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Deregulated origin licensing
leads to chromosomal breaks
by rereplication of a gapped
DNA template
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Deregulated origin licensing and rereplication promote
genome instability and tumorigenesis by largely elusive
mechanisms. Investigating the consequences of Early
mitotic inhibitor 1 (Emil) depletion in human cells,
previously associated with rereplication, we show by
DNA fiber labeling that origin reactivation occurs rap-
idly, well before accumulation of cells with >4N DNA,
and is associated with checkpoint-blind ssDNA gaps and
replication fork reversal. Massive RPA chromatin load-
ing, formation of small chromosomal fragments, and
checkpoint activation occur only later, once cells com-
plete bulk DNA replication. We propose that deregulated
origin firing leads to undetected discontinuities on newly
replicated DNA, which ultimately cause breakage of
rereplicating forks.

Supplemental material is available for this article.
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The activation of DNA replication origins is a tightly
regulated mechanism, entailing two main steps: (1) “or-
igin licensing,” restricted to late mitosis and early GlI,
when essential replication initiation proteins (ORCI,
Cdc6, Cdtl, and Mcm2-7) are sequentially loaded on
origin DNA sequences, forming the “prereplicative com-
plex” (preRC), and (2) “origin firing,” occurring through-
out S phase, when additional proteins are recruited to the
preRC and start unwinding and DNA synthesis (Arias and
Walter 2007). As relicensing and thus rereplication are
detrimental to genome stability, several cyclin-dependent
kinase (CDK)-dependent and -independent mechanisms
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have evolved to coordinate these steps with cell cycle
progression (Blow and Dutta 2005; Arias and Walter
2007).

Although several preRC components are targets of
regulation, the major mechanism by which metazoans
prevent origin licensing during S phase is inactivation of
Cdtl by ubiquitin-mediated degradation or binding to its
inhibitor Geminin. Cdtl proteolysis is tightly linked to
the cell cycle, as ubiquitylation requires CDK-dependent
phosphorylation (Li et al. 2003; Sugimoto et al. 2004;
Nishitani et al. 2006). Moreover, CUL4/DDBI1-mediated
ubiquitylation of Cdtl occurs in S phase or in response to
DNA damage (Arias and Walter 2006; Nishitani et al.
2006; Senga et al. 2006). Geminin exerts its inhibitory
function on Cdtl in S, G2, and early M phase and is
inactivated in late M phase by anaphase-promoting com-
plex (APC/C)-dependent polyubiquitylation, leading to
reactivation of origin licensing (McGarry and Kirschner
1998; Wohlschlegel et al. 2000; Tada et al. 2001; Li and
Blow 2004). Accordingly, Geminin depletion induces rerep-
lication and activation of the DNA damage response
(DDR) (Melixetian et al. 2004; Zhu et al. 2004).

By direct control of Geminin and indirect control of
Cdtl proteolysis via regulation of CycA-CDK activity,
APC/C plays a pivotal role coordinating origin licensing
with cell cycle progression (Hook et al. 2007). APC/C
activity is inhibited by Early mitotic inhibitor 1 (Emil)
(Wang and Kirschner 2013), which thereby stabilizes
APC/C substrates like Geminin and Cyclin A (Di Fiore
and Pines 2007). Thus, inactivation of Emil leads to
degradation of both inhibitors of Cdtl activity, resulting
in massive rereplication and DDR activation (Machida
and Dutta 2007).

As many origin licensing genes are overexpressed in
cancer cells and several oncogenes are known to affect
origin licensing, it is suspected that deregulated licensing
contributes to genome instability and tumorigenesis
(Hook et al. 2007; Blow and Gillespie 2008). However,
our understanding of how rereplication challenges ge-
nome stability is very limited. Studies with Xenopus
laevis egg extracts provided the first insight into the
effects of rereplication. Addition of recombinant Cdt1 to
G2-arrested egg extracts was shown to trigger DNA
breaks, proposed to arise from head-to-tail collision of
rereplicating forks (Davidson et al. 2006). However, little
information is available on the mechanisms leading
to DNA damage and DDR activation in rereplicating
human cells.

