TIMM 5-6 per unit of time, we pulse-labeled cells with
BrdU for 30 min at 1-h intervals, and the amount of each
BrdU-immunoprecipitated fragment was measured by Q-
PCR. Results in Figure 4C show that both fragments
were virtually undetectable during the last 2 h before
release from the thymidine block and started incorporat-
ing BrdU immediately after entry into S phase. Maxi-
mum incorporation occurred in the 1-h sample and de-
clined gradually to almost a background level at the end
of S phase (Fig. 4C, red and green lines). A striking eight-
fold difference, however, was detected in the amount of
immunoprecipitated TIMM 1-2 region relative to TIMM
5-6. This result was consistent with those in Figures 1D,
2A, and 4B and suggested that a burst of TIMM 1-2 syn-
thesis was associated with the activation of the TIMM13
ORI at the onset of S phase. The different profile of
TIMM 1-2 in Figure 4, B and C, indicates that fragments
generated at the beginning of S phase (Fig. 4C) were not
immediately degraded and accumulated toward the
middle of S phase (Fig. 4B) before reaching a background
level toward the end of the S phase.

DNA overreplication during S phase
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Figure 3. Overreplicated fragments are released from chromo-
somes. (A) Refraction index (RI) and ®H-thymidine incorpora-
tion across the CsCl gradient fractions. HH, HL, and LL indicate
the positions of heavy-heavy, heavy-light, and light-light DNA,
respectively. (B) DNA recovered from the HH, HL, and LL frac-
tions was used as input for Q-PCR to measure the enrichment
of TIMM 1-2 relative to TIMM 3-4. (C) Number of amplified
TIMM 1-2 molecules (logarithmic scale) detected by Q-PCR
using as input the same amount of total genomic DNA digested
previously with BamHI (B), Mspl (M) or Hpall (H). (Ud) Undi-
gested control. (D) Total HEK293 DNA was fractionated in a
neutral sucrose gradient, and three fractions (top [T]; medium
[M], and bottom [B]) were collected. DNA from each fraction
was electrophoresed directly (input) or after A-exonuclease di-
gestion (\-exo) without or with previous incubation with alkali
(- and + NaOH). Because all high-molecular-weight DNA mi-
grates to the bottom of the gradient, the equivalent volume of
the B fraction loaded in the gel was 4 orders of magnitude lower
than that of the T and M fractions. (E) DNA from the top frac-
tion after each treatment was used as input for Q-PCR with the
TIMM 1-2 and TIMM 3-4 pairs of primers. The amount of
amplified molecules after incubation with alkali and \-exo was
below the level of detection established for the range of the
standards. TIMM 3-4 fragments were sensitive to restriction
enzymes when digested prior to Q-PCR, indicating that they
were mostly double-stranded (data not shown). Histograms rep-
resent the average of two quantitations, and the bars represent
the range of results. Cloned DNA was used for primer normal-
ization. (F) Overrepresentation of TIMM 1-2 relative to TIMM
3-4 in the three cases.

We also asked whether overrepresentation of TIMM
1-2 correlated with a differential transcriptional rate of
TIMM13 during S phase. Figure 4C (top) shows that
TIMM13 mRNA remained constant at all tested times
and at a level similar to that in asynchronously growing
cells. This results rules out that the overrepresentation
of short fragments could be due to DNA repair associated
with a higher rate of TIMM13 transcription at the begin-
ning of the S phase.

Overreplication at the B-globin ORI

The TIMM13, TOP1, FUCA1, and GCLC genes were ac-
tive in all cell lines tested (Fig. 5A), and their promoters
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Figure 4. Overreplication at early and late origin regions during S phase. (A) HeLa cells arrested in early S phase by a double-thymidine
block (0-h sample) were released in thymidine-free medium, and their progress through S phase was monitored by FACS analysis. The
profile of an exponential asynchronous culture is also shown (Exp). (B) Total DNA samples from an equivalent number of cells were
taken at the indicated times after release, and the amount of the four TIMM13 regions shown relative to the 0-h sample was measured
by Q-PCR. Total genomic DNA was used as input and cloned DNA was used for primer normalization. Histograms represent the
average of two measurements, and the bars indicate the range of results. (C, top panel) Level of TIMM13 mRNA during S phase relative
to that in an asynchronous exponentially growing culture. (Bottom panel) Incorporation of *H-thymidine (black line) and amount of
amplified molecules after immunoprecipitation of TIMM 1-2 (red), TIMM 5-6 (green), HBB 5-14 (blue), and HBB 7-8 (purple) fragments

measured by Q-PCR across the S phase.

