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Dormant origins licensed by excess
Mcm2-7 are required for human cells
to survive replicative stress

Xin Quan Ge,! Dean A. Jackson,? and J. Julian Blow'

'"Wellcome Trust Biocentre, University of Dundee, Dundee DD1 5EH, United Kingdom; *Faculty of Life Sciences,
University of Manchester, Manchester Interdisciplinary Biocentre (MIB), Manchester, M1 7DN, United Kingdom

In late mitosis and early G1, Mcm2-7 complexes are loaded onto DNA to license replication origins for use in
the upcoming S phase. However, the amount of Mcm2-7 loaded is in significant excess over the number of
origins normally used. We show here that in human cells, excess chromatin-bound Mcm2-7 license dormant
replication origins that do not fire during normal DNA replication, in part due to checkpoint activity.
Dormant origins were activated within active replicon clusters if replication fork progression was inhibited,
despite the activation of S-phase checkpoints. After lowering levels of chromatin-bound Mcm2-7 in human
cells by RNA interference (RNAi), the use of dormant origins was suppressed in response to replicative stress.
Although cells with lowered chromatin-bound Mcm2-7 replicated at normal rates, when challenged with
replication inhibitors they had dramatically reduced rates of DNA synthesis and reduced viability. These
results suggest that the use of dormant origins licensed by excess Mcm2-7 is a new and physiologically
important mechanism that cells utilize to maintain DNA replication rates under conditions of replicative
stress. We propose that checkpoint kinase activity can preferentially suppress initiation within inactive
replicon clusters, thereby directing new initiation events toward active clusters that are experiencing

replication problems.
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In order to preserve genomic stability, cells must com-
pletely replicate their genomes in each cell cycle. This
requires that the two converging forks from each pair of
adjacent origins progress until they meet each other and
terminate. Individual forks can, however, irreversibly
stall before termination. This can be caused by forks en-
countering DNA damage or tightly associated DNA-pro-
tein complexes, or by fork movement being slowed by
replication inhibitors (Lambert and Carr 2005). Eukary-
otic cells have evolved different mechanisms to main-
tain their genomic stability upon replication stress. One
important response is the activation of checkpoint ki-
nases (ATM, ATR, Chkl, and Chk2) that stabilize the
forks, inhibit late origin firing, delay further progression
through the cell cycle, and promote lesion repair (Bartek
et al. 2004; Branzei and Foiani 2005; Lambert and Carr
2005).

Replication forks can only initiate at licensed origins.
Origin licensing involves the coordinated action of ORC
(origin recognition complex), Cdc6, and Cdtl proteins
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that load Mcm2-7 complexes onto DNA (Blow and
Dutta 2005). The Mcm2-7 complex is thought to form a
clamp around DNA that provides helicase activity to
unwind DNA ahead of the replication fork (Labib and
Diffley 2001; Forsburg 2004). Origin licensing occurs
only during late mitosis to early G1, and this restriction
is essential to prevent DNA from replicating more than
once in a single cell cycle (Blow and Dutta 2005). If two
converging forks stall irreversibly during S phase and
there is no licensed replication origin already present
between them, the intervening DNA cannot be repli-
cated since new origins cannot be licensed once S phase
has started.

Mcm?2-7 complexes do not exclusively colocalize with
sites of DNA synthesis (Madine et al. 1995; Krude et al.
1996; Dimitrova et al. 1999). Furthermore, Mcm2-7
complexes are loaded onto DNA in an ~20-fold excess
over replication origins and ORC (Burkhart et al. 1995;
Lei et al. 1996; Rowles et al. 1996; Donovan et al. 1997,
Mahbubani et al. 1997; Edwards et al. 2002) and are dis-
tributed at significant distances away from where ORC
is bound (Ritzi et al. 1998; Edwards et al. 2002; Harvey
and Newport 2003). Cells continue to synthesize DNA
normally when the level of Mcm2-7 is reduced (Cortez
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et al. 2004; Tsao et al. 2004) and in Xenopus egg extracts
normal replication rates are maintained when Mcm2-7
levels are reduced to approximately two per origin (Mah-
bubani et al. 1997; Edwards et al. 2002; Ochlmann et al.
2004; Woodward et al. 2006). Various suggestions have
been made for the function of the excess Mcm2-7 com-
plexes, including roles in DNA pumping (Laskey and
Madine 2003), checkpoint activation (Cortez et al. 2004;
Tsao et al. 2004), transcriptional regulation (Yankulov et
al. 1999; DaFonseca et al. 2001; Fitch et al. 2003), and
chromatin remodeling (Burke et al. 2001; Dziak et al.
2003).