We combined cell/molecular biology and in vivo single-
molecule approaches to investigate how deregulated
origin licensing by Emil depletion affects replicating
chromosomes. We show that cells experience mild DNA
replication stress and ssDNA accumulation during the
first replication round upon licensing deregulation, which
may act as precursor for DNA breaks, when rereplicating
forks approach ssDNA gaps on the template. Extending
the analysis to other experimental systems of deregulated
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licensing (Geminin depletion and Cdtl addition in
X. laevis extracts), we propose a new model for rerepli-
cation-induced chromosomal breakage, which may con-
tribute to cancer-relevant genome rearrangements.

Results and Discussion

Emil depletion affects DNA synthesis prior
to accumulation of >4N DNA, chromosomal breakage,
and checkpoint activation

To gain mechanistic insight into how deregulated origin
licensing affects the replication process, leading to DNA
breaks and DDR activation, we depleted Emil in U20S
cells, a condition previously associated with rereplication
and DNA damage (Machida and Dutta 2007). Using flow
cytometry, we monitored cell cycle progression (DNA
content), DNA synthesis (EdU incorporation), and DDR
activation (phosphorylation of H2AX [yH2AX]) (Supple-
mental Fig. S1) after Emil depletion. Sixteen hours to 24 h
after siEmil transfection, we noticed accumulation of
cells in S phase and a reduced incorporation rate in mid-
late S phase (Fig. 1A). In synchronized cells, the impact of
deregulated origin licensing on DNA synthesis was
detected from the onset of the first S phase (Supplemental
Fig. S2). At these time points, YH2AX was only detected
in cells close to having completed a first round of bulk
DNA replication (Fig. 1A,B). Later (32-40 h), yH2AX and
a markedly reduced rate of DNA synthesis were detected
in cells displaying >4N DNA, a commonly used readout
for rereplication (Fig. 1A,C). Only at 32-40 h did cells
accumulate detectable levels of double-strand breaks
(DSB) and display activation of ATM and ATR pathways
(phosphorylation of KAP1/RPA2-S4/S8 and CHK1/RPA2-
S33, respectively), as expected for DSB-induced DDR (Fig.
1D,E). A relevant fraction of chromosomal fragments
induced by Emil depletion is significantly smaller (20—
100 kb) than camptothecin-induced DSB (0.5-2 Mb) (Fig.
1E; Supplemental Fig. S1B; Hanada et al. 2007), suggesting
that rereplication-induced DSBs are clustered. DNA
breakage at 32-40 h was also confirmed by colocalization
of yH2AX and 53BP1, particularly evident in cells with
“giant nuclei,” a sign of extensive rereplication (Supple-
mental Fig. SIC-E; Zhu et al. 2004). Altogether, these
data indicate that mild replication stress during the first
S phase after Emil depletion precedes cell cycle arrest,
DNA breakage, and DDR activation, which are coupled
to overt rereplication (DNA content >4N). Similar obser-
vations were made in untransformed human epithelial
cells (RPE-1) (Supplemental Fig. S3), showing that the
stepwise impact on DNA replication and genome stabil-
ity is a general consequence of Emil depletion.

Progressive RPA accumulation on chromatin precedes
rereplication-associated DNA damage

To further characterize DNA replication stress early after
Emil depletion, we monitored chromatin loading of the
human ssDNA-binding protein (RPA) (Forment et al.
2012). Limited amounts of ssDNA are present during
DNA replication, leading to RPA chromatin loading in
S phase (Fig. 2A; Supplemental Fig. S4A; Forment et al.
2012). While this signal is rapidly lost as control cells
complete S phase, Emil depletion leads to progressive
accumulation of RPA on chromatin and unusually high
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Figure 1. Emil depletion causes DNA replication stress in S phase
and DDR activation and DNA breakage in cells with =4 DNA. (A)
FACS analysis of DNA synthesis (EdU), DNA content (DAPI), and
DDR activation (yH2AX) after mock (siLUC) or Emil depletion in
U20S cells using two different siRNAs. yH2AX" cells are in red (see
also Supplemental Fig. S1A). Yellow arrowheads indicate cells with
compromised DNA synthesis. yYH2AX" cells (B) and cells with >4N
DNA (C) after mock (siLUC) or Emil depletion quantified by FACS.
Mean + SEM; n = 3. (D) ATR (pCHK1), ATM (pKAP1) activation, RPA
phosphorylation (RPA2 pS4/S8 and pS33), and total DDR proteins
(CHK1, KAPI1, and RPA2) assessed by Western blot upon Emil
depletion. (TFIIH) Loading control. (E) DNA breakage after mock
(siLUC) or Emil depletion monitored by pulse-field gel electropho-
resis. The solid and dashed lines indicate large (0.5- to 2-Mb) and
smaller (20- to 100-kb) chromosomal fragments, respectively. The
molecular size markers are based on data in Supplemental Figure
S1B. Four-hour treatment with 1 uM camptothecin (CPT) served as
a positive control for DSB.

