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modulates the cellular response to DNA double strand breaks
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ABSTRACT
DNA replication during S phase involves thousands of replication forks that must be coordi-
nated to ensure that every DNA section is replicated only once. The minichromosome main-
tenance proteins, MCM2 to MCM7, form a heteromeric DNA helicase required for both the
initiation and elongation of DNA replication. Although only two DNA helicase activities are
necessary to establish a bidirectional replication fork from each replication origin, a large
excess of MCM complexes is amassed and distributed along the chromatin. The function of
the additional MCM complexes is not well understood, as most are displaced from the DNA
during the S-phase, apparently without playing an active role in DNA replication. DNA damage
response (DDR) kinases activated by stalled forks prevent the replication machinery from
being activated, indicating a tight relationship between DDR and DNA replication. To inves-
tigate the role of MCM proteins in the cellular response to DNA damage, we used shRNA
targeting MCM2 or MCM3 to determine the impact of a reduction in MCM complex. The
alteration of MCM proteins induced a change in the activation of key factors of the DDR in
response to Etoposide treatment. Etoposide-induced DNA damage affected the phosphoryla-
tion of γ-H2AX, CHK1 and CHK2 without affecting cell viability. Using assays measuring
homologous recombination (HR) and non-homologous end-joining (NHEJ), we identified
a decrease in both HR and NHEJ associated with a decrease in MCM complex.
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Introduction

DNA replication during S phase involves thousands
of replication forks that must be coordinated to
ensure that every DNA section is replicated only
once [1]. Cells prevent duplicate DNA replication
through a distinct stage that occurs during the G1-
phase, when replication origins are “licensed”, by the
pre-loading of several proteins involved inDNA repli-
cation [2]. The first step of this replication licensing is
the loading of MCM (mini-chromosome mainte-
nance) proteins onto DNA, by the origin recognition
complex protein (ORC), cell division cycle 6 (CDC6)
and Cdc10 dependent transcript 1 (CDT1) proteins
[3]. All eukaryotic organisms possess six homologous
proteins,MCM2 toMCM7, which belong to the AAA
+ family (ATPase associated with various cellular
activities) of proteins and share similarities with
other helicases [4]. MCM2-7, which forms
a heterohexameric ring, is required for both the

initiation and elongation of DNA replication [5]. As
a critical mechanism aimed at ensuring only a single
round of DNA replication, the loading of additional
MCM complexes onto replication origins is inhibited
by redundant mechanisms after passage into the
S-phase [6]. Defects in the regulation of DNA replica-
tion result in replicative stress, which can subse-
quently cause DNA damage. DNA damage response
(DDR) kinases activated by stalled forks prevent the
replication machinery from being activated, indicat-
ing a tight relationship between DDR and DNA repli-
cation [7,8].

The MCM complex plays a crucial role in deter-
mining cellular replication potential, but also in
the cellular response to DNA damage. Indeed,
MCM proteins not only interact with S-phase
checkpoint regulators, but also with components
of DNA repair pathways [9,10]. In yeast, tempera-
ture-sensitive MCM mutated cells at restrictive
temperature display numerous foci recognized by
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phosphorylated histone H2AX antibodies [9], sug-
gesting a role in the repair of DNA double-strand
breaks. Although only two DNA helicase activities
are required to establish a bidirectional replication
fork from each origin, a large excess of MCM
complexes is loaded at replication origins and is
distributed along the chromatin. The function of
the additional MCM complexes is not well under-
stood, as most are displaced from the DNA during
the S-phase, apparently without playing an active
role in DNA replication. This “MCM paradox”
was suggested following the observation that in
yeast, Xenopus, Drosophila and human cells,
a greater than 90% reduction in MCM protein
concentrations does not impair DNA replication
[11–15], suggesting a role for MCM proteins
beyond DNA replication. It has been suggested
that excess MCM proteins may provide “dormant”
origins that can be activated in response to repli-
cative stress [16].

In response to DNA damage during S phase, cells
rapidly block replication initiation in addition to the
slowing of the progressing replication forks [17,18].
This checkpoint control is critical to avoid genomic
instability, and mutations in checkpoint genes are
often associated with cancer [19,20]. The Chk1 kinase
and its main upstream activator kinase, ATR, are
essential checkpoint effectors in response to a wide
variety of genotoxic stresses, and inhibit origin firing
by targeting the replication kinases, cyclin-dependent
kinase (CDK) and Dbf4-dependent kinase (DDK)
[21], while Chk2 and its main upstream activator
ATM are primarily associated with the cellular
response to double-strand DNA breaks [22].
Whereas Chk1 and Chk2 have initially been reported
to be involved in distinct signaling pathways, there is
mounting evidence for an extensive crosstalk between
ATM-Chk2 and ATR-Chk1 controlled checkpoint
responses [23]. Cell-cycle kinases DDK and CDK are
required upstream for the activation of the MCM
complex and several studies have described the check-
point-dependent phosphorylation of MCM proteins
[24–27], although the effects or requirements for these
modifications for activity or stability of the helicase
still remain unclear. More importantly, the role and
the importance of the MCM complex in different
DNA repair pathways have yet to be established.

In order to investigate the role of MCM pro-
teins in the cellular response to DNA damage,

we used shRNA targeting MCM2 or MCM3 to
determine the impact of the reduction in MCM
complex on the DDR. The alteration of MCM
proteins induced a change in the activation of
important factors of the DDR in response to
Etoposide treatment, including affecting the
phosphorylation of γ-H2AX, CHK1 and CHK2
following Etoposide-induced DNA damage with-
out inducing changes in cell viability, but result-
ing in a small decrease in DNA replication.
Using assays measuring homologous recombina-
tion (HR) and non-homologous end-joining
(NHEJ), we identified a decrease in HR and
NHEJ associated with a decrease in MCM
complex.