A recent study has shown that most of the Mcm2-7
loaded onto DNA in Xenopus egg extracts could support
the initiation of replication if normal S-phase levels of
checkpoint activity were artificially inhibited by caf-
feine (Woodward et al. 2006). If artificially relieved from
this checkpoint suppression by caffeine, the use of these
additional “dormant” origins allowed efficient replica-
tion to occur in the presence of DNA polymerase inhibi-
tors and DNA damage. However, the need to abolish
checkpoint activity in these experiments makes their
physiological relevance unclear.

Here, we describe the role of Mecm2-7 in licensing dor-
mant origins and their usage in a physiological context
when checkpoint responses remain intact. We show that
human tissue culture cells contain dormant origins that
are suppressed by normal levels of S-phase checkpoint
activity, but are utilized when replication forks are in-
hibited despite S-phase checkpoint activation. These
dormant origins were suppressed when chromatin-
bound Mcm2-7 levels were lowered approximately four-
fold by small interfering RNA (siRNA), and this left cells
hypersensitive to replication inhibitors. We conclude
that dormant origins provide an important new mecha-
nism used by human cells to maintain genome stability.

Results

Hydroxyurea (HU) and aphidicolin promote firing
of additional origins

In animal cells, clusters of approximately three to eight
adjacent replication origins fire together, with different
clusters being activated at different times. In order to
estimate the density of active origins in human U20S
cells, we used DNA fiber analysis, which involves label-
ing nascent DNA in vivo and then visualizing DNA mol-
ecules after they have been spread on microscope slides.
In one protocol, cells were pulsed with BrdU, and clus-
ters containing at least four consecutive BrdU tracks
were chosen for analysis (see example in Fig. 1A). The
track lengths within individual clusters were similar
(correlation ratio 0.494), as expected if the origins fired
together. The mean fork spacing within each cluster was
then derived from the measurements of the distances
between the center points of all the tracks in each clus-
ter. Figure 1B shows the distribution of mean intraclus-
ter center-to-center distances for normal U20S cells.
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Overall fork spacing was ~25 kb, implying a mean repli-
con size of ~50 kb within clusters, consistent with pre-
vious work (Berezney et al. 2000).

Cells were then treated with HU, an inhibitor of ribo-
nucleotide reductase that lowers dANTP pools and
thereby inhibits DNA synthesis. After 4 h of 200 pM
HU, the mean replication fork spacing had reduced to
~17 kb (Fig. 1B, gray bars). In addition, the correlation
ratio of track lengths within each cluster dropped to
0.393, suggesting that origin firing within the cluster had
become less synchronous, as would be expected if dor-
mant origins had been induced to fire after forks from the
primary origins had been inhibited. A titration of HU
revealed that the fork spacing decreased markedly from
50 uM to 200 uM HU (Fig. 1C). Similar results were
obtained using aphidicolin, an inhibitor of replicative
DNA polymerases (Supplementary Fig. S1).

There is some ambiguity in the interpretation of the
fork density data shown in Figure 1, B and C, because it
is not possible to determine the direction of fork move-
ment. To confirm our conclusions, we therefore used a
double-labeling strategy as shown in Figure 1D. Cells
were first pulsed with BrdU and then with biotin-dUTP;
after spreading, antibodies specific to the two labels can
then be used to show the direction of fork movement,
which allows the positions of the replication origins to
be approximated. This technique gave a mean origin-to-
origin spacing of 49 kb in U20S cells (Fig. 1E), very close
to the value of ~50 kb implied by the single-labeling
protocol. When cells were treated with 200 pM HU, the
distance between adjacent replication origins fell to 25
kb, also in agreement with the results obtained from the
single-labeling experiments (Fig. 1B). We repeated the
double-labeling analysis in nontransformed MRC5 cells,
which again showed a marked reduction in origin spac-
ing when cells were treated with 200 pM HU (Sup-
plementary Fig. S2). Our results are also consistent with
earlier data suggesting that when DNA synthesis
is inhibited in animal cells, additional replication origins
fire that otherwise remain dormant (Ockey and Saffhill
1976; Taylor 1977; Francis et al. 1985; Painter 1985;
Griffiths and Ling 1987; Anglana et al. 2003; Gilbert
2007).

These results are surprising because replication inhibi-
tors activate checkpoint kinases such as Chkl (Fig. 1C,
inset) that suppress further initiation from late firing ori-
gins (Dimitrova and Gilbert 2000; Feijoo et al. 2001; Mer-
rick et al. 2004). To investigate the role that checkpoint
kinases play in the response to HU, we knocked down
the Chkl1 protein level using siRNA (Supplementary Fig.
S4A; Rocha et al. 2005). Figure 1F shows that when Chkl1
levels were knocked down, replication fork spacing was
reduced from a mean of ~25 kb to ~14 kb. This is con-
sistent with results suggesting that inhibition of check-
point systems leads to an increase in origin firing
(Lehmann 1972; Syljuasen et al. 2005; Woodward et al.
2006; Maya-Mendoza et al. 2007). HU was able to reduce
fork spacing even further in the Chkl knockdown cells
(Fig. 1F, dashed outline). Similar results were obtained
when checkpoint kinases were inhibited using caffeine,
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an ATM/ATR inhibitor (Supplementary Fig. S3B). This Dormant origins depend on Mcm?2-7 Ilevels