RPA levels in mid-late S-phase cells (Fig. 2A). RPA foci
colocalized with yH2AX foci at late time points (32-40 h)
(Supplemental Fig. S4A), presumably marking processing
of the detected DSBs (Fig. 1E; Supplemental Fig. S1C,D).
However, in both U20S and RPE-1 cells, some RPA ac-
cumulation was already observed at earlier time points
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Figure 2. siEmil-induced deregulation of origin licensing promotes
RPA chromatin binding and ubiquitylation of PCNA from the first
S phase. (A) FACS analysis of chromatin-bound RPA and DNA
content (DAPI) after mock (siLuc) or Emil depletion in U20S cells.
(B) yYH2AX/RPA levels in samples in A. Black, green, and yellow
regions identify RPA negative cells (—), cells with S-phase RPA levels
(+), and cells with elevated RPA (++), respectively. The red region
identifies yYH2AX" cells. See Supplemental Figure S4B for Emil
levels. (C) Analysis of PCNA ubiquitylation in mock-transfected
cells (siLuc) and at the indicated time points after Emil depletion
(siEmil #1). The dotted line indicates ubiquitylated PCNA. UV-
irradiated cells served as positive control. (TFIIH) Loading control.

(16-24 h), when it was largely uncoupled from DDR
activation, extensive rereplication (measured by flow
cytometry), and DNA breaks (Figs. 1, 2A; Supplemental
Fig. S3D). Furthermore, even at later time points (=24 h)
after Emil depletion, when yH2AX is clearly detectable
in the population, our FACS experiments identified a
cell population with unusually high RPA content in the
absence of YH2AX (Fig. 2B, yellow dots, RPA™" yH2AX").
These data suggest that Emil depletion progressively
induces ssDNA accumulation, which goes undetected
by the DDR and precedes rereplication-associated DNA
breaks. Importantly, PCNA ubiquitylation, a sensitive
marker of replication-associated ssDNA gaps (for re-
view, see Chen et al. 2011), was detectable within 24 h
(Fig. 2C) and thus earlier than other DDR markers
(Fig. 1D).

Rereplicating fork breakage on a gapped template

Emil depletion does not detectably impair fork
progression but induces refiring of clustered origins
before accumulation of >4N DNA content