colocalized with CpG islands and ORIs. The coincidence
of these three features raised the questions of whether
overreplication occurred only in ORIs associated with
CpG island promoters and whether it depended on active
transcription. To address these issues, we selected the
B-globin (HBB) gene, which is not associated with a CpG
island and is specifically expressed in erythroid cells
such as K562 (Fig. 5A). In addition, an ORI that is active
even in cells where the gene is not expressed has been
located previously in a 1200-bp region encompassing the
promoter and first exon of the gene (Kitsberg et al. 1993;
Aladjem et al. 1995). We analyzed by Q-PCR the six re-
gions of the HBB gene shown in the diagram of Figure 5B
using total unfractionated DNA as a template and the
cloned regions for normalization. Results revealed that a
209-bp fragment spanning the 5-14 and 5-6 regions,
where the initiation region has been mapped, was over-
represented in expressing K562 cells at a level compa-
rable with that found in the four ORIs associated with
CpG islands (Fig. 5B, green histograms). An almost iden-
tical result was obtained when total blood DNA was
used (Fig. 5B, red histograms), indicating that this phe-
nomenon occurs in the organism and is not restricted to
cells in culture. Overrepresentation of the 5-14 fragment
was also detected in HeLa, HEK293, and HepG2 cell
lines although at a lower rate than in expressing cells
(Fig. 5B). This indicated that transcription was not re-
quired to drive replication initiation, but it stimulated
overreplication, as shown in K562 and blood cells. Given
that transcription of the HBB gene is associated with
early replication, it is also possible that a higher concen-
tration of replication initiation factors at the beginning
of the S phase could contribute to overreplication.

To test whether overreplication of the 5-14 region was
coincident with the activation of the B-globin ORI, we
measured the rate of incorporation of BrdU in the HBB
5-14 and HBB 7-8 fragments during a synchronous S
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phase in HeLa cells. Figure 4C shows that both regions
replicated at the end of the S phase in agreement with
previous observations that this ORI fires late in nonex-
pressing cells (Kitsberg et al. 1993). In addition, there is a
fivefold difference between the immunoprecipitated
amount of the 5-14 fragment (Fig. 4C, blue line) relative
to 7-8 (Fig. 4C, purple line), consistent with the differ-
ences found in asynchronous HeLa cell cultures (Fig. 5B,
yellow histograms). These results, together with those of
the TIMM13 ORI in Figure 4C, show that the overpro-
duction of short fragments is strictly associated with the
activation of ORIs regardless of their time of activa-
tion during S phase or their colocalization with CpG
islands.

Transcription per se is not sufficient to drive
replication or induce overreplication

We asked next whether transcription would be enough
to drive replication initiation or overreplication at other
tissue-specific promoters not tested previously for ORI
activity. We selected the a-fetoprotein (AFP) and serum
albumin (ALB) genes (Fig. 5C) that are liver-specific and
are not associated with CpG islands. We tested whether
some fragments adjacent to the TSS region of these genes
were overrepresented in total DNA in liver HepG2 cells,
where both genes were transcribed (Fig. 5A). Figure 5D
shows that the Q-PCR scan analysis failed to detect a
relative enrichment of any of the fragments analyzed
when total HepG2 DNA was used as input and the prim-
ers were normalized against the cloned loci.