suggests that HU increases origin usage in response to If dormant replication origins are licensed by excess
replicative stress by a mechanism that does not depend Mcm?2-7 on DNA, then reducing chromatin-bound
on checkpoint kinases. Mcm?2-7 should counteract the reduction in fork spacing
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Figure 1. HU activates the firing of additional origins. (A—-C) U20S cells were incubated +HU for 4 h and pulsed with BrdU. DNA was
isolated and spread on glass slides, and BrdU-labeled tracks were detected with fluorescent antibodies. Clusters containing four or more
tracks were selected. (A) The distance between the center points of adjacent tracks in a cluster was measured and averaged to give the
mean intracluster fork spacing. (B) The mean intracluster fork spacings were determined for at least 100 clusters +200 uM HU. (C) The
mean intracluster fork spacings were averaged to give mean fork spacing in each sample +SEM for the indicated concentrations of HU.
(Inset) Cells treated with 0-500 uM HU for 4 h were immunoblotted for phospho-Chk1 and actin. (D,E) U20S cells were incubated
+HU for 4 h and pulsed with BrdU followed by biotin-dUTP. (D) DNA was isolated and spread on glass slides, and labeled tracks were
detected with fluorescent antibodies. (E) The distribution of origin-to-origin distances were determined +200 uM HU; the overall mean
and SEM are also indicated. (F) Mean intracluster fork spacing in cells treated with Chk1 siRNA or control siRNA for 96 h, followed
by +200 uM HU for 4 h. Overall means = SEM (in kilobases) are control, 24.663 = 0.511, control+ HU, 16.08 + 0.33; Chk1, 20.42 + 0.38;
Chk1 + HU, 13.71 = 0.29.
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Figure 2. Mcm5 knockdown cells proliferate and replicate
DNA normally. (A) U20S cells were transfected with 2 or 4 nM
Mcmb5-2i siRNA or 4 nM control siRNA and their proliferation
rate was analyzed 48-144 h after transfection. (B-D) Analysis
was carried out 96 h after 2 nM Mcm5-2i siRNA. (B) Cells were
pulsed with BrdU for 30 min, and their rate of DNA synthesis as
well as DNA content were analyzed by FACS. The percentage
S-phase cells and their mean BrdU incorporation are indicated.
(C) Immunoblot showing the levels of total Mcm5 and Mcm2.
(D) Immunoblot showing the levels of chromatin-bound Mcm?2,
Mcm3, Mcm5, Mem6, and Mcem?7.

caused by HU. We therefore used siRNAs targeting dif-
ferent regions of MCM5 mRNA to knock down MCM5
expression in U20S cells. siRNAs were titrated to find
the maximum concentration that maintained normal
proliferation rates. Figure 2A shows the effect of one par-
ticular MCM5 siRNA (oligo MCM5-2i) on total cell pro-
liferation.This siRNA (2 nM) was chosen for subsequent
experiments as it maintained normal cell proliferation.
Cells treated with 2 nM MCM5-2i had a normal cell
cycle distribution and maintained normal rates of BrdU
incorporation (Fig. 2B). Although total Mcmb5 levels were
reduced to ~25% (Fig. 2C), levels of chromatin-bound
Mcm?2, Mem3, Mcm5, Mcm6, and Mcm7 were all re-
duced by ~50% (Fig. 2D), suggesting that lowering the
levels of Mcmb5 caused a corresponding decrease in the
ability of the entire Mcm2-7 complex to be loaded onto
chromatin (Prokhorova and Blow 2000). A similar
knockdown was also obtained with a different oligo,
MCMB5-1i (Supplementary Fig. S4).

DNA fiber analysis showed that the MCM5-2i siRNA
treatment caused no significant increase in average ori-
gin spacing (Fig. 3A) or fork spacing (Fig. 3C). The corre-
lation ratio of track lengths within each cluster was
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similar in cells treated with either control or Mcm5-2i
siRNA (0.488 and 0.478, respectively), suggesting that
Mcmb5 knockdown had not affected the synchrony of ori-
gin firing within individual clusters. However, when the
MCMB5-2i-treated cells were exposed to 200 pM HU,
they were unable to increase origin or fork density to the
same degree as cells treated with control siRNA (Fig.
3B,D). This demonstrates that reducing the quantity of
Mcmb on chromatin reduces the number of dormant ori-
gins that can be activated in response to replicative
stress. In the presence of 200 uM HU, the correlation
ratio of track lengths within each cluster in cells treated
with Memb5-2i siRNA fell to only 0.430, compared with
0.354 in control cells. This is consistent with the Mcm5
knockdown cells being unable to fully activate dormant
origins after replication forks have been slowed by HU,
so that there is less asynchrony in origin firing than in
cells treated with control siRNA.