We next monitored the effect of Emil depletion on fork
progression by DNA fiber spreading (Jackson and Pombo
1998). Ongoing forks were identified by a red-green
pattern (Supplemental Fig. S5A). Fork progression ap-
peared unaffected by Emil depletion when we used a
10-min labeling time (Fig. 3A). However, in Emil-
depleted cells, tract length increased more markedly
than in control cells with longer labeling times (Fig. 3A;
Supplemental Fig. S5C,D). This suggests that Emil de-
pletion does not affect progression of individual forks but
that deregulated activation of clustered replication ori-
gins leads to more frequent fork fusion and thus longer
tracts. We then adapted the labeling protocol to detect
DNA rereplication events, modifying a published pro-
tocol (Dorn et al. 2009). A 120-min CldU pulse followed
by a 30-min IdU pulse allowed us to follow fork pro-
gression and reactivation of replication origins in pre-
viously replicated tracts (Supplemental Fig. S5A). “Rerep-
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Figure 3. Rereplication is detectable by a DNA fiber-spreading
assay before completion of bulk DNA synthesis. (A) Length of newly
replicated tracts (IdU; green) in mock-depleted U20S cells (siLuc)
and after Emil depletion (siEmil #1), using 10-min or 20-min
labeling pulses. (B,C) Representative DNA tracts labeled with CldU
for 2 h and IdU for 30 min to identify termination and rereplication
events. (B) A replication “termination” event. (C) Two “rereplica-
tion” events in close proximity. (D) Quantification of rereplication/
termination events as shown in B and C after mock (siLuc) or Emil
depletion. The percentage indicated represents the fraction of
rereplication events in the total population of “red-green-red” tracts
analyzed. (Whiskers) 10-90 percentile; (***) P < 0.0001; (**) P <
0.005; (ns) not significant, Mann-Whitney test; n = 100 in A. Bar, 10
pm. See Supplemental Figure S5, A and B, for Emil levels and
labeling protocols to study fork progression (A) and rereplication
events (B,C).
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lication” events during the second labeling should appear
as green signals embedded in a longer red tract. A similar
pattern is expected for physiological fork fusion events
during the second label (“termination”), but rereplication
events can be distinguished by the substantial overlap of
red and green signals (Fig. 3B,C). As expected, in control
cells, virtually all green signals identified within red
tracts displayed a termination pattern (“red-green-red”)
(Fig. 3B,D). In contrast, Emil-depleted cells showed
rereplication events (“red-yellow-red”), often coupled to
further progression of the first set of forks during the
second labeling period (Fig. 3C, note the distal green
tracts). Surprisingly, these “rereplication” events were
almost as frequent as “termination” events already 20 h
after siRNA transfection (Fig. 3D). At 40 h, when rerepli-
cation has led to >4N DNA content (Fig. 1A,C), rerepli-
cation events were more frequent than fork fusions and
were occasionally clustered on the same DNA fiber (Fig.
3C,D). These data demonstrate that origin reactivation
can be detected by DNA fiber spreading before it is
detectable by flow cytometry and that refiring of clus-
tered origins occurs already during a first round of rep-
lication with deregulated origin licensing.

Deregulation of origin licensing induces ssDNA gaps
on replicated duplexes, which can be template
for rereplication

To gain additional insight into the molecular consequences
of deregulated origin licensing, we investigated in vivo
replication fork structure by electron microscopy (EM)
(Neelsen et al. 2014). Already 20 h after siRNA trans-
fection, several marks of replication stress were detect-
able (Fig. 4). Small (<1-kb) replication bubbles were over-
represented upon Emil depletion (9%-10% compared
with 1%-2% in control U20S cells), suggesting that
deregulated firing is accompanied by reduced fork pro-
gression from the origin. These replicated tracts would be
too small for detection in DNA fiber assays, which may
explain why the reduced EdU incorporation after Emil
depletion (Fig. 1A) is not accompanied by detectable
reduction in fork progression (Fig. 3A). As implied by
RPA chromatin loading and PCNA ubiquitylation (Fig.
2A,C), 11% of forks exposed ssDNA gaps 20 h after
siEmil transfection compared with 1% of forks in control
cells (Fig. 4A,B; Supplemental Fig. S6A). Furthermore,
~13% of the replication forks had undergone reversal
(Supplemental Fig. S6B,C). The latter two features closely
resemble the effects of oncogene activation (Neelsen
et al. 2013) and thus most likely reflect the licensing
defects common to these genetic conditions (Hook et al.
2007; Blow and Gillespie 2008) and their consequences in
terms of nucleotide depletion (Bester et al. 2011) and/or
interference with transcription (Jones et al. 2013). Al-
though ssDNA sensors (e.g., RPA chromatin loading and
PCNA ubiquitylation) (Fig. 2A,C) detected these changes
in the architecture of replication intermediates, they are
“checkpoint-blind” (i.e., not associated per se with DDR
activation) (Fig. 1A,D), as already shown for CycE over-
expression (Neelsen et al. 2013). The proportion of forks
displaying ssDNA gaps increases from 11% to 37%
between 20 and 40 h, when rereplication and DSB become
detectable by flow cytometry and PFGE, respectively
(Figs. 1A,C,E, 4B). Intriguingly, a significant proportion
of the observed ssDNA gaps were located on template
DNA ahead of the replication forks (Fig. 4B,C; Supple-
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Figure 4. Emil depletion leads to ssDNA gaps on the replicated
duplex, which persist as a template for rereplicating forks. (A,C)
Electron micrographs of representative replication forks from U20S
cells 40 h after transfection with siEmil. Black arrows indicate
ssDNA gaps. The insets show magnified ssDNA gaps and schemes
of fork structure, indicating parental (P) and replicated (R) duplexes.
Gaps are on a replicated duplex in A and on the parental duplex in C.
Black and gray lines describe parental and newly synthesized DNA
strands in the replicated duplexes, respectively. Bars: 100 nm (250
base pairs [bp]); inset, 50 nm. (B) Frequency of replication forks with
ssDNA gaps in mock-depleted cells (siLuc) and after Emil depletion
(siEmil #1). #R1 is the number of analyzed replication intermediates.
(D) Sperm nuclei replication assays in Xenopus interphase extracts.
For S-phase experiments, extracts were optionally supplemented
with 10 ng/pL Cdtl at the time of sperm and [a->*P]dATP addition
and incubated for 60 min. For G2 experiments, Cdtl was optionally
added with [a-*>P]dATP 90 min after sperm addition and incubated
for a further 60 min. After incubation, DNA was isolated, separated
by neutral agarose gel electrophoresis, and autoradiographed. The
dashed line indicates sperm DNA fragmentation. The asterisk
indicates branched replicating DNA molecules retained in the well.
(E) Frequency of replication forks with ssDNA gaps recovered after
sperm nuclei incubation in S-phase or G2-phase extracts (see D),
with optional addition of Cdtl. # RI is the number of analyzed
replication intermediates. (F) Model for the formation of chromo-
somal breaks upon deregulation of origin licensing by Emil de-
pletion. Excessive firing of clustered origins leads to replication
stress during the first S phase and accumulation of ssDNA gaps.
Uncontrolled reactivation of replication origins in this context
triggers chromosomal breakage by replication of a discontinuous
template.