Despite this result, it was still possible that replication
could initiate at these promoters but without the over-
production of any fragment. We addressed this possibil-
ity by using a purified DNA nascent strands fraction up
to 800 nt from HepG2 cells as input for Q-PCR and total
genomic DNA for primer normalization. No enrichment
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Figure 5. Transcription does not drive replication or induce rereplication. (A) Expression analysis by RT-PCR using an equal amount
of total RNA from the indicated cell lines. Plus (+) and minus (-) indicate cDNA synthesis with or without RT. The primers used are
described in Supplemental Table 3. (B) Q-PCR analysis across the HBB ORI region in total genomic DNA from K562, blood, HelLa,
HEK293, and HepG2 cells. The cloned version of the locus was used for normalization. Values for the GLO 7-8 region were considered
as baseline. (C) First exons of the AFP and ALB genes are represented by boxes. Striped areas indicate nontranslated regions. Arrows
indicate major transcription initiation sites, and color bars represent regions analyzed by Q-PCR. (D) Relative abundance of the
indicated fragments across the AFP and ALB promoter regions using total genomic HepG2 DNA as input and the corresponding cloned
regions for primer normalization. Black TSS bars indicate transcription initiation regions. (E) Relative abundance using a preparation
of nascent strands up to 800 nt long from HepG2 cells as input DNA and total genomic DNA for primer normalization. Histograms
represent the average of two measurements, and the bars indicate the range of results. Values for the AFP 17-10 and ALB 9-10 regions

were considered as baseline.

of any of the analyzed fragments was found either (Fig.
5E), indicating that replication initiation was undetect-
able at these promoters even when the genes were ac-
tively transcribed. The nascent strands fraction used in
this experiment was the same as in Supplemental Figure
3, where replication initiation at FUCA1 and GCLC was
readily detected. The results obtained with the ALB and
AFP promoter regions indicated that active transcription
per se is not sufficient to trigger replication or to induce
rereplication in the regions adjacent to the TSS.

Overreplicated regions overlap with clusters of DNAse
hypersensitive sites (HS)

The five overreplicated regions described above did not
show any significant sequence homology between them.
However, their similar size of ~200 bp and their location
immediately adjacent to the TSS suggested that they
could derive from genomic regions sharing a distinctive
chromatin structure. We tested their possible relation-
ship with the nucleosome-free gap that often surrounds
the TSS of many active genes by searching for the pres-
ence of DNase I HS in a DNase HS database derived from
human primary CD4" cells (Crawford et al. 2004; http://
research.nhgri.nih.gov/DNaseHS/May2005). We found
that the promoters of the TIMM13 and TOP1 genes con-

tained several clustered DNase HS sites that defined a
hypersensitive domain precisely overlapping the TIMM
1-2 and TOP 5-8/TOP 3—4 overreplicated regions (Fig.
6A). This coincidence was further reinforced by the ob-
servation that the TIMM 3-4, TIMM 9-8, TOP 1-4, and
TOP 7-6 fragments, which stretched beyond the bound-
aries of the HS cluster, gave a background level of repli-
cation intermediates in the Q-PCR assay shown in Fig-
ure 2A. Based on these observations, we hypothesized
that overreplication would also occur at other genomic
DNase I hypersensitive regions close to the TSS of active
CpG island genes. We selected the FOS promoter be-
cause it is contained in a CpG island, and a nucleosome-
free region encompassing the TSS has been mapped in
detail in HeLa cells (Tazi and Bird 1990). Q-PCR analysis
using total unfractionated HeLa DNA as a template and
the cloned region for normalization confirmed our pre-
diction and showed that the FOS 9-20 region, located
precisely between the TSS and the nucleosome bound-
ary, was five- to sixfold overrepresented relative to the
remaining fragments tested (Fig. 6B). FOS 9-10 encom-
passes a site of partial nucleosomal protection (Fig. 6B,
dashed arrow; Tazi and Bird 1990). This means that
primer FOS-10 lies at the edge of a nucleosome that is
not precisely positioned. As a consequence, the FOS
9-20 region is free of nucleosomes in every cell, while
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Figure 6. Overreplicated regions overlap with clusters of
DNase HS. (A) Black arrows point to HS mapped by DNase I
digestion across the TIMM13 and TOP1 promoters. Color bars
represent regions analyzed by Q-PCR in Figure 2 and figures in
parentheses refer to their enrichment relative to the baseline.
White arrows with brackets indicate transcription initiation re-
gions. (B) HS arrows indicate chromatin HS mapped by Hhal
restriction enzyme digestion (Tazi and Bird 1990). The dashed
arrow points to a site of partial protection. Colored bars span
regions analyzed by Q-PCR across the human FOS promoter
region using total genomic HeLa DNA as input and the cloned
locus for primer normalization. TSS bar marks the transcription
start sites annotated in the DBTSS. Duplicate experiments were
carried out in at least two independent preparations of genomic
DNA. Standard deviation bars are indicated. Values for FOS 1-2
were considered as baseline.