Since the firing of dormant origins is suppressed by
checkpoint kinases, we investigated the effect of partial
Mcm5 knockdown on replication fork spacing in cells
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Figure 3. Excess Mcm2-7 are required for dormant origin fir-
ing. U20S cells were transfected with 2 nM Mcm5-2i siRNA or
control siRNA optionally plus Chkl siRNA. Ninety-six hours
later they were optionally treated for 4 h with 200 uM HU or for
2 h with 5 mM caffeine. (A,B) Cells were pulsed with BrdU and
then biotin-dUTP, and interorigin distances were measured. (C—
F) Cells were pulsed with BrdU, and intracluster fork spacing
was measured. The mean and standard error of the mean for
each sample are indicated.
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where checkpoint kinases were inhibited. Figure 3, E and
F, shows that treatment of cells with MCM5-2i siRNA
suppressed the ability of cells to reduce replication fork
spacing when checkpoint kinases were inhibited by
Chk1 siRNA or caffeine. Similar results were obtained
with another Mem5 siRNA (Mcmb5-1i), though in this
case treatment with the Mcm5 siRNA alone caused a
slight increase in fork spacing (Supplementary Fig. S5).
These results are consistent with the idea that dormant
origins licensed by excess Mcm2-7 are normally sup-
pressed by checkpoint kinases but can be activated when
cells experience replicative stress, and that partial
knockdown of Mcm5 by siRNA strongly reduces the
number of available dormant origins.

Mcmb knockdown cells are hypersensitive to HU

We next investigated the rate of cellular DNA synthesis
in Mcm5 knockdown cells by measuring BrdU incorpo-
ration (Fig. 4A). In the absence of HU, replication rates in
Mcmb knockdown cells were similar to control cells,
but after treatment with 200 utM HU for either 4 or 40 h,
the Mcmb5 knockdown cells replicated their DNA much
more slowly than control cells. This effect was observed
over a range of HU concentrations (Fig. 4B; Supplemen-
tary Fig. S6) and was also seen using the MCM5-1i
siRNA (Supplementary Fig. S6). This suggests that the

200 uM HU

A : 4hours 1 i1 48 hours

200 yM HU
— 4

Dormant origins and replicative stress

full complement of dormant origins is required for cells
to maintain replication rates in the presence of HU.
After 40 h in 200 uM HU, Mcm5 knockdown cells
showed a markedly different cell cycle profile to control
cells, with more cells in S and G2, and fewer cells in G1
(Fig. 4A). The Mcm5 knockdown cells showed increased
levels of chromatin-bound PCNA, ubiquitinated PCNA,
RPA, and DNA polymerase & (Fig. 4C), as expected of
cells experiencing replicative stress. The Memb5 knock-
down cells exposed to 200 uM HU also had increased
levels of p53 and p53 phosphorylated on Serl5, suggest-
ing activation of cellular stress response pathways,
though levels of phospho-Chkl, phospho-Radl7, or
phospho-H2AX were similar (Fig. 4D). This is consistent
with the idea that Mcm5 knockdown cells experience
difficulty in completing DNA synthesis in the presence
of HU and so accumulate in S phase with damaged DNA.
We next investigated how the Mcm5 knockdown cells
behave over longer times after HU treatment (Fig. 5A).
Mcmb5 knockdown and control cells were treated for 48
h with different concentrations of HU, and cell numbers
were then determined. Figure 5B shows that HU reduced
the proliferation of Mcm5 knockdown cells more
strongly than control cells. Long-term survival was as-
sessed by treating Mcm5 knockdown and control cells
with HU for 48 h and then allowing surviving cells to
form colonies in the absence of HU. Figure 5, C and D,
shows that even in the absence of HU, the Mcm5 knock-
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Figure 4. Mcmb knockdown reduces DNA synthe-
sis in response to HU. Cells were transfected with 2
nM Mcmb5-2i siRNA. (A,B) Cells were incubated in
HU for 4 h (starting 92 h after siRNA) or 40 h (start-
ing 56 h after siRNA), followed by a 30-min BrdU
pulse. (A) HU was used at 200 pM. DNA and BrdU
content were analyzed by FACS. (B) Total BrdU in-
corporation after 4-h treatment with HU. (C,D) Fifty
hours post-siRNA transfection, cells were incubated
+HU for 48 h then immunoblotted for the indicated
checkpoint proteins in isolated chromatin (C) or
whole-cell lysates (D). PCNA-L is a light exposure
of a PCNA blot to show relative PCNA levels;
PCNA-H is a heavy exposure of the same blot, show-
ing an additional band (arrow) migrating at the po-
sition of ubiquitinated PCNA.
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A
Figure 5. Mcmb5 knockdown cells are hypersensitive c
to HU. Cells were treated with 2 nM Mcm5-2i siRNA
or control siRNA. Forty-eight hours or 72 h later they R
were treated with HU for a further 48 h. Cell number
was then assessed; alternatively, cells were subject to a
colony-forming assay. (A) Time scale of assays. (B) Cell
number was measured 96 h after siRNA and was ex-
pressed relative to the cell number plated 40 h after O.i ISM

siRNA. (C,D) Surviving colonies were examined 2 wk
after siRNA and HU treatment. (C) An example of colo-
nies 0.5 mM HU treatment. (D) Quantification of
colony numbers.