mental Fig. S6D). At 40 h, when all cells completed a first
round of replication and the relative proportion of rerep-
licating forks in our EM samples is expected to increase,
20% of the ssDNA gaps (n = 6 of 22) were detected on
template DNA ahead of the replication forks (Fig. 4B).



These data strongly suggest that gaps accumulating
during the first round of replication after Emil depletion
persist and present a damaged template for new replica-
tion rounds.

To further test this hypothesis, we analyzed by EM a
different experimental system associated with rereplication
and DNA breakage; i.e., addition of Cdtl to replication
sperm nuclei in X. laevis egg extracts (Davidson et al.
2006). In line with published results, addition of Cdtl
(Ferenbach et al. 2005) induced [«-3*P]dATP incorporation
in G2 extracts, particularly visible on branched DNA
molecules retained in the well (Fig. 4D; Supplemental
Fig. SGE). Moreover, rereplication was associated with
DNA breakage when Cdtl was added to S-phase and G2
extracts (Fig. 4D). The analysis of replication intermedi-
ates confirmed an accumulation of ssDNA gaps upon
Cdtl addition, particularly marked in G2 extracts (Fig.
4E) where multiple rounds of rereplication have been
reported (Davidson et al. 2006). Similar to Emil deple-
tion, ssDNA gaps were also observed ahead of the rep-
lication forks, showing that rereplication was impaired
by template discontinuities (Fig. 4E).

A new model for chromosomal breakage associated
with deregulated origin licensing and rereplication

Our data strongly suggest that deregulated origin firing
rapidly induces ssDNA gaps during DNA replication and
that these persist in the template, where they cause
stalling and eventually breakage of rereplicating forks
(Fig. 4F). Rereplicating forks could break by simply
impacting ssDNA gaps on the template (“runoff”). Alter-
natively, they could stall upstream of the gap and later be
resolved into DSBs by slow “runoff,” nucleolytic process-
ing, or head-to-tail collision with forks generated in
following rounds of rereplication. In support of transient
stalling and remodeling, small replication bubbles accu-
mulated upon Emil depletion, indicative of early fork
stalling from reactivated origins. Moreover, the frequency
of reversed forks remained high 40 h after Emil depletion,
when rereplicating forks are overrepresented in our EM
samples (Fig. 3D; Supplemental Fig. S6C). Fork reversal
was associated with fork slowing during replication of
a nicked template, thereby protecting forks from break-
age (Ray Chaudhuri et al. 2012). Thus, rereplicating forks
could transiently arrest and reverse at ssDNA gaps before
eventually undergoing breakage.

A prediction of our model is that the genotoxicity of
rereplication correlates with the extent of origin firing
deregulation in the previous replication round, as this
creates the template discontinuities for rereplication. We
tested this hypothesis by comparing the described effects
for Emil depletion with Geminin depletion, a genetic
condition associated with mild overreplication (Melixetian
et al. 2004; Zhu et al. 2004), in which CDK-dependent
Cdtl inactivation partially restrains deregulated origin
firing (Hook et al. 2007; Machida and Dutta 2007). In line
with a recent study (Klotz-Noack et al. 2012), Geminin-
depleted cells showed unperturbed EAU incorporation
and progression in the first S phase, indicating marginal
replication stress (Supplemental Fig. S7A). Accordingly,
Geminin-depleted cells undergoing overt rereplication
(>4N DNA content) displayed yH2AX only after comple-
tion of the first S phase and transition into a mitotic state
(H3 phosphorylation) (Supplemental Fig. S7B). In line
with our model, rereplication induced by Geminin de-

Rereplicating fork breakage on a gapped template

pletion is associated with higher EAU incorporation and
less DNA damage than Emil depletion, indicated by
reduced yYH2AX in cells with >4N DNA content (40 h)
(Supplemental Fig. S7A,C). Intriguingly, if deregulation of
origin licensing is induced after S-phase completion,
DNA breakage requires at least two rounds of rereplica-
tion, as observed with Cdtl addition to sperm nuclei in
G2-arrested X. laevis extracts (Davidson et al. 2006),
reinforcing the conclusions of this study. In this view,
fork breakage during rereplication would not require
head-to-tail fork collision (Davidson et al. 2006) but
would rather occur as forks approach ssDNA gaps in
close proximity to the origin, resulting in the observed
release of small DNA fragments (Figs. 1E, 4F; Davidson
et al. 2006). Accordingly, even in experimental conditions
where rereplicating forks should represent a substantial
fraction of total replication intermediates (siEmil 40 h,
Cdtl addition in G2 extracts), we could never identify by
EM a replicating and a rereplicating fork on the same
DNA fragment.

The molecular mechanisms characterized here under
conditions of severe rereplication could also be relevant
for milder deregulation of origin licensing, associated
with genome evolution and tumorigenesis (Hook et al.
2007; Green et al. 2010). As mild oncogene-induced
replication stress can go undetected by cell cycle check-
points (Fig. 1D; Neelsen et al. 2013), reactivation of
specific replication origins in the presence of unrepaired
ssDNA gaps may compromise chromosome integrity. In-
triguingly, complex rearrangements in tumors have been
recently associated with replication errors and copy
number changes (Liu et al. 2011), which could result
from breakage and repair of overreplicating chromosomes
by mechanisms similar to those described here.

Materials and methods

Cell culture and transfections

U20S and hTERT RPE-1 retinal pigmented epithelial cells were grown in
DMEM + 10% FCS. Cells were transfected with the indicated siRNAs
using RNAIMAX (Invitrogen) according to the manufacturer’s instruc-
tions: siLuc (10 nM; 5'-GGUACGCGGAAUACUUCGAATAT-3'), siEmil
#1 (10 nM; 5'-GAUUGUGAUCUCUUAUUAAJTAT-3'), siEmil #2 (10
nM; 5'-GAGAAUUUCGGUGACAGUCUAATAT-3’), and siGeminin (20
nM; 5'- UGCCAACUCUGGAAUCAAAATAT-3').

Methods

Flow cytometry was essentially performed as described previously for
yH2AX/EdU/DAPI in Neelsen et al. (2013) and for yH2AX/RPA/DAPI in
Forment et al. (2012). DNA fiber spreadings were performed according to
Ray Chaudhuri et al. (2012) with the modifications outlined in the text.
Pulse-field gel electrophoresis, immunofluorescence, and sample prepa-
ration for EM have been described in Neelsen et al. (2013, 2014). Protocols
for Cdtl purification, replication assays in X. laevis egg extracts, and
isolation of genomic DNA for electron microscopic analysis can be found
in the Supplemental Material. Detailed protocols for all other methods
and a list of antibodies are included in the Supplemental Material.
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