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In Saccharomyces cerevisiae, minichromosome maintenance protein (Mcm) 10 interacts with DNA polymerase (pol)-a and
functions as a nuclear chaperone for the catalytic subunit, which is rapidly degraded in the absence of Mcm10. We report
here that the interaction between Mcm10 and pol-« is conserved in human cells. We used a small interfering RNA-based
approach to deplete Mcm10 in HeLa cells, and we observed that the catalytic subunit of pol-«, p180, was degraded with
similar kinetics as Mcm10, whereas the regulatory pol-a subunit, p68, remained unaffected. Simultaneous loss of Mcm10
and p180 inhibited S phase entry and led to an accumulation of already replicating cells in late S/G2 as a result of DNA
damage, which triggered apoptosis in a subpopulation of cells. These phenotypes differed considerably from analogous
studies in Drosophila embryo cells that did not exhibit a similar arrest. To further dissect the roles of Mcm10 and p180
in human cells, we depleted p180 alone and observed a significant delay in S phase entry and fork progression but little
effect on cell viability. These results argue that cells can tolerate low levels of p180 as long as Mcm10 is present to “recycle”

it. Thus, human Mcm10 regulates both replication initiation and elongation and maintains genome integrity.

INTRODUCTION

DNA replication is a highly regulated process in which
multiprotein complexes generate an exact copy of a cell’s
DNA. These multiprotein complexes are assembled into rep-
lication forks. Fork assembly takes place at replication ori-
gins that are spread throughout the genome in all eukaryotic
cells. The first step is the formation of a prereplicative com-
plex (pre-RC) (Diffley et al., 1994), which is subsequently
transformed into a preinitiation complex, and finally into a
pair of functional replication forks that have the ability to
unwind parental DNA and synthesize new daughter strands
(Mendez and Stillman, 2003). DNA unwinding is likely cat-
alyzed by the minichromosome maintenance (Mcm) 2-7
complex (Aparicio et al., 1997; Labib et al., 2000; Shechter et
al., 2004) in conjunction with two coactivators, Cdc45 and
GINS (Pacek and Walter, 2004; Gambus et al., 2006; Moyer et
al., 2006; Pacek et al., 2006). The association of Cdc45 and
GINS with DNA is interdependent (Kubota et al., 2003;
Takayama et al., 2003), and it requires yet another factor,
Mcm10 (Wohlschlegel et al., 2002; Gregan ef al., 2003; Sawyer
et al., 2004). Despite its name, Mcm10 is not a member of the
MCM protein family, although it was isolated in the same
genetic screen in budding yeast that identified the MCM2-7
genes (Solomon et al., 1992; Merchant et al., 1997).
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Mem10 is a constitutively nuclear DNA binding protein
(Merchant et al., 1997; Burich and Lei, 2003) that is essential
in yeast (Burich and Lei, 2003). Besides its role in DNA
replication, Mcm10 has also been implicated in transcrip-
tional silencing (Liachko and Tye, 2005). It is important to
note that the general protein domain structure of Mcm10 is
not unique in Saccharomyces cerevisiae, but it is highly con-
served among eukaryotic species (Izumi et al., 2000; Ricke
and Bielinsky, 2006). Mcm10 has a central oligonucleotide/
oligosaccharide binding (OB)-fold (Ricke and Bielinsky,
2006), a signature motif of RNA- and single-stranded (ss)
DNA binding proteins. Thus, it is not surprising that, in
vitro, Mcm10 prefers ss over double-stranded (ds) DNA
(Fien et al., 2004). Within the central OB-fold resides a pro-
liferating cell nuclear antigen (PCNA) interacting protein
motif (Fien et al., 2004; Das-Bradoo et al., 2006), or PIP-box, as
well as a hydrophobic stretch, similar to the one found in the
mobile loop of heat-shock factor (Hsp) 10 (Ricke and Bielin-
sky, 2006). Although the PIP box mediates the interaction
with PCNA (Das-Bradoo et al., 2006), the Hsp10-like domain
forms part of the interaction site with the catalytic subunit of
DNA polymerase (pol)-a (Ricke and Bielinsky, 2004, 2006).