down cells formed slightly fewer colonies than control
cells, suggesting that endogenous levels of replicative
stress may have reduced the long-term survival of Mcm5
knockdown cells. When cells were transiently exposed
to HU, the survival of the Mcm5 knockdown cells
dropped even further compared with the control cells
(Fig. 5C,D). These results suggest that dormant origins
are required to enhance survival in response to exog-
enous and endogenous replicative stresses.

Mcmb knockdown cells are hypersensitive
to other replication stresses

Finally, we investigated whether Mcm5 knockdown
cells were hypersensitive to replication stresses other
than HU. Aphidicolin inhibits replicative DNA poly-
merases and activates dormant origins (Supplementary
Fig. S1). Camptothecin traps topoisomerase I in a cova-
lent complex with DNA, thereby blocking replication
forks that collide with it. Mcm5 knockdown cells
showed a profound accumulation in late S and G2 when
treated with low concentrations of aphidicolin or camp-
tothecin (Fig. 6A). Compared with control cells, Mcm5
knockdown cells also displayed higher levels of p53 ac-
tivation (Fig. 6B) and a decreased ability to form colonies
after treatment with the inhibitors (Fig. 6C,D). These
effects were also seen with a different anti-Mcm5 siRNA
(Supplementary Fig. S7). These results are all consistent
with the idea that the use of dormant origins is required
for cells to survive a range of replicative stresses.

Discussion

In this paper, we show that treatment of human U20S
cells with inhibitors of DNA replication induced the fir-
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ing of additional “dormant” replication origins within
origin clusters. During a normal S phase, firing of these
dormant origins was suppressed by low levels of endog-
enous S-phase checkpoint kinases, but in response to
replication inhibition dormant origins were activated to
maintain DNA replication rates despite the increased
checkpoint activity. The initiation of these dormant ori-
gins was also sensitive to the partial reduction of chro-
matin-bound Mcm2-7 complex by Mcm5 RNA interfer-
ence (RNAI), suggesting that they are licensed by the
excess Mcm2-7 loaded onto chromatin in G1. Although
cells with a reduced chromatin level of Mcm2-7 showed
normal rates of progression through S phase, DNA syn-
thesis, proliferation, and cell survival were all highly
sensitive to replication inhibitors. These experiments
suggest that the usage of dormant origins licensed by
Mcm?2-7 represents an important new pathway employed
by mammalian cells to maintain genetic stability.

This work is consistent with considerable prior litera-
ture suggesting that replication origin spacing can be re-
duced by replication inhibitors (Ockey and Saffhill 1976;
Taylor 1977; Francis et al. 1985; Painter 1985; Griffiths
and Ling 1987; Anglana et al. 2003; Gilbert 2007) or by
checkpoint inhibition (Lehmann 1972; Syljuasen et al.
2005; Woodward et al. 2006; Maya-Mendoza et al. 2007).
In particular, our work extends the results of Woodward
et al. (2006), who used caffeine-induced inhibition of
checkpoint kinases in Xenopus egg extract to show that
most of the Mem2-7 loaded onto chromatin prior to S
phase could be used as replication origins. Woodward et
al. (2006) also showed that when checkpoint responses
were abolished, the use of these dormant origins could
help maintain high rates of DNA synthesis in the pres-
ence of replicative stress. However, the need to abolish
checkpoint activity to observe activation of dormant ori-
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gins in these experiments meant that their relevance to
replication inhibition in normal cells was unclear. The
work described here in human cells shows that replica-
tion can initiate at dormant origins in response to repli-
cation stress even in the presence of checkpoint pathway
activation. This strongly suggests that dormant origin
usage is a physiologically important response of cells to
replication inhibition.

Dormant origins depend on the full complement
of Mcm2-7

Mcm2-7 are loaded onto chromatin to license origins of
replication in late mitosis and GI. It is important that
origin licensing is restricted to this cell cycle period, as
the presence of Mcm2-7 is used to mark DNA that has
not been replicated in the current cell cycle (Blow and
Dutta 2005). Therefore, cells cannot license new origins
during S phase in response to replication problems, as
the newly licensed origins would be created on both rep-
licated DNA and unreplicated DNA, leading to rerepli-
cation of DNA. It therefore seems sensible for cells to
license more origins in G1 than would normally be
needed as a precautionary measure should problems
arise during the subsequent S phase.