Results

Decreasing MCM2 or MCM3 proteins does not
affect cell growth

Our previous results showed an involvement of
MCM proteins in the DNA damage response
through its co-localization with γ-H2AX foci,
and through interaction with chromatin remo-
deling proteins in response to DNA damage
induced by the topoisomerase II inhibitor
Etoposide [28]. To investigate the role of the
MCM proteins in regulating cell growth as well
as investigate the signaling of DNA damage, we
used shRNAs delivered through lentiviruses tar-
geting MCM2 (shMCM2) or MCM3 (shMCM3)
in the U2OS cell line, as well as a non-silencing
control (shControl). U2OS cells were infected
with the corresponding virus, and cells stably
expressing the shRNA were then selected using
puromycin. Western blots confirmed that
MCM2 and MCM3 were downregulated when
expressing the shRNA targeting each protein
specifically (Figure 1(a,b)). Growth tests were
performed on U2OS expressing shControl,
shMCM2 or shMCM3 over 72 hours. No signif-
icant differences were observed in cell growth in
cells downregulated for MCM2 or MCM3 com-
pared to the control (Figure 1(c)). Moreover,
downregulation of MCM2 or MCM3 did not
affect the distribution of cells within the cell
cycle as observed by measuring DNA content
with propidium iodine staining followed by
FACS analysis (Figure 1(d)).
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shRNAs targeting MCM2 or MCM3 destabilize the
MCM complex

In 2008, Ibarra et al. showed a decrease of all
MCM protein expression levels after knockdowns
of MCM proteins using siRNA [15]. Herein, the
effect of shMCM2 or shMCM3 on the expression
of other MCM proteins was verified. The knock-
down of MCM2 or MCM3 proteins in U2OS cell
lines reduced not only the protein directly targeted
by the shRNA, but also MCM3 (or MCM2),
MCM5 and MCM7 (Figure 1(e)). This result sug-
gests that reducing one of the MCM proteins
destabilizes the MCM complex, resulting in other
proteins from the MCM complex to be degraded.

One of the initial responses following a DNA
double-strand break is the phosphorylation of
H2AX on serine 139. Phosphorylation of H2AX
results in the activation of HR and NHEJ signaling
pathways and the recruitment of their respective
DNA repair proteins. In this context, we examined

the effects of the MCM complex destabilization on
H2AX phosphorylation in response to DNA
damage induced by Etoposide. U2OS shControl,
shMCM2 and shMCM3 cell lines were treated for
1 hour with 1 or 10 μM Etoposide. A strong
increase in H2AX phosphorylation was observed
with 10 μM Etoposide in U2OS shControl cells,
while a weaker induction of H2AX phosphoryla-
tion was observed in cells expressing MCM2 or
MCM3 shRNAs (Figure 2). Thus, the knock-down
of the MCM complex results in a reduction in the
phosphorylation of H2AX following Etoposide-
induced DNA damage.

Knock-down of MCM complex alters the DNA
damage response

Downstream signaling events in response to DNA
double-stranded breaks includes phosphorylation
of CHK2 on Thr68 by ATM [29], and phosphor-
ylation of CHK1 on serine 345 by ATR [30]. We
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Figure 1. Lentivirus-infected cell lines expressing control, MCM2 or MCM3 shRNA. U2OS cells were infected with either a control
shRNA, or shRNAs targeting and decreasing MCM2 (a) or MCM3 (b) expression. Cell extracts were resolved by SDS-PAGE and proteins
revealed by immunoblotting using MCM2, MCM3 or GAPDH antibodies. The fold reduction compared to the control and normalized
with GAPDH is shown on the right. (c) Growth curves of U2OS shControl, shMCM2 and shMCM3 cell lines over 72 h. A total of
100,000 cells were seeded at time 0, and counted every 24 hours (n = 3). (d) FACS analysis of cells expressing shControl, shMCM2 or
shMCM3 using propidium iodine staining. (e) Cell extracts from U2OS cells expressing either a control shRNA, or shRNAs targeting
MCM2 or MCM3 were resolved by SDS-PAGE and proteins revealed by immunoblotting using MCM2, MCM3, MCM5, MCM7 or GAPDH
antibodies. The ratio compared to the control and normalized with GAPDH is shown on the right.
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analyzed the activation of these pathways by mea-
suring the levels of phosphorylation using CHK1
and CHK2 phospho-specific antibodies in U2OS
shRNA treated or not with 1 or 10 μM Etoposide.
In U2OS shControl, CHK2 was strongly phos-
phorylated on Thr68 following treatment with

10 μM Etoposide for 1 hour (Figure 3(a), lanes
1–3). Phosphorylation of CHK2 was conversely
decreased in cells expressing shMCM2 or MCM3
(Figure 3(a), lanes 4–9), consistent with a reduced
phosphorylation of H2AX (Figure 3(b)). However,
after longer treatments with Etoposide, the phos-
phorylation on Thr68 of CHK2 was not affected by
the reduced MCM complex (Figure 3(b)), whereas
H2AX remained less phosphorylated in U2OS
shMCM2 and U2OS shMCM3 cells (Figure 3(b)),
as well as in HCT116 cells (Supplementary Figure
1). This reduction was also observed by immuno-
fluorescence microscopy in both the number of γ-
H2AX foci, as well as the intensities
(Supplementary Figure 3). In addition, 1 μM
Etoposide treatment for 19 hours strongly
increased Thr68-CHK2 phosphorylation to a level
close to that with 10μM treatment (Figure 3(b) and
Supplementary Figure 1(b)) which was not
observed for γ-H2AX.