FOS 9-10 would be accessible only in some of them. The
fact that the level of FOS 9-20 was higher than that of
FOS 9-10 and that beyond them no enrichment above
background was detected suggests that nucleosomes
mark the boundaries of the overreplicated regions. A
similar situation could apply to some of the other re-
gions we analyzed (Figs. 2, 5), where a slight displace-
ment of the primers that detects the highest amount of
overreplication still detects an intermediate level before
reaching the baseline.

Discussion

Q-PCR is a widely used method for ORI mapping in
mammalian cells. It relies on the preferential amplifica-
tion of regions close to ORIs using as a template nascent
DNA strands of between ~500 and 1500 nt or longer,
previously enriched in sucrose gradients. The reliability
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of this approach for ORI identification is supported by
the fact that several mammalian ORIs that were initially
identified by a variety of non-PCR approaches have been
validated later by Q-PCR. Examples include the prefer-
ential initiation sites within the disperse initiation re-
gion downstream from the hamster DHFR gene identi-
fied by two-dimensional electrophoresis (Pelizon et al.
1996; Kobayashi et al. 1998), the human GM-CSF Oril
and Ori2 identified by subtractive hybridization for ori-
gin capture (Todorovic et al. 2005), and several human
ORIs recently identified by high-throughput array hy-
bridization (Lucas et al. 2007). Conversely, ORIs initially
identified by Q-PCR have been shown to bind ORC and
MCM proteins as in the case of the human Lamin B2
(Abdurashidova et al. 2003), c-Myc (Ghosh et al. 2006),
and FMR1 (Gray et al. 2007). In most cases reported in
the literature, overrepresentation of fragments defined as
ORIs range between fourfold and 10-fold relative to their
flanks. This relatively modest enrichment could be due
to a general inefficiency of mammalian ORIs or to a lim-
ited sensitivity of the technique. Primers for Q-PCR are
routinely normalized against total genomic DNA on the
assumption that replication intermediates present in
that sample do not significantly affect normalization.
As a starting point for our work, we hypothesized that
cloned versions of the regions to be analyzed would be a
more reliable reference for primer normalization than
total DNA. The increase in resolution provided by this
new approach has uncovered a population of molecules
generated by overreplication of short nucleosome-free re-
gions encompassing the transcription initiation sites of
promoters associated with replication origins. This phe-
nomenon has hitherto remained unnoticed because ge-
nomic DNA has always been used for primer normaliza-
tion, and also because short DNA molecules have been
routinely excluded from the assays. A comparison of the
results obtained with either method of normalization us-
ing the same population of nascent strands is shown in
Figure 1, F and G. The improvement in sensitivity re-
ported here is compatible with the previous identifica-
tion of ORIs by Q-PCR. In fact, generation of short frag-
ments takes place at well-characterized ORIs, such as
TIMM13 (Lamin B2) TOP1 and B-globin (Figs. 1, 2, 5).
An important question is whether the overproduction
of short molecules plays some role in the activation of
ORIs or whether it is a byproduct of the replication ini-
tiation event. In the first case, some of the short mol-
ecules could be prevented from extrusion and allowed to
elongate to generate daughter leading and lagging
strands. This is consistent with the results for TOP1 and
B-globin ORIs, where overabundant molecules derive
precisely from regions where Orc2 binds and the polarity
of nascent strand switches in these two ORIs, respec-
tively (Figs. 2, 5; Aladjem et al. 1995; Keller et al. 2002).
Alternatively, the generation of short molecules could
take place somewhere in the vicinity of the replication
initiation sites and might not participate in the genera-
tion of the mature daughter strands. In this context, a
site of replication initiation has been reported within the
TIMM 5-6 region (Abdurashidova et al. 2000) at ~350 bp



upstream of the overreplicated TIMM 1-2 region (Fig.
1A). So far this is the only replication initiation point
reported in mammalian cells at nucleotide resolution,
and Abdurashidova et al. (2000) contemplated that addi-
tional initiation sites might lie adjacent to the region
they studied. Consistent with this possibility, several
sites of initiation have been found by template polarity
assays within a 2.4-kb region in the human c-myc ORI
(Waltz et al. 1996). As regards the nature of the overrep-
resented molecules, given that they are double-stranded
and contain 5’ RNA primers (Fig. 3), they could be gen-
erated by a process of repeated extrusion of the two
complementary newly synthesized DNA strands by fork
reversal due to the instability of small replication
bubbles (Zannis-Hadjopoulos et al. 1981).

It is possible that overproduction of short fragments
could be related to the repeated loading of multiple
Mcm2-7 complexes at ORIs through several cycles of
ATP hydrolysis by Cde6 and ORC (Randell et al. 2006).
In fact, overreplicated molecules could be generated by a
mechanism similar to that suggested to operate in Xeno-
pus egg extracts under conditions of Cdtl overexpres-
sion. This model proposes that successive loading of
Mcm?2-7 could generate replication forks that would run
into the previous ones and result in the release of small,
newly synthesized double-stranded fragments (Davidson
et al. 2006). However, a crucial difference with the over-
production of short molecules reported here is that it
occurs in cells proliferating under physiological condi-
tions. This implies that this limited overreplication falls
below the level of detection by the ATM/ATR check-
point and that it is tolerated as a constituent step that
takes place during the normal activation of ORIs. It is
not clear at this stage whether overreplication is mecha-
nistically required for ORI activity. However, the physi-
cal proximity between overreplicated regions and repli-
cation origins, together with the coincidence of the burst
of overreplication with the time of firing of specific ORIs
during S phase (Fig. 4C), suggests that this phenomenon
is intimately associated with the activation of properly
licensed mammalian ORIs. Accordingly, overreplicated
molecules could be good predictors for replication initia-
tion regions in the genome. On the other hand, it should
be noted that all ORIs included in our study were asso-
ciated with promoters, either constitutive or tissue-spe-
cific (Fig. 5A). We did not explore whether the same phe-
nomenon takes place at ORIs dispersed across large re-
gions, such as the one downstream from the DHFR gene
in hamster CHO cells (Hamlin and Dijkwel 1995), or at
loci containing tightly clustered ORIs, such as the
mouse immunoglobulin heavy-chain region (Norio et al.
2005).

The physical overlapping between overreplicated re-
gions and transcription initiation sites raises the possi-
bility of a mechanistic link between both processes.
However, we showed that active transcription of the
ALB and AFP genes is not sufficient to drive detectable
replication initiation or overreplication (Fig. 5D,E). Also,
the continuous rate of transcription of the TIMM 13 gene
during S phase (Fig. 4C) indicates that the generation of
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short DNA molecules is unlikely to be due to DNA re-
pair associated with active transcription. In ORIs close
to promoters, however, active transcription enhances
overreplication, as shown for the B-globin ORI in ex-
pressing relative to nonexpressing cells (Fig. 5B). This
process could be facilitated by the presence of a short
region of unwound ssDNA generated by the DNA-
scrunching mechanism of transcription initiation
(Kapanidis et al. 2006; Revyakin et al. 2006).

The coincidence of the overreplicated regions with HS
(Fig. 6) is consistent with the idea of nucleosomes acting
as a boundary to prevent elongation, and it suggests that
chromatin remodeling factors, such as the FACT hetero-
dimer, might not be present or operative at that stage.
This complex facilitates transcription elongation in the
chromatin context (Orphanides et al. 1998) and has re-
cently been shown to be recruited to ORIs in vivo
through binding to the MCM complex and to be required
for efficient helicase activity and fork progression across
nucleosomes (Tan et al. 2006).

The frequency of histone H3 modifications such as Lys
4 methylation and Lys 9/14 acetylation peaks at regions
surrounding the transcription initiation sites (Liang et al.
2004; Roh et al. 2005; Barski et al. 2007), and it is inter-
esting that many promoters associated with these modi-
fications initiate transcription that in many cases does
not produce full-length mRNAs (Guenther et al. 2007).
We speculate that in addition to the distinctive chroma-
tin structure of these regions, the generation of short
RNA and DNA molecules that do not elongate into ma-
ture transcripts or replicons might be used as a dynamic
signaling mechanism to highlight and perhaps contrib-
ute to maintaining these essential regulatory regions in
the genome.

Materials and methods

Cell culture

Human cell lines were grown as recommended by the American
Type Culture Collection and were harvested from exponential
cultures. Senescent IMRI0 cells were harvested after a month in
culture without detectable proliferation.

Nascent strand purification

Total human genomic DNA was extracted and nascent strands
were obtained essentially as described in Abdurashidova et al.
(2000). Purified DNAs were denatured by heating and size-frac-
tionated by centrifugation at 24,000 rpm in a Beckman SW-40
rotor for 20 h at 20°C in a seven-step sucrose gradient (5%-20%
in steps of 2.5%) made up in 10 mM Tris (pH 8.0), 1 mM EDTA,
and 100 mM NaCl. Twelve fractions of 1 mL were collected and
aliquots were electrophoresed in alkaline agarose gels to moni-
tor correct fractionation. The top three fractions containing
DNA up to 300 nt, 200-800 nt, and 400-3000 nt, respectively,
were enriched in RNA-primed nascent DNA by A-exonuclease
treatment (Bielinsky and Gerbi 1998). Sucrose gradients in Fig-
ure 3 were run without previous heat denaturation of DNA.
Alkaline treatment of DNA to remove 5’ RNA primers was as
in Abdurashidova et al. (2000).
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Quantitative real-time PCR

Quantitative real-time PCR was performed using an Abi Prism
7000 Detection System (Applied Biosystems) with HotStar Taq
polymerase (Qiagen) and SYBR Green (Molecular Probes). Four
to five serial 10-fold dilutions of sonicated genomic DNA or the
corresponding cloned fragments were amplified using the same
reaction mixture as the samples to construct the standard
curves. The regions studied were PCR-amplified with the
primer pairs and conditions indicated in Supplemental Table 1
and cloned into pGEM-T (Promega). All real-time reactions
were performed in duplicate, and a reaction mix without input
DNA was always included as a control. Amplifications were run
for 40 cycles in a final volume of 30 pL with 1 pL of input DNA,
3 pL of 10x Qiagen HotStar Taq buffer, 1.8 uL of 25 mM MgCl,
0.6 uL of 10 mM dNTPs, 0.75 pL of SYBR Green (commercial
stock), 0.75 U of polymerase, and 2.25 pL of primers (5 ptM
each). After amplification, melting curve analyses were per-
formed to control the specificity of the reactions. Quantitative
analyses were carried out using the Abi Prism 7000 SDS Soft-
ware.

Cell synchronization and immunoprecipitation with
anti-BrdU antibodies

A double-thymidine block was performed by growing HeLa cells
for 13 h in DMEM medium containing 2.5 mM thymidine fol-
lowed by 9 h of incubation in fresh medium and further incu-
bation for 13 h in the presence of 2.5 mM thymidine. Progres-
sion through S phase was checked every hour after block re-
moval by FACS analysis and by 30-min labeling with 100 ptM
BrdU and 5 nuCi/mL ®H-thymidine prior to cell harvest. Purifi-
cation of replicated DNA at each time point was performed by
immunoprecipitation with monoclonal anti-BrdU antibodies
(Becton Dickinson) as described previously (Hansen et al. 1993).

Density substitution

HEK293 cells were pulse-labeled for 30 min with 100 uM BrdU
and 5 pCi/mL *H-thymidine. Purified DNAs were mixed with
CsCl made up in 15 mM NaCl and 15 mM EDTA to reach a
final refraction index of 1.402. Samples were centrifuged at
35,000 rpm in a 70.1Ti rotor (Beckman) for 62 h at 20°C. Thirty
fractions of 400 uL were collected from bottom to top, and equal
aliquots from each fraction were used to measure the refraction
index and the radioactivity incorporated.

Transcriptase reverse reaction and PCR

Total RNA was extracted with a guanidium isothyocianate so-
lution, and ¢cDNA was synthesized using oligo-dT and Super-
Script I Reverse Transcriptase (Invitrogen). The amount of
c¢DNA synthesized from 200 ng of total RNA (- and + Super-
Script II) was used as template for each PCR reaction, using the
primer pairs and annealing temperatures listed in Supplemental
Table 3. PCR reactions were performed with 34 cycles of am-
plification with HotStar Taq polymerase (Qiagen), and all
primer pairs were designed to amplify from adjacent exons.
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