In animal cells, many replication origins (probably the
majority) (Mesner et al. 2006) take the form of broad
initiation zones, each representing an array of different
sites where replication can initiate (DePamphilis 1999;
Gilbert 2001; Machida et al. 2005). In any given S phase,
a cell will usually use only one or two of these sites
(Dijkwel et al. 2002), which is sometimes referred to as
the “Jesuit model” of replication origins (DePamphilis
1999). Mcm2-7 are likely to define the sites where rep-
lication can initiate and are distributed at different sites

camptothecin (nM)

thecin (D).

throughout initiation zones (Alexandrow et al. 2002).
Consistent with this idea, we show that a fourfold
knockdown of Mcmb5 significantly reduced the activa-
tion of dormant origins within origin clusters in re-
sponse to replication inhibition or checkpoint inhibi-
tion. Because dormant origins will be more effective the
more widely distributed they are, our hypothesis that
additional (dormant) origins are used when replication is
inhibited provides an explanation of why metazoan rep-
lication origins are distributed in initiation zones.

Although strongly supporting a role for Mcm2-7 in
licensing dormant origins of replication, our results do
not rule out additional roles for Mecm2-7 in other pro-
cesses such as checkpoint activation (Cortez et al. 2004,
Tsao et al. 2004) or transcriptional activation (Yankulov
et al. 1999; DaFonseca et al. 2001; Fitch et al. 2003).
However, we saw no evidence for a defect in checkpoint
signaling in Mcm5 knockdown cells. Importantly, if
Chk1 activation were significantly compromised in the
Mcmb5 knockdown cells, we would have seen an increase
in dormant origin firing rather than the decrease that
was actually observed.

Regulation of dormant origin usage

The activation of dormant origins by replicative stress
does not require a special mechanism, so long as origin
firing is stochastic. Once an origin cluster becomes ac-
tivated, dormant origins within that cluster normally
have only a brief time to fire before they are passively
replicated (and hence inactivated) by a fork from a neigh-
boring origin. When fork progression is slowed by an
inhibitor or DNA damage, dormant origins are more
likely to fire because there is an increased period of time
before they are passively replicated (Fig. 7). Consistent
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with this “passive” mechanism, we show that dormant
origin firing does not depend on checkpoints, since HU
still induced the firing of additional dormant origins in
the absence of checkpoint kinase activity. Support for a
passive mechanism also comes from the similarity in
fork slowing (two- to threefold) and the increased origin
density (approximately twofold) induced by 200 uM HU.
Furthermore, the synchrony of origin firing within clus-
ters (as inferred from track length) was reduced in cells
treated with HU (as expected if dormant origins were
induced to fire only after forks from the primary origins
had been slowed), and this fall was less pronounced in
Mcm5 knockdown cells.

Despite increasing the density of replication forks
within active origin clusters, HU reduced the total rate
of cellular DNA synthesis. Since the average replicon in
a cluster would be fully replicated in only 15-40 min and
we examined replication kinetics 4 h after HU addition,
this implies that the total number of actively initiating
clusters was reduced. This is expected if checkpoint ki-
nases activated by replicative stress inhibit the initiation
of later-firing replication origins (Santocanale and Diff-
ley 1998; Shirahige et al. 1998; Feijoo et al. 2001; Luciani
et al. 2004; Merrick et al. 2004; Syljuasen et al. 2005).
Consistent with other reports (Woodward et al. 2006;
Maya-Mendoza et al. 2007), we show that inhibition of

replicon cluster

+HU \
—Q-o—o0—o0—Q—o—

® |

g A A

rapid passive replication slow passive replication
plus weak checkpoint inhibition gives longer to initiate despite
checkpoint inhibition

‘ later firing origins in inactive clusters |

—QO— Unfired, licensed origin
—@— Fired origin
—QO=— Passively replicated origin

Figure 7. Models of how replicative stress could activate dor-
mant origins. Unfired replication origins licensed by Mcm2-7
(green circles) are shown distributed on DNA (black line) within
a replicon cluster. Origins can become inactivated (unlicensed)
as a consequence either of initiating (red circles) or of being
passively replicated (gray circles). (A) A cluster before it has
become activated for initiation. (B) The cluster soon after acti-
vation in the absence (left) or presence (right) of HU. (C) By
slowing down fork progression, HU (or another replication in-
hibitor) gives dormant origins more time to fire, despite the
increased repression of initiation by checkpoint kinases such as
Chkl. However, Chkl represses initiation more strongly in
later-firing (inactive) clusters than in clusters that are already
active.
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checkpoint kinases also increases the initiation of dor-
mant origins. Taken together, these results suggest that
although checkpoint kinases suppress initiation in both
inactive, later-firing clusters and in active clusters, the
inactive clusters are more strongly repressed (Fig. 7C).
The trade-off between passive activation and checkpoint
suppression makes dormant origins in active clusters fire
preferentially, as demonstrated by the observation that
dormant origin firing was maximal when replication
rates were slowed less than threefold and Chk1 was only
slightly activated. This suggests that at low levels of rep-
licative stress, the intra-S-phase checkpoint does not
simply suppress all new initiation, but instead diverts
new initiation events away from replicon clusters that
have not yet fired and stimulates initiation within cur-
rently active clusters.