CHK1 is also involved in cellular DNA damage
response, mainly induced by genotoxic stress and
single-strand break, although CHK1 can also be
phosphorylated later during the double-strand
break repair mechanism. The presence of DNA
single-strand during this mechanism promotes
CHK1 phosphorylation on its Serine 345. As in

Figure 2. Phosphorylation of H2AX on serine 139 following
Etoposide-induced DNA damage in U2OS cell lines knocked-
down for MCM2 or MCM3. U2OS cell lines expressing either
a control shRNA, or shRNAs targeting MCM2 or MCM3 were
treated or not for 1 hour with 1 or 10 µM Etoposide. Cell
extracts were resolved by SDS-PAGE and proteins were revealed
by immunoblotting using MCM2, MCM3, γ-H2AX and GAPDH
antibodies. The ratio compared to the control and normalized
with GAPDH is shown under each band, where applicable.

a b

Figure 3. Phosphorylation of H2AX on serine 139 following Etoposide-induced DNA damage in U2OS cell lines knocked-down for
MCM2 or MCM3. U2OS cells knocked-down with either a control shRNA, or shRNAs targeting MCM2 or MCM3 were treated or not for
1 hour (a) or 19 hours (b) with 1 or 10 µM Etoposide. Equal amounts of total cell lysates were separated by SDS-PAGE, and the
proteins revealed by immunoblotting using the indicated antibodies. The ratio compared to the control and normalized with GAPDH
is shown under each band, where applicable.
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the case of CHK2, phosphorylation of CHK1 in
U2OS shRNA cell lines was observed after treat-
ment with 1 µM or 10 µM Etoposide for 1 h or
19 h. CHK1 was phosphorylated following treat-
ment with 10 μM Etoposide for 1 hour in U2OS
shMCM2 or shMCM3 cells compared to U2OS
shControl (Figure 3(a)), although to a lesser
extent. An increase in S345-phosphorylation was
observed by increasing the duration of 1 µM
Etoposide treatment to a level close to that of
10 μM Etoposide treatment in the three cell lines
while also decreasing with shMCM2 or shMCM3
compared to shControl.

Knock-down of MCM proteins does not affect cell
sensitivity to Etoposide

Since U2OS shMCM2 and shMCM3 cells did
not show alteration of their cell cycle compared
to control cells (Figure 1(d)), we investigated
whether knock-down of MCM proteins could
result in increased sensitivity to Etoposide.
Control cells or cells expressing shRNA for
MCM2 and MCM3 were treated with increasing
concentrations of Etoposide and cell viability
was assessed using MTT assays (Figure 4(a,b))
while distribution within the cell cycle was ana-
lyzed by FACS analysis (Figure 4(c–f)).
Treatment with Etoposide resulted in
a decrease in cell viability as determined by
MTT assays, whereas no significant differences
were observed between cells expressing shMCM2
or shMCM3 when compared to the cells expres-
sing the shControl at 48 h in U2OS cells (Figure
4(a)) and 72 h (Figure 4(b)), as well as HCT116
cells (Supplementary Figure 2). Treatment with
10 μM Etoposide for 1 hour, followed by a 19-
hour recovery period (Figure 4(c,e)), as well as
treatment for 19 hours (Figure 4(d,f)) resulted in
accumulation of cells in G2, with no significant
differences between the cells expressing the
shControl when compared with cells knocked-
down for MCM2 or MCM3.

Knock-down of MCM proteins results in
a reduction in S-phase entry

To further determine whether knockdown of
MCM proteins affect replication timing and

progression through S-phase, we used EdU pulse-
labeling to quantify the cells going through
S-phase. U2OS or 293 control cells or cells expres-
sing shRNA for MCM2 and MCM3 were pulse-
labeled with 10 μM EdU for two hours prior to
fixation and FACS analysis (Figure 5). EdU-
positive cells represents cells that are in S-phase
or entering S-phase during the incubation with
EdU. Quantification of three repeats shows
a small but significant reduction in the number
of EdU-positive cells when MCM2 or MCM3 are
knocked-down (n = 3).

Destabilization of the MCM complex leads to an
alteration in Homologous Recombination and
Non-Homologous End Joining

Cells were transfected with pHR-GFP and pNHEJ-
GFP plasmids to generate stable cell lines, followed
by clonal selection. The clones were selected based
on the increase in GFP-positive cells of at least
5-fold as determined by FACS analysis compared
to the basal level of GFP-positive cells. Selected
clones were then infected with shControl,
shMCM2 or shMCM3 lentiviruses, and cells stably
expressing shRNAs were selected using puromy-
cin. As in the U2OS cell lines, shRNA targeting
MCM2 or MCM3 destabilized the MCM complex
in the HEK-293 cells (Figure 6(a,b)). The ISce1
plasmid was then transfected for 96 hours to
induce specific DSB in the HEK-293 stable cell
lines. Expression of ISce1 increased the number
of cells expressing GFP in shControl 293-C1 cells
(0.026% to 1.74%) (Figure 6(c)) after ISce1 trans-
fection (Figure 6(e)). The number of GFP-
expressing cells increased to only 1.150% or to
0.971% with shMCM2 or shMCM3 respectively
(Figure 6(c)). Expression of ISce1 increased GFP-
expressing cells in shRNA-infected 293-NHEJ cells
from 0.052% to 2.235%, 0.058% to 1.501% and
0.060% to 1.623% of total cells with shControl,
shMCM2 and shMCM3, respectively (Figure 6
(d)). Six replicates of each experiment were per-
formed, and significant differences were observed
on homologous recombination and non-
homologous end joining following a reduction in
MCM2 or MCM3 (Figure 6(e,f)). These results
suggest an involvement of the MCM complex in
DNA double-strand breaks repair.
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Figure 4. Knock-down of MCM proteins does not affect cell sensitivity to Etoposide. Control cells or cells expressing shRNA for MCM2
and MCM3 were treated with increasing concentrations of Etoposide for 48 hours (a) or 72 hours (b), and cell viability was assessed
using MTT assays to determine viability and the distribution within the cell cycle was analyzed by FACS analysis (c,d). The cell cycle
distribution of three independent FACS analyses showed no significant differences between the cells expressing the shControl when
compared with cells knocked-down for MCM2 or MCM3. (e,f) The cell cycle distributions from the three independent FACS analysis
were averaged and are displayed as histograms with the percentage of cells in each phases of the cell cycle displayed.
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Phosphoproteome analysis of cells
knocked-down for the MCM complex in response
to DNA damage

Our previous results showed that a decrease in the
MCM complex appeared to result in a decrease in
the level of phosphorylation of several proteins
involved in the cellular response to DNA damage.
We next sought to determine if this decrease could
have an impact on the level of phosphorylation of
other cellular proteins. A triple SILAC approach of
quantitativemass spectrometry was therefore used to
identify and quantify the phosphorylated proteins in
response to Etoposide following a decrease in the
MCM complex. The U2OS shControl cell line was
cultured in light (L) SILAC medium (R0K0) or in
medium (M) SILACmedium (R6K4) and treated for
1 hour with 10 μM Etoposide. This M/L ratio allows
quantifying the phosphorylation changes in response
to Etoposide. In the heavy (H) SILAC medium
(R10K8), U2OS cells infected with shRNA against
MCM2 orMCM3 were cultured and then treated for
1 hour with 10 μM Etoposide. The H/M ratio thus
allows quantifying differences in phosphorylation
resulting from the decrease in MCM proteins in
response to Etoposide (Figure 7(a) and
Supplementary Table 1). Subsequently, fractionation
was performed to enrich the nuclear proteins (Figure
7(b)). Nuclear proteins from each condition were
mixed, digested with trypsin and the phosphopep-
tides enriched using titanium oxide (TiO2) beads
and analyzed by mass spectrometry (Figure 7(b)).

Of the 14,233 phosphorylated peptides identified,
486 peptides showed a two-fold or greater decrease
in the U2OS shMCM2 or shMCM3 lines in response
to Etoposide (Supplementary Table 1). In contrast,
367 peptides showed a two-fold or greater increase in
phosphorylation. Among the proteins with
decreased phosphorylation, gene ontology annota-
tion identified eight enriched signaling pathways
including DNA replication, chromatin remodeling
or DNA repair (p-values < 0. 01) (Figure 7(c)).
Amongst the proteins with decreased phosphoryla-
tion, a decrease in MCM2 and MCM3 proteins was
documented as expected considering that they are
direct targets of the shRNAs, but also proteins
known to be involved in the remodeling of chroma-
tin. Interestingly, this approach allowed identifying
a decrease in phosphorylation of proteins involved in
DNA repair mechanisms, in particular those
involved in HR, namely ATM, BRCA1 and 53BP1
proteins (Figure 7(e)). For proteins with increased
phosphorylation, eleven signaling pathways were
enriched (p-values < 0.01), again including proteins
involved in chromatin remodeling and DNA repair,
albeit involved in different processes (Figure 7(d)).
In particular, an increase was noted in the phosphor-
ylation of several chromodomain helicases (CHD1,
CHD2 and CHD7 proteins) involved in chromatin
remodeling, or other DNA damage repair proteins
including MUS81, UVRAG or DDB2 (Figure 7(f)).
Thus, it would appear that a decrease in the MCM
complex leads to amodulation in phosphorylation of

Figure 5. Quantification of S-phase by EdU labeling. 293 and U2OS cells expressing shRNA for MCM2 and MCM3 were incubated
with EdU for 2 h, followed by detection of EdU-DNA by Click-iT chemistry (Alex Fluor 488). Fluorescence was measured by FACS
analysis by counting 100,000 cells. The experiment was repeated 3 times (n = 3) for each condition.
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Figure 6. Destabilization of the MCM complex leads to an alteration in Homologous Recombination but not in Non-Homologous End
Joining. HEK-293 cells with stable incorporation of pHR-GFP and pNHEJ-GFP plasmids were infected with shControl, shMCM2 or
shMCM3 lentiviruses, and cells stably expressing shRNAs were selected using puromycin. ShRNA targeting MCM2 or MCM3
destabilized the MCM complex in HEK-293 cells, as demonstrated by immunoblotting of whole cell lysates (a,b). The ratio compared
to the control and normalized with GAPDH is shown under each band. An ISce1-expressing plasmid was transfected and cells were
incubated for 96 hours to induce specific DSB in the HEK-293 stable cell lines. GFP-positive cells were counted using FACS analysis
for homologous recombination (c) or non-homologous end-joining (d). Three replicates of each experiment were performed (e,f).
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Figure 7. Effects of a decrease in the MCM complex on the phosphoproteome in response to double-strand breaks. U2OS cells
infected with shRNAs against MCM2 or MCM3 were cultured in different SILAC media and treated with Etoposide, fractionated
and then digested to purify the phosphopeptides. (a) The U2OS shControl cell line was cultured in light SILAC medium (R0K0)
and untreated, or cultured in SILAC medium (R6K4) and treated for 1 hour with 10 μM Etoposide. U2OS cells infected with
shRNAs against MCM2 or MCM3 were cultured in heavy SILAC medium (R10K8) and subsequently treated for 1 hour with
10 μM Etoposide. (b) The cells were fractionated to isolate the nuclear proteins, after which the proteins were extracted,
digested with trypsin and purified on titanium dioxide beads before identification and quantification by mass spectrometry. (c,
d) Proteins with a >2-fold increase (c) or >2-fold decrease (d) in phosphorylation were analyzed for gene ontology pathway
enrichment using David 2.0. The pathways including at least four proteins and those with a p-value <0.01 for an increase or
decrease in phosphorylation are presented. (e,f). Lists of proteins identified and known to play a role in chromatin remodeling,
DNA repair or DNA replication mechanisms in response to DNA damage.
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proteins involved in chromatin remodeling and
DNA double-strand break repair.

Discussion

In the present study, we observed that a reduction
in one subunit of the MCM complex using
shRNAs results in the destabilization of the entire
complex, as reported using siRNA [15]. This is
consistent with turnover studies demonstrating
that multiprotein complexes are only stable once
assembled, and that free proteins or partially
assembled complexes show a rapid turnover [31].
Thus, a reduction in one of the MCM proteins
results in the destabilization of the whole complex,
with the other subunits being reduced as well. We
furthermore found that reduction of MCM pro-
teins still allowed DNA replication and cell growth
in the absence of any cellular stresses, indicating
that as long as a number of MCM proteins are
available to occupy the replication origins, cell
survival is not affected. This is in agreement with
the conclusion that human cells may exhibit an at-
least 10-fold excess of chromatin-bound MCM
complexes, and proliferate normally as long as
the replication of the normal origins is conserved
[15,32]. In addition, the MCM complex can be
subdivided into two sub-complexes: MCM 2/4/6/
7 and MCM 3/5 complexes [33,34], with only the
MCM2 and MCM3 proteins having an NLS
sequence [35,36], thus allowing translocation of
the two sub-complexes to the nucleus. The absence
of these two proteins could explain the decrease in
the other proteins of the complex following an
improper nuclear import leading to their prema-
ture degradation.

Given that cells were able to proliferate nor-
mally following a reduction in MCM complexes,
the consequence of this reduction following DNA
damage was investigated to assess whether cells
had become increasingly sensitive. We had pre-
viously shown that treatment with Etoposide,
a Topoisomerase II inhibitor, resulted in the
recruitment of MCM complexes to the sites of
DNA damage, as well as interaction with chroma-
tin remodeling complexes [28]. Interestingly,
a reduction in MCM complexes resulted herein
in a decrease in phosphorylation of H2AX on
serine 139, suggesting that signalization of DNA

breaks was impaired. Downstream events such as
phosphorylation of CHK1 and CHK2 were also
found to be affected. The decrease in phosphoryla-
tion of CHK1 was more prominent after longer
treatments with Etoposide, consistent with the
interaction between CHK1 and MCM proteins,
which regulates CHK1 phosphorylation through
recruitment of CHK1 to chromatin [37]. The HR
and NHEJ repair assays allowed controlled, site-
specific cleavage of DNA to assess the effectiveness
of different repair mechanisms in living cells. We
observed that both homologous recombination
and non-homologous end-joining was significantly
affected following knockdown of MCM proteins.
The DNA damage induced by Etoposide did not
change the checkpoint leading to overall cell cycle
arrest as observed by FACS, but we observed
a small, but significant reduction in DNA replica-
tion using an EdU incorporation assay.
Considering that DSBs generated by
Topoisomerase inhibitors are resulting from colli-
sion with the transcription and replication
machinery [38], it is possible that a reduction of
MCM proteins resulted in less DSBs being gener-
ated, which would also result in a reduction in
signaling events leading involved in DNA double-
stranded breaks repair pathways. However, knock-
down of the MCM proteins in the HR and NHEJ
assays are measuring repair mechanisms following
DSBs generated by cleavage of I-Sce1, which do
not involve TopoII inhibition (Figure 6). While the
precise defect has not been identified, these obser-
vations are reminiscent of studies linking the
MCM complex with components of both HR
such as RAD51, RAD52 [39,40] and ATM, as
well as components of NHEJ such as ATR [41],
and thus confirm a role for the above excess in
MCM complexes in these DNA repair pathways.
Interestingly, knockdown of MCM2 or MCM3
resulted in a decrease of HR and NHEJ in these
cells, but did not increase cell sensitivity to
Etoposide following treatments of cells for 1 h
and 19 h. In contrast, the HR and NHEJ assays
are performed 96 hours following expression of
ISce1, suggesting that the amount of DNA damage
may accumulate over several cell cycles. This
became apparent after longer incubations with
etoposide in HCT116 cells (Supplementary
Figure 2).
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Subsequent to the phosphorylation modifica-
tions obtained following a decrease in MCM
proteins in response to Etoposide and the lack
of changes in cell sensitivity, we quantified
changes in the nuclear phosphoproteome by
mass spectrometry. Specific enrichment of pro-
tein functions whose phosphorylation was
observed fell mostly into two categories: proteins
involved in DNA repair and those involved in
chromatin remodeling. The decrease in MCM
proteins appears to cause a decrease in phos-
phorylation of proteins involved in chromatin
remodeling such as the SMARCA5 protein. This
ATPase of the ISWI family, and part of the
SNF2H/SMARCA5 complex, is involved in chro-
matin remodeling and is recruited at the sites of
damage to facilitate DNA repair by HR [42]. We
have also identified a decrease in phosphoryla-
tion of the RSF1 protein, known to be involved
in HR [43] and also interacting with SNF2H [42].
Consistent with our observations herein on the
reduction in phosphorylation of CHK2 and
H2AX, we were able to identify a reduction in
the phosphorylation of ATM, BRCA1 and 53BP1
proteins in response to Etoposide upon down-
regulation of the MCM proteins. Thus, proteins
with decreased phosphorylation are proteins pri-
marily involved in chromatin remodeling and in
the mechanism of HR. In parallel, an increase in
phosphorylation in response to Etoposide was
equally observed on other proteins involved in
chromatin remodeling. In particular, the chro-
modomain proteins, known to be involved in
the repair of DSB by their role in the remodeling
of chromatin, were found to display an increase
in phosphorylation. It has been shown that
CHD2 interacts with PARP1 in favor of NHEJ
[44]. Other proteins also involved in NHEJ
include UVRAG protein [45], TRRAP [46] or
BCLAF1 [47]. Other repair mechanisms are also
represented: CHD1 [48,49] or MUS81 [50]
involved in the HR, DDB2 [51] in NER, or the
CDK1 protein [52] which regulates NHEJ.
Overall, these results show a regulation in the
activation of proteins involved in homologous
recombination, and NHEJ, which could explain
the mechanisms of compensation allowing the
cells to survive treatment with Etoposide follow-
ing knock-down of the MCM complex.

Additional MCM family proteins, MCM8 and
MCM9, have been reported to be involved in
homologous recombination and are recruited to
sites of DNA damage, and cells depleted for
MCM8 or MCM9 are hypersensitive to ICL-
inducing agents [53–56]. These proteins form
a distinct complex from MCM2-7, although have
been shown to be required for fork elongation and
MCM2-7 loading onto origins of replication
[57,58]. Interestingly, MCM2-depleted cells acti-
vate a DNA damage response but can still main-
tain DNA synthesis which is dependant of MCM8
and MCM9 [59]. So even though the MCM2-7 and
MCM8-9 complexes appear to be distinct, there
are some overlapping functions and interactions
that may explain the effect on DNA double-strand
break repair.

In conclusion, reduction of MCM proteins
within cells do not affect cellular growth, as well
as short term viability to treatment with DNA
damaging agents such as Etoposide. However,
knock-down of MCM proteins reduces the poten-
tial of cells for undergoing homologous recombi-
nation and non-homologous end-joining,
suggesting a role for the MCM complex in this
DNA repair process.

Materials and methods

Cell culture, lentiviruses production and
generation of cell lines stably knocked-down for
MCM proteins

U2OS and HEK-293 cells were grown as adherent
cells in Dulbecco’s modified eagle medium
(DMEM) supplemented with 10% fetal bovine
serum, 100 U/ml penicillin/streptomycin and
2 mM GlutaMax. Specific lentiviruses used were
pGipz vectors (Dharmacon) targeting MCM2 or
MCM3. The shRNAs MCM2 (V3LHS_315340)
and MCM3 (V3LHS_409660) were expressed
using the mature antisense sequences
AGTTGTTGTGATAGATGCC and
TTCTTGACCTGCCATGACGT, respectively.
The pGIPZ non-silencing lentiviral shRNA was
used as control vector (RHS4346). The pGIPZ
vectors were modified to replace the GFP by
mCherry using Gibson assembly to avoid interfer-
ence with the GFP-based assays. Viruses were
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produced in HEK293T cells grown in OptiMEM
and transfected with the corresponding pGIPZ
plasmid, along with pLP1, pLP2 and pLP-VSVG
(ViraPower™ Lentiviral Expression Systems (Life
Technologies)) using Lipofectamine 2000 (Life
Technologies). After 3 hours, the culture medium
was changed and cells were incubated for 2 days.
The supernatant was harvested and filtered using
0.45 μm syringe filters. For infection of U2OS and
HEK-293 cells, 4 μg/mL of polybrene were added
to 1.5 mL of virus-containing supernatant and
added to the cell culture medium. At two days
post-infection, the culture medium was changed
and selection was carried out by the addition of
puromycin at a final concentration of 5 µg/ml.

Western blotting and Coomassie staining

Cells were counted using a hemacytometer, and
washed 3 times with PBS, lysed directly in
Laemmli buffer and incubated at 95°C for 5 min.
The same volume of cell lysates was then separated
by one-dimensional SDS-PAGE and transferred
onto a nitrocellulose blotting membrane (GE
Healthcare Life Sciences) which was then incu-
bated with blocking buffer (150mM NaCl, 10mM
Tris pH 7.4, 0.1% Tween-20, 5% milk).
Membranes were washed 3 times with PBS and
incubated with primary antibodies in primary
antibody buffer (1% BSA, 10mM Tris pH 7.4,
150mM NaCl, 0.01% NaN3). Secondary antibodies
were incubated in secondary buffer (2% BSA,
10mM Tris pH 7.4, 150mM NaCl, 1% milk) and
membranes were revealed with Clarity Western
ECL substrate (BioRad, cat#170–5061) in
a Chemidoc MP imaging system (BioRad).
Quantification of immunoblots were performed
using ImageJ. The background was first sub-
stracted from raw values and then normalized to
the GAPDH loading controls. The values displayed
under the immunoblots represent the ratio in
comparison with the respective untreated signal.

Antibodies

The following antibodies were used: anti-
GAPDH (Rabbit polyclonal, Cell Signaling
#D16H11), anti-γH2AX (Rabbit polyclonal,
Santa Cruz #sc-101696, Dallas, TX), anti-MCM

2 (Rabbit polyclonal, Abcam #Ab31159,
Cambridge, MA), anti-MCM3 (Santa Cruz #sc-
365616, Dallas, TX), anti-MCM5 (Rabbit mono-
clonal, Abcam #Ab75975, Cambridge, MA), anti-
MCM7 (Mouse monoclonal, #Ab2360,
Cambridge, MA), anti-CHK2(T68) (Cell
Signaling #C13C1, Danvers, MA), anti-CHK1
(S345) (Cell Signaling #133D3, Danvers, MA)
and anti-P53(S15) (Cell Signaling #16G8,
Danvers, MA). Secondary antibodies consisted
of anti-mouse IgG-HRP (Goat polyclonal, Cell
Signaling #7076S, Danvers, MA) and anti-rabbit
IgG-HRP (Goat polyclonal, Cell Signaling
#7074S, Danvers, MA).

FACS analysis

Cells were washed with PBS, trypsinized and
centrifuged at 1400 rpm for 5 minutes. The cell
pellets were washed once with PBS and resus-
pended in cold 70% ethanol. The cells were
washed again once with PBS and resuspended
in PBS containing 50 μg/mL propidium iodine
and 50 μg/mL RNAse A and incubated for
1 hour. For cells expressing pDRGFP or
pimEJ5, cells were washed with PBS, trypsi-
nized and centrifuged at 1400 rpm for 5 min-
utes. The cell pellets were resuspended in PBS.
FACS analysis was performed on a BD Fortessa
cytometer (Becton Dickinson).

Cell growth and survival assays

Cells were cultured on 60 mm dishes and
counted using a hemacytometer at 24, 48 and
72 hours following the first count to measure
cell growth. For the 3-(4, 5-dimethylthiazolyl-
2)-2, 5-diphenyltetrazolium bromide assays
(MTT assays), the same number of cells were
cultured on glass coverslips in six-well plates.
After 24 hours, cells were treated with
Etoposide or the carrier DMSO as a control at
the indicated concentration for 48 or 72 hours.
MTT assays consisted in the addition of 100 µL
of MTT buffer (10 mg/ml) in each well and
incubation at 37°C for 2 hours. Cells were then
washed with PBS followed by addition of 200 µL
of isopropanol containing 1% HCL. Following up
and down, 100 µL were transferred in a 96-well
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plate for reading at 550nm on a microplate
reader (VERSAmax, Molecular Devices).

Click-iT EdU newly synthesized DNA assay

Click-iT EdU Alexa Fluor 488 Flow Cytometry
Assay Kit (ThermoFisher Scientific) was used to
measure nucleotide incorporation into DNA dur-
ing S-phase. HEK293 and U2OS cells were incu-
bated with 10 μM EdU for 2 hours at 37°C. Cells
are then fixed with 100 µl of Click-iT® fixative
solution and permeabilized with 100 μL of 1X
Click-iT® saponin-based permeabilization and
wash reagent. The click reaction is then carried
out with 500 µl de Click-iT® reaction cocktail
(CuSO4, fluorescent dye azide, reaction buffer
additive, PBS) for 30 minutes at room tempera-
ture, protected from light. Analysis by flow cyto-
metry was performed on a BD FACSDiva (BD
Biosciences) using the 488 nm excitation green
emission filter.

Immunofluorescence microscopy

Cells were cultured in 6-well plates on glass cover-
slips and fixed with 1% paraformaldehyde in PBS
for 10 minutes. The cells were then permeabilized
by incubating in 0.5% Triton X-100 in PBS for
10 minutes and labelled with primary antibodies
diluted in PBS for one hour, and then washed once
in 0.1% Triton X-100 in PBS and twice in PBS.
The primary antibodie anti-γH2AX (Rabbit poly-
clonal, Santa Cruz #sc-101696, Dallas, TX) was
detected with an Alexa 488 conjugated secondary
antibodies (Molecular Probes). DNA was counter-
stained with 4.6-diamidino-2-phenylindole
(DAPI) and the coverslips were mounted on glass
slides on a drop of Shandon Immuno-Mount
(Thermo Scientific) prior to imaging using
a Leica DM 2500 fluorescence microscope.

Repair assays

pHR-GFP and pNHEJ-GFP are GFP-based chro-
mosomal reporter assays to measure homologous
recombination and non-homologous end-joining,
respectively, following induction of DNA breaks
by I-Sce1 cleavage. These plasmids are based on
DR-GFP [60] and EJ5-GFP [61] (Addgene). Due

to incompatible resistance with the antibiotics
used for selection following lentiviral infection,
DR-GFP was modified to replace the puromycin
resistance with the G418 resistance cassette from
pEGFP-C1. The puromycin resistance gene was
removed by digestion with SmaI, and a PCR pro-
duct including the G418 resistance from pEGFP-
C1 was subcloned into the blunt ends left by the
SmaI digestion. This plasmid is named pHR-GFP.
The EJ5SceGFP cassette from EJ5-GFP was trans-
ferred using XhoI and NheI to replace the GFP
into the pEGFP-C1 plasmid in which the kanamy-
cin/neomycin resistance gene was also replaced
with an ampicillin gene pEGFP-C1amp. For sim-
plicity, this EJ5SceGFP – pEGFP-C1(amp) plasmid
was named pNHEJ-GFP. The pCAG-ISce1 plas-
mid expresses the restriction enzyme I-Sce1
(Addgene).

The pHR-GFP and pNHEJ-GFP plasmids were
transfected into HEK-293 cells, and stable incor-
poration was achieved by selecting resistant cells
using G418 at 600 μg/ml. Following selection,
individual clones were obtained by limiting dilu-
tion. After growth, individual clones were tested
by transiently transfecting I-Sce1 followed by
FACS analysis. Stable clonal cell lines for pHR-
GFP or pNHEJ-GFP were considered positive
when the GFP-positive cells increased by at least
5–10 fold following transfection with I-Sce1.

The HR and NHEJ clones were then infected
with lentivirus as described above, targeting
MCM2, MCM3 or the non-silencing controls. At
two days post-infection, the culture medium was
changed and selection was carried by the addition
of puromycin at a final concentration of 5 µg/ml.
The assays for homologous recombination or non-
homologous end-joining were performed by tran-
siently transfecting pCAG-ISce1 in these cell lines.
After 96 hours, cells were harvested and processed
for FACS analysis as described above.

Cell fractionation

Cytoplasmic and nuclear fractions were obtained
from U2OS cells using the cell fractionation kit
(Cell signaling #9038). Briefly, cells were washed
with PBS and trypsinized. Cold medium was
added and cells were centrifuged for 5 minutes at
350xg. Cells were washed with cold PBS,
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resuspended in 500 µL PBS and centrifuged at 4°C
for 5 min at 500xg. The pellets were resuspended
in 300 µL ClB buffer, incubated on ice for 5 min-
utes and centrifuged at 4°C for 5 min at 500 xg.
The supernatant represents the cytoplasmic frac-
tion. Pellets were then resuspended in 300 µL MlB
buffer, incubated 5 minutes on ice and centrifuged
at 4°C for 5 minutes at 8000 xg. The supernatant
represents the membrane and organelle fraction
and was discarded. Pellets were then lysed with
HPK2 buffer (1% NP40, 50mM Tris pH 7.5,
300 mM NaCl, 150 mM KCl, 5 mM EDTA,
1mM DTT, 10 mM PMSF, 10% glycerol) for 30
minutes on ice. Cells were then centrifuged at 4°C
for 20 minutes at 20000xg. The supernatant con-
stitutes the nuclear fraction.

Peptide preparation and phosphopeptide
purification

Thenuclear pellets were resuspended in 300µL 10mM
HEPES pH 8.0, 8M urea and sonicated 12 × 5 seconds
at 25% intensity. Thereafter, 1.5 µg of DTT was added
to 250 µL samples, boiled for 2 minutes at 95°C and
incubated for 30minutes at room temperature (RT)m,
afterwhich 7.5 ug of IAAwere added for 20minutes at
RT in the dark. The urea concentration was decreased
to 2M by adding 50mM sodium bicarbonate solution
(NH4HCO3). One µg/µL of trypsin was added over-
night at 30°C. Samples were acidified to a final con-
centration of 0.1% TriFluoroacetic Acid (TFA).

Peptides were purified with HYPERSEP C18,
100mg/1ml (Thermo Scientific, cat:60108–32) pre-
viously washed with 100% acetonitrile followed by
0.1% TFA. After passage of the peptides into the
column and 3 other washes with 0.1% TFA, pep-
tides were eluted with 50% acetonitrile-2% formic
acid (FA), lyophilized in Speedvac and resus-
pended in 100µL 2% FA for assay. Acetonitrile
and FA were added to a final volume of 500 µL
(80% and 2% respectively).

Phosphorylated peptides were enriched using the
Pierce Magnetic Titanium Dioxide Phosphopeptide
Enrichment Kit. Fifty µL of 20X TiO2 beads (1µL
beads for 10 µg whole proteins) were mixed with
950 µL binding solution. Beads were separated with
a magnetic separator and washed 4 times with bind-
ing buffer and once with washing buffer. Beads were
then incubated with 150 µL elution buffer for

10 min at 1250 rpm. The supernatant containing
phosphopeptides was collected and lyophilized by
Speedvac. Phosphopeptides were resuspended in
25 µL 1% formic acid.

Mass spectrometry and Bioinformatics analysis

The purified phosphopeptides were then loaded
and separated using a Dionex Ultimate 3000
nanoHPLC system. 10 µl of the sample in 1% (v/
v) formic acid was loaded with a constant flow of
4 µl/min onto a trap column (Acclaim PepMap100
C18 column, 0.3 mm id × 5 mm, Dionex
Corporation, Sunnyvale, CA). Peptides were then
eluted off to a PepMap C18 nano column
(75 µm × 50 cm, Dionex Corporation) with a linear
gradient of 5–35% solvent B (90% acetonitrile with
0.1% formic acid) over a four hours gradient with
a constant flow of 200 nl/min. Peptides were
injected into an OrbiTrap QExactive mass spectro-
meter (Thermo Fischer Scientific Inc.) using the
EasySpray source. The voltage was set to 2.0 kV
and the temperature of the column was set to 40°
C. Acquisition of the full scan MS survey spectra
(m/z 350–1600 was performed at a resolution of
70,000 using the accumulation of 1,000,000 ions.
Peptides fragmented by collision-induced dissocia-
tion were selected on the ten highest intensities for
from the preview scan. The normalized collision
energy used was 35% and the resolution was set at
17,500 for 50,000 ions with a filling time set to
a maximum of 250 ms for the full scans and
60 ms for the MS/MS scans. Unassigned charge
states as well as singly, 7 and 8 charged species for
the precursor ions were not analyzed, and
a dynamic exclusion list was set to 500 entries
over a retention time of 40 seconds under
a 10 ppm mass window. The lock mass option was
also enabled, and data acquisition was done using
Xcalibur version 2.2 SP1.48. Protein identification
and quantification were performed using the
MaxQuant software package version 1.5.2.8 as
described previously [62] with the protein database
from UniProtKB (Homo sapiens, 16/07/2013,
88,354 entries). For protein identification, carbami-
domethylation on cysteine was used as a fixed mod-
ification and phosphorylation of serine, threonine
and tyrosine (Phospho STY), as well as methionine
oxidation and protein N-terminal acetylation were

2606 R. DRISSI ET AL.



used as variable modifications. The enzyme was set
to trypsin/P (ie no cleavages on lysine or arginine
before a proline), with up to two miscleavages
allowed. The mass tolerance was 7 ppm for the
precursor ions and 20 ppm for the fragment ions.
Re-quantification of selected isotopic patterns was
allowed to obtain ratios of all SILAC pairs [63]. We
set a threshold of 1% for the false discovery rate
(FDR). The mass spectrometry data have been
deposited to the ProteomeXchange Consortium
(http://proteomecentral.proteomexchange.org) via
the PRIDE partner repository with the dataset iden-
tifier PXD009539.

Statistical analysis of IsceI-induced GFP
expression

Numerical results are expressed as means ± stan-
dard deviations of the percentage of IsceI-induced
GFP expression (100,000 cells count) from at least
3 independent experiments. Statistical analyses
were performed using a two-sample t-test with
the Perseus software (version 1.5.5.3) (Munich,
Germany). A p value <0.05 and <0.01 were
deemed significant, and are represented using
one or two asterisks, respectively.
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