Because purified S. pombe Mecm10 coimmunoprecipitates pu-
rified p180, the catalytic subunit of pol-a in humans, it is
reasonable to conclude that the binding between Mcm10 and
pol-a is direct and that it does not require any other medi-
ators. Because Mcm10 is necessary for chromatin association
of the entire pol-a/primase complex in budding yeast (Ricke
and Bielinsky, 2004), it probably has a crucial role in lagging
strand synthesis. The initiation of individual Okazaki frag-
ments requires the repeated action of pol-a/primase
(Nasheuer and Grosse, 1987) to generate a primed template
onto which PCNA can be loaded, and it is conceivable that
Meml10 facilitates the RNA-DNA primer synthesis by pol-
a/primase and may also be involved in the subsequent
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recruitment of PCNA (Das-Bradoo ef al., 2006). Alterna-
tively, Mcm10 itself may function as a primase. Schizosaccha-
romyces pombe Mcm10 purified from Escherichia coli has been
reported to possess primase activity by the virtue of a C-
terminal nucleotide transfer domain, which seems to be
conserved among species (Fien and Hurwitz, 2006). The
picture that is emerging for the role of Mcm10 in DNA
replication is that it is involved in the initiation as well as the
elongation steps. During initiation, Mecm10 promotes chro-
matin association of Cdc45, which, in turn, is likely required
to activate the Mcm2-7 helicase (Wohlschlegel et al., 2002;
Gregan et al., 2003; Sawyer et al., 2004). On unwinding,
replication protein A stabilizes the ssDNA, which allows for
the Mcm10-dependent loading of pol-a/primase (Walter
and Newport, 2000). Mcm10 is further necessary to maintain
DNA binding of pol-a/primase but not that of Cdc45 (Ricke
and Bielinsky, 2004; Yang et al., 2005). This is most easily
explained by the finding that Mcm10 controls the stability of
the catalytic subunit of pol-a, regardless of whether pol-a is
bound to chromatin or not (Ricke and Bielinsky, 2004). Con-
sistent with this notion, we have observed that Mcm10 is in
a complex with pol-a/primase throughout the cell cycle in
budding yeast (Ricke and Bielinsky, 2006). Furthermore,
overexpression of the catalytic subunit of pol-a, Cdc17/Poll
in the absence of stoichiometric amounts of Mcm10 leads to
rapid protein degradation in S. cerevisiae. In contrast, Cdc17/
Poll is stable when Mcm10 is co-overexpressed (Ricke and
Bielinsky, 2006). Whether this function of Mcm10 is con-
served in other species has not been explored. Similarly, it
has remained unclear how Mcm10 contributes to DNA rep-
lication in human cells. In HeLa cells, Mcm10 associates with
chromatin at the G1/S transition and dissociates after S
phase completion (Izumi ef al., 2000, 2001). Nuclear localiza-
tion studies using green fluorescent protein (GFP)-tagged
Mcm10 further suggested that Mcm10 is involved in the
activation of pre-RCs but that it may not have an active role
at the replication fork (Izumi et al., 2004).

To better understand the role of Mcm10 during DNA
replication in human cells, we introduced Mcm10-specific
small interfering RNA (siRNA) into HeLa cells to deplete
cells of Mcm10. After treatment, cells accumulated DNA
damage and arrested in late S/G2 phase. Interestingly, de-
pletion of Mcm10 caused a decrease in the catalytic subunit
of pol-e, p180, but it had no effect on steady-state levels of
the regulatory pol-a subunit, p68, or Cdc45. Together, our
results argue that Mcm10 is not only required for replication
initiation but also for DNA elongation and that the com-
bined loss of Mem10 and p180 impedes lagging strand syn-
thesis, resulting in replication fork arrest, DNA damage, and
cell death.

MATERIALS AND METHODS

Cell Culture and RNA Interference

HelLa cells were maintained in DMEM (Invitrogen, Carlsbad, CA), supplemented
with 1% penicillin and streptomycin and 10% fetal bovine serum (FBS). Apopto-
sis was induced by adding staurosporine (STS) to 5 X 10° cells at a final
concentration of 5 uM for up to 8 h (Han et al., 1999). Cells were irradiated using
a 1%7Cs y-ray source at a dose rate of 2.5 Gy/min.

Mcm10- and p180-specific siRNAs were synthesized by Dharmacon
RNA Technologies (Lafayette, CO). The control siRNA (with at least 4
mismatches to all known human or mouse mRNA sequences) sense strand
was 5'-UAGCGACUAAACACAUCAAUU-3'. Lamin A/C siRNA sense
strand was 5'-GGUGGUGACGAUCUGGGCUUU-3'. Mcm10 siRNA sense
strands were Mcm10si-1, 5'-GAACGGGACGGAAUGCUAAUU-3', Mc-
m10si-2, 5'-GCACAAACUUGAUCAUCCAUU-3’, Mcm10si-3, 5'-GGAG-
GUGUGUUUAUCUAUCUU-3' and Mcm10si-4, 5-GGACGAAUUCCAAA-
GAAGUUU-3". Mcm10 SMARTpool was a combination of siRNA1-4. For p180
depletion, a combination of four siRNAs (SMARTpool) was used. The sequences
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of the sense strands were as follows: p180-1, 5-GCAGUAACAUCGAUU-
GUAAUU-3', p180-2, 5'-GACAUUAGACGUUUCAUUAUU-3', p180-3, 5'-UAA-
CAUCGCUGGGAACAUUUU-3, and pl804, 5-GCUCAAAGGAUUA-
GAUAUAUU-3". SMARTpool siRNAs targeting Mcm10 or p180 were used with the
experiments shown in Figures 3, 6, 7, and 8.

Transfections were performed at a starting confluence of 30% for three
consecutive times, 24 h apart (Prasanth ef al., 2004), with 100 nM siRNA and
Lipofectamine 2000 reagent according to the manufacturer’s instructions (In-
vitrogen).

Antibodies

Anti-Mcm10 antibody was purchased from Bethyl Laboratories (Montgom-
ery, TX), and it was used at a 1:1000 for Western blotting. This antibody only
recognizes the unmodified form of Mcm10. Anti-DNA polymerase-a (against
the 180-kDa subunit) was a gift from Dr. Irene Dornreiter (Heinrich-Pette-
Institut fiir Experimentelle Virologie and Immunologie, Universitdt Ham-
burg, Hamburg, Germany), and it was used at a 1:10 dilution for Western
blotting (Dehde et al., 2001). Anti-p68 (against the B-subunit of DNA poly-
merase-«) was a gift from Dr. Heinz-Peter Nasheuer (Heinz-Peter Nasheuer,
Department of Biochemistry, National University of Ireland, Galway, Ire-
land), and it was used at a 1:3000 dilution for Western blotting. Anti-lamin A
and C antibody (Covance, Princeton, NJ) was used at a 1:1000 dilution for
Western blotting. Anti-a-tubulin antibody (Covance) was used at a 1:6000
dilution for Western blotting. Anti-Cdc45 antibody (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA) was used at a 1:200 dilution for Western blotting.
Anti-poly(ADP-ribose) polymerase (PARP) (BD Biosciences PharMingen, San
Diego, CA) was used at a 1:2000 for Western blotting. Anti-Chk1 antibody
(Santa Cruz Biotechnology) was used at a 1:250 dilution for Western blotting.
Anti-Chk2 antibody (Santa Cruz Biotechnology) was used at a 1:250 dilution
for Western blotting. Anti-phosphorylated Chk1 (Cell Signaling Technology,
Danvers, MA) was used at a 1:1000 dilution for Western blotting. Anti-
phosphorylated Chk2 (Cell Signaling Technology) was used at a 1:1000
dilution for Western blotting. Anti-phospho-histone-H2AX (Upstate Biotech-
nology, Lake Placid, NY) was used at a concentration of 2 ug/ml for immu-
nofluorescence studies. Alexa Fluor 647-coupled anti-histone H3 antibody
(against phosphorylated serine 28) was purchased from BD Biosciences
PharMingen, and anti-5-bromo-2'-deoxyuridine (BrdU) antibody was from
BD Biosciences (San Jose, CA).

Cell Cycle Analysis and Flow Cytometry

For detection of BrdU incorporation and fluorescence-activated cell sorting
(FACS) analysis, 10° HeLa cells were labeled with BrdU at a final concentra-
tion of 10 uM after treatment with siRNA and incubated for 22 h. For
immunostaining of BrdU-incorporated DNA, recovered cells were fixed, per-
meabilized, and stained with anti-BrdU antibody according to the manufac-
turer’s protocol (BD Biosciences). This was followed by incubation with
7-amino-actinomycin D (7-AAD) for 30 min and subsequent resuspension in
staining buffer (3% FBS and 0.09% sodium azide in PBS). BrdU-associated
emission (fluorescein isothiocyanate [FITC]; 530 * 20-nm band-pass filter)
and DNA-associated fluorescence (7-AAD; 660 * 20-nm band-pass filter)
were measured by FACSCalibur (BD Biosciences).

Total DNA content was also measured by incubation with propidium
iodide (20 ng/10° cell sample) for 30 min at room temperature. Briefly, cells
were treated with 100 ug of RNase A (Sigma-Aldrich, St. Louis, MO) for 30
min at 37°C and incubated with 20 ug of propidium iodide (PI) for 30 min at
room temperature. DNA-associated fluorescence for PI (620-nm long-pass
filter) was measured by FACSCalibur (BD Biosciences). Histograms for DNA
content were quantified by ModFit LT (Verity Software House, Topsham,
ME).

For staining of phosphorylated histone H3, cells were fixed in ice-cold 70%
ethanol for 1 h. After fixation, cells were washed once with ice-cold phos-
phate-buffered saline (PBS) and then permeablized in PBS with 0.1% Tween
20. Cells were then washed twice with cold PBS containing 1% FBS and
resuspended in 100 ul of this buffer with 20 ul of the anti-histone H3 antibody
(BD Biosciences PharMingen) per 10° cells for 30 min on ice. Cells were
washed once in 1% FBS in PBS buffer, treated with 100 ug of RNase A for 30
min at 37°C, and incubated with 20 ug of propidium iodide for 30 min at
room temperature. Histone phosphorylation-associated fluorescence for Al-
exaFluor (647 nm) and DNA-associated fluorescence for PI (620-nm long-pass
filter) were measured by FACSCalibur (BD Biosciences).

Immunofluorescence Staining of y-H2AX

HeLa cells were washed three times in PBS, fixed in 2% paraformaldehyde in
PBS for 45 min at room temperature, permeabilized in 0.2% Triton-X-100 in
PBS for 5 min at room temperature, blocked in 3% bovine serum albumin/
PBS for 30 min at 37°C in a humidified box. Cells were incubated with 2
pg/ml y-H2AX antibody for 1 h in the dark. Then, cells were washed in PBS
and stained with 500 ng/ml DAPI for 20 min at room temperature. This was
followed by a PBS wash and subsequently, cells were mounted with 10%
glycerol in PBS and analyzed with an inverted fluorescence microscope
(Eclipse TE 200; Nikon, Tokyo, Japan).

Molecular Biology of the Cell
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siRNA, as indicated and photographed 96 h after
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cells that exhibited an abnormal phenotype. The
dotted line circles the cell membrane of one rep-
resentative cell.

Coimmunoprecipitation

HelLa cells were lysed in buffer A (120 mM NaCl, 0.5% NP-40, 0.1 mM EDTA,
0.5 mM Tris-HCl, pH 8.0, 0.1 mM NaF, 0.1 mM NazVO,, and 0.1 mM
dithiothreitol) and incubated with or without 12.5 ug/ml ethidium bromide
for 30 min on ice (Gomez et al., 2006) or with 100 ug/ml DNase I in the
presence of 10 mM MgCl, for 30 min on ice (Ricke and Bielinsky, 2004). The
lysate was centrifuged at 14,000 X g in a precooled centrifuge for 10 min.
The supernatant was incubated with anti-p180 (2 ug/100-500 ug of total
protein; Santa Cruz Biotechnology), anti-Mcm10 (4 ug/mg lysate; Bethyl
Laboratories), or immunoglobulin (Ig)G (4 ug) for 2 h at 4°C on an orbital
shaker. Protein G-Sepharose beads (GE Healthcare, Little Chalfont, Bucking-
hamshire, United Kingdom) were then added to the lysate and incubated
overnight at 4°C. Beads were pelleted, washed three times with PBS and
resuspended in 1X Laemmli buffer.

Analysis of Apoptosis by Flow Cytometry Analysis

Double staining of HeLa cells with Annexin V-FITC and PI were used to
discriminate viable cells from early and late apoptotic or dead cells. FITC-
conjugated Annexin V and PI were obtained as a kit from BD Biosciences
PharMingen. Cultured cells treated with siRNA were collected at indicated
time points by centrifugation and washed twice with cold PBS, resuspended
in binding buffer, and incubated together with Annexin V-FITC and PI as per
manufacturer’s protocol. Cells were gently vortexed, incubated at room tem-
perature for 15 min, and then analyzed by flow cytometry within 1 h. Annexin
V-associated emission (FITC; 530 = 20-nm band-pass filter) and DNA asso-
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ciated fluorescence for PI (620-nm long-pass filter) were measured by FAC-
SCalibur (BD Biosciences) (Vermes et al., 1995).

RESULTS

Mcm10 Regulates the Stability of p180 in Human Cells

Mcm10 is essential for DNA replication in yeast (Solomon et
al., 1992; Merchant et al., 1997), and it is likely that this
extends to higher eukaryotes as well, although this has not
been experimentally confirmed. To define the role of human
Mcm10 in DNA replication, we used a siRNA knockdown
strategy to deplete Mcm10 in Hela cells. We observed a
reproducible decrease of Mcm10 only when we performed
three consecutive transfections, following a previously de-
scribed protocol (Prasanth ef al., 2004). A significant reduc-
tion in the amount of Mcm10 was detected 72- and 96 h after
the first transfection for two different Mcm10-specific siR-
NAs (Figure 1A). Interestingly, however, the kinetics of
Mcm10 depletion differed slightly depending upon which
siRNA was used, peaking at 96 h for siRNA 1 and at 72 h
for siRNA 2 (Figure 1A). This is not surprising, because
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different siRNAs exhibit different efficiencies toward their
target sequences. In contrast, Mcm10 levels remained un-
changed in cells that were treated with control siRNA (Fig-
ure 1A). We obtained similar results when we transfected
U20S cells (data not shown).

Because our earlier studies in budding yeast had estab-
lished that Mcm10 regulates the stability of the catalytic
subunit of pol-a (p180 in mammals), we were particularly
interested in understanding the relationship between
Mcm10 and p180 in human cells (Ricke and Bielinsky, 2004,
2006). As shown in Figure 1B, depletion of Mcm10 caused
the codepletion of p180. Moreover, p180 levels very closely
mimicked those of Mcm10 and mirrored the different deple-
tion kinetics that we described above for siRNA 1 and
siRNA 2. With siRNA 1, Mcm10 was depleted to 35% at 72 h,
and p180 was reduced to 21%. At 96 h, Mcm10 had de-
creased to 7% and p180 to 6% (Figure 1). For siRNA 2,
Mem10/p180 levels were reduced to ~7% at 72 h, but
amounts for both proteins increased to ~23% at 96 h (Figure
1A; data not shown). Because transfection with siRNA 1
seemed to result in a more robust down-regulation of
Mcm10 than transfection with siRNA 2, we continued to
use the former for subsequent experiments. Importantly, ex-
pression of p68, the regulatory subunit of pol-o, remained
unchanged for both siRNA 1 and 2. The same was true for
expression levels of Cdc45, which is recruited to replication
origins in a Mcm10-dependent manner (Wohlschlegel et al.,
2002; Gregan et al., 2003; Sawyer et al., 2004). In contrast, the
control siRNA did not affect the expression of any of the
proteins that we analyzed. Moreover, cells treated with lamin-
specific siRNA retained normal steady-state levels of all four
replication factors, including p180 (Figure 1A, right). This in-
dicated to us that loss of p180 was not just a consequence of
triggering the RNA interference (RNAi) pathway. Thus, we
conclude that down-regulation of Mcm10 causes degradation
of p180, either in a direct or indirect manner, but that it has no
effect on p68 or Cdc45 protein stability.

Mcm10 Depletion Inhibits Proliferation and Causes Cell
Cycle Arrest

The most obvious consequence of Mcm10 down-regula-
tion was a drastic reduction in the cell number, consistent
with a proliferation defect. We also noticed morphological
changes (Figure 1C), because the majority of Mcm10-
depleted cells displayed an unusual phenotype. Approx-
imately 60% of cells treated with Mcm10-specific siRNA 1
displayed this abnormal phenotype compared with 9% in
control siRNA-treated cells 96 h posttransfection. This
differs from the phenotype of Orc2-depleted HeLa cells
(Prasanth et al., 2004) and suggests that it is not just a
by-product of inducing the RNA silencing pathway, but
rather specific to the codepletion of Mcm10 and/or p180
(Figure 1C). To further substantiate that down-regulation
of Mcm10 or p180-inhibited cell cycle progression, we
labeled cells with BrdU for 22 h before harvest at 48, 72,
and 96 h after siRNA treatment. Under the assumption
that most BrdU was incorporated during DNA replica-
tion, we first determined the number of BrdU-positive,
actively cycling cells (Table 1). We observed a dramatic
decline in proliferating cells as levels of Mcm10 and p180
decreased (Table 1). This is consistent with roles for
Mcm10 and p180 in proliferation. To provide a more
accurate measure of the cell cycle distributions in the
differently treated cultures over time, we quantified both
BrdU-positive and -negative cells in G1, S, and G2/M
phase. The results of one representative experiment are
shown in Figure 2. Although untreated and control cells
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Table 1. Mcm10 siRNA-treated HeLa cells show a decrease in the
actively cycling cell population and an increase in apoptosis

A. Actively cycling cell population

siRNA treatment % Actively cycling cells

Mcm10 siRNA 48 h 81.2
Mcm10 siRNA 72 h 58.1
Mcm10 siRNA 96h 59.7
Control siRNA 48 h 88.0
Control siRNA 72 h 83.4
Control siRNA 96 h 84.5
Untreated cells 48 h 90.6
Untreated cells 72 h 93.9
Untreated cells 96 h 88.3

B. BrdU-negative cells with less than 2N DNA content

siRNA treatment % Apoptotic

Mcm10 siRNA 48 h 7.5
Mcm10 siRNA 72 h 23.1
Mcm10 siRNA 96h 18.3
Control siRNA 48 h 49
Control siRNA 72 h 9.3
Control siRNA 96 h 124
Untreated cells 48 h 4.8
Untreated cells 72 h 29
Untreated cells 96 h 4.1

A, HeLa cells were labeled with BrdU for 22 h before harvest at the
indicated time points to monitor actively proliferating cells. B, HeLa
cells were analyzed by flow cytometry to measure the fraction of
apoptotic cells (cells with <2N DNA content). Lamin siRNA-treated
HeLa cells showed actively proliferating and apoptotic cells com-
parable to untreated cultures (Supplemental Figure S2).

showed no or little change in their cell cycle profiles (we
noticed a slight delay in S phase in control siRNA-treated
cells), the codepletion of Mcm10 and pl180 caused an
increasing accumulation of cells in G2/M phase (Figure
2B). The G2/M peak showed a broad S phase shoulder in
the DNA content profiles (Supplemental Figure S1). In
addition, few cells entered S phase between 72 and 96 h
(39 vs. 33%), which corresponds to the time window with
the highest level of depletion (Figure 1). To ensure that
these cell cycle aberrations were not triggered unspecifi-
cally, we analyzed lamin-depleted cells and found them
to be almost indistinguishable from untreated or control
siRNA-treated cells (Supplemental Figure S2). These re-
sults argue that codepletion of Mcm10 and p180 inhibits S
phase entry in G1 cells and completion of DNA synthesis
in S phase cells. The latter notion predicted that Mcm10
siRNA-treated cells might not enter mitosis because of
incomplete DNA replication or DNA damage. To directly
test this hypothesis, we determined the percentage of cells
in which serine 28 of histone H3 was phosphorylated.
Unlike the phosphorylation of serine 10, which occurs
before cells enter mitosis, phosphorylation at serine 28 is
a metaphase-specific marker (Goto et al., 1999). FACS
analysis revealed that the percentage of mitotic cells in
untreated, Mcm10 siRNA-treated and control cultures
was almost identical and ranged between 2.1 and 2.9%, 72
and 96 h post-siRNA transfection (data not shown). Thus,
the majority of Mcm10-depleted cells with apparent 4N
DNA content had not entered metaphase. Finally, we also
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Figure 2. Mcm10 depletion results in cell cycle arrest and increased apoptosis. (A) Profiles of HeLa cells incorporating BrdU at various times
are shown. a-i show profiles of cells that were untreated (a—c) or treated with either control (d—f) or Mcm10 (g-i) siRNA and then BrdU
labeled for 22 h. Cells were harvested at the indicated time points for cell cycle analysis. (B) The fraction of cells (BrdU positive and BrdU
negative) in various phases of the cell cycle was quantified based on DNA content and plotted. The relative distribution was similar in

BrdU-positive cells, and the data are presented in Table 1, A and B.

noticed a significant increase in apoptotic cells upon loss
of Mcm10 and p180, as indicated by the growing sub-G1
peak in the normal cell cycle profiles (Supplemental Fig-
ure S1). The results of our quantification of BrdU-negative
cells with less than 2N DNA content are listed in Table 1
and indicate that 96 h after transfection, Mcm10 siRNA-
treated cells had a significant increase in cell death above
background. These results were confirmed in an indepen-
dent assay by measuring the amount of Annexin V-posi-
tive cells (Supplemental Figure S3). Both experiments
showed a higher than threefold increase in apoptosis
above background.

Vol. 18, October 2007

Because of the high incidence of apoptosis, we next ex-
plored whether codepletion of Mcm10 and p180 caused
DNA damage. Both stalled replication forks and double-
strand breaks (DSBs) are known to trigger phosphorylation
of histone H2AX (Burma et al., 2001; Ward and Chen, 2001).
Indirect immunofluorescence studies revealed that 55% of
Mcm10 siRNA-treated cells displayed phosphorylated (vy)
H2AX foci 72 and 96 h after transfection. For p180-depleted
cultures, we detected 21 and 49% y-H2AX-positive cells,
whereas in lamin and control siRNA treated cultures only
between 5 and 7% of cells exhibited y-H2AX foci (Figure 3).
Thus, codepletion of Mcm10 and p180 as well as loss of p180
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Mcm10 and p180 knockdown cause an increase in y-H2AX foci. (A) Fluorescence microscopy was applied to detect y-H2AX foci

in HeLa cells treated with Mcm10 siRNA1, p180-, lamin-, or control siRNA 72 h after transfection. (B) The percentage of y-H2AX-positive cells
in Mcm10-, p180-, lamin-, and control siRNA-treated cells was plotted at 72 and 96 h. Ten fields with 50 cells each were counted.

by itself causes activation of a DNA damage/replication
stress response. A more detailed analysis of p180-depleted
cells is described further below.

Loss of p180 in Mcm10 siRNA-treated Cells Is Not Due to
the Induction of Apoptosis

So far, we have established that loss of Mcm10 triggers loss
of p180 and inhibits proper DNA replication, because cells
accumulate DNA damage and arrest in late S/G2 phase or
undergo apoptosis. This scenario prompted us to consider
the possibility that loss of p180 was not a direct consequence
of Mcm10 depletion, but rather a secondary event triggered
by the induction of apoptosis. To determine whether this
was the case, we exposed cells to STS, a very efficient in-
ducer of apoptosis. Cells were treated for 4 or 8 h before they
were harvested to analyze the status of PARP, Mcm10, p180,
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and p68. PARP is a well-established caspase target, and it is
cleaved within a few