Although the activation of dormant origins can be ex-
plained by this passive process, we cannot rule out the
possibility of there being an active process that links
replicative stress or fork stalling to the activation of dor-
mant origins. All the forks associated with a replicon
cluster are thought to colocalize in a single replication
factory, and this might provide a physical structure that
could promote initiation at nearby dormant origins if
other forks in the factory stalled.

Dormant origins are needed for cells
to survive replicative stress

Although they supported normal replication rates in the
absence of exogenous replication inhibitors, cells with a
partial knockdown of Mcm5 were unable to maintain
high rates of DNA synthesis in the presence of DNA
synthesis inhibitors. Mcm5 knockdown cells also
showed an enhanced activation of a range of DNA dam-
age and checkpoint markers. This suggests that cells are
dependent on dormant origins to efficiently replicate
DNA when forks are slowed or stalled.

When Mcmb5 knockdown cells were transiently ex-
posed to HU, their long-term survival was significantly
compromised, suggesting that dormant origins are re-
quired to prevent the build-up of lethal genetic defects.
Consistent with this, a recent report has shown that a
destabilizing mutation of MCM4 makes mice highly
susceptible to chromosome breaks induced by aphidico-
lin and prone to mammary adenocarcinomas (Shima et
al. 2007). Interestingly, although their short-term prolif-
eration was normal, our partial Mcm5 knockdown cells
showed a reduced long-term viability even in the ab-
sence of exogenous replication inhibitors. This suggests
that cells might also need dormant origins to deal with
replication problems that occur during normal cell
cycles.

Cells have evolved a complex series of mechanisms to
maintain their genetic integrity during progression
through the cell cycle. These include fidelity mecha-
nisms acting at the replication fork, DNA repair path-
ways, and checkpoint systems that deal with DNA dam-
age or replication fork stalling. We can now add dormant
replication origins to this list as another important
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mechanism by which cells deal with replicative stress. It
is tempting to speculate that the differing abilities of
cells to deal with replicative stress (such as differences
between normal and cancer cells) might be due to differ-
ences in the number of dormant origins that they can
use.

Materials and methods

Cells lines and siRNA

U20S cells were grown in DMEM medium containing 10%
fetal bovine serum, penicillin, and streptomycin. siRNA oligo-
nucleotides (Ambion) were made to the following sequences
(sense-strand): Mcmb5-1i, 5-GGAGGUAGCUGAUGAGGUG
TT-3'; Mcmb-2i, 5-GGAUCUGGCCAGCUUUGAUTT-3';
Chk1, 5-AAGCAGUCGCAGUGAAGAUUG-3' (Rocha et al.
2005).

Control-unrelated oligo was purchased from Dharmacon.
Transfections were performed using Oligofectamine (Invitro-
gen), according to the manufacture’s protocol. For Chk1 knock-
down, U20S were transfected with 40 nM siRNA twice within
72 h. siRNA transfection efficiency was ~85%.

Antibodies and reagents

Antibodies used in this report were anti-Chk1 (sc-8408, Santa
Cruz Biotechnoloty), phospho-Chk1 Ser345 (2341, Cell Signal-
ing), phospho-Chk2 Thr68 (2661, Cell Signaling), phospho-
Radl7 Ser645 (BL236, Bethyl), phospho-y-H2AX Ser139
(JBW301, Upstate Biotechnology), phospho-p53 Serl5 (9284,
Cell Signaling), p53 (DO-1, Santa Cruz Biotechnology), actin
(ACTNO5, Labvision), RPA70 (BL915, Bethyl), PCNA (PCI0,
Cell Signaling), Mcm2 (BM28, BD Biosciences), and Mcmb5
(CRCT5.1, Labvision). The DNA polymerase 8 polyclonal anti-
body was raised against a fragment of the Xenopus protein and
cross-reacted with a human protein of the anticipated size (G.
Stewart and J.J. Blow, in prep.). Aphidicolin (Sigma), camptothe-
cin (Sigma), and nocodazole (Sigma) were prepared as stock in
DMSO, while caffeine and HU (Sigma) were made freshly in
H,O before use. Caffeine was used at 5 mM to inhibit check-
point signaling.

Immunoblotting

To prepare chromatin samples, 10° cells washed with PBS were
suspended in 2 mL of cytoskeleton (CSK) buffer (Dimitrova et
al. 1999) and incubated on ice for 10 min. After centrifugation at
5000g for 5 min, the pellet was collected, resuspended in CSK
buffer, and incubated for 10 min on ice. After a second 5-min
spin at 5000g, the resultant pellet containing chromatin-bound
sample was washed with CSK buffer three times and suspended
in 100 pL of Nupage LDS sample buffer (Invitrogen, supple-
mented with 5% 2-mercaptoethanol). To analyze total cellular
proteins, 10° cells were washed with PBS and suspended in 100
L of LDS sample buffer. SDS gel electrophoresis and Western
blotting were performed according to standard procedures.

Immunofluorescence

Immunostaining for total Mcmb5 protein was as described (Tsao
et al. 2004), except fixation was performed with 2% paraform-
aldehyde for 10 min and blocking was with PBS containing 5%
BSA and 0.5% Triton X-100. Mcm5 was detected with mAb (2
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ug/mL) followed by Alexa 555-conjugated anti-mouse IgG (Mo-
lecular Probes).

FACS

BrdU-7AAD double-labeling was performed as described (Ek-
holm-Reed et al. 2004). Briefly, asynchronous cells were pulsed
with 10 uM BrdU (Sigma) for 30 min, acid-treated, and detected
using FITC-conjugated anti-BrdU antibody (556028, BD Biosci-
ences). DNA was stained with 20 ng/mL 7AAD. For phospho-
H3 detection, cells were fixed in 1% paraformaldehyde for 20
min at 37°C followed by 70% ice-cold ethanol. Phospho-H3 was
detected with FITC-conjugated antibody (3H10, Upstate Bio-
technology) and DNA was stained with 20 ng/mL 7AAD. For
DNA content analysis, cells were fixed in 70% ethanol and
stained with 50 pg/mL propidium iodide as described (Tsao et
al. 2004). All samples were analyzed using a FACSCalibur flow
cytometer (BD Biosciences) and CellQuest software. To quan-
tify BrdU incorporation, the geographical mean of incorporated
BrdU was then calculated (since the data are collected on a
logarithmic scale), from which the overall rate of DNA synthe-
sis was derived.

Cell proliferation and clonogenic assays

Forty-eight hours after siRNA transfection, cells were reseeded
in a 96-well plate and their proliferation was assessed afterward
every 24 h for 4 d with the 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide-like colorimetric alamarBlue assay,
which is based on the detection of metabolic activity (Biosource
International). Absorbance was measured at 570 and 595 nm.
For clonogenic assay, cells were plated 48 h post-siRNA trans-
fection on six-well plate in triplicate with 500 cells per well and
incubated for 2 wk to allow colonies to form. Colonies were
detected by crystal violet staining.

DNA fiber spreads and analysis

For single-label fork density measurements, cells were pulsed
with 40 uM BrdU for different times depending on the concen-
tration of inhibitor used so that labeled track lengths were more
homogenous in size than would occur if the BrdU pulse length
were kept constant: 10 min for 0-100 uM HU, 20 min for 200
1M HU, 30 min for 400-500 uM HU, 20 min for 0.1-0.2 pg/mL
aphidicolin, and 30 min for 0.4 pug/mL aphidicolin. For dual-
labeling origin spacing measurements, cells were pulse-labeled
with 10 pM BrdU, washed, and then transfected with 33 uM
biotin-11-dUTP. Cells were then harvested and DNA fiber
spreads were prepared as described (Jackson and Pombo 1998).
BrdU-labeled tracks were detected with BrdU anti-sheep anti-
body (1:1000; M20105S, Biodesign) using either Cy3-conjugated
or AlexaFluor-488-conjugated donkey anti-sheep secondary an-
tibody. Biotin-11-dUTP was detected using a mouse mono-
clonal antibody (1:1000 dilution; Clone BN-34, Sigma) and ap-
propriate Cy3-conjugated second antibody. Quality control for
spreading DNA was performed using YOYO (0.1 pM; Molecular
Probes) labeling. Fibers were examined using a Leica microscope
(65x lens) and Zeiss LSM 510 confocal microscope (100x lens).

The mean and standard deviation of track lengths were first
determined by measuring the length of labeled tracks that were
well separated from other tracks (thereby minimizing the risk
that they represented fusions between adjacent replicons).
Track clusters were then selected for the determination of in-
tracluster fork density and origin spacing by the following cri-
teria: (1) Clusters consisted of single DNA fibers and not fiber
bundles based on YOYO staining; (2) clusters were located in a
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relatively isolated area; (3) clusters contained at least four con-
secutive tracks; (4) each track in the cluster was no longer than
the mean track length + 1 standard deviation, to minimize the
risk of including clusters where termination and fusion of
neighboring replicons had occurred. For each sample, at least
100 measurements were performed. The correlation ratio (n) for
intracluster track length was also calculated as the variance of
the mean track lengths for individual clusters divided by the
variance of the entire population of track lengths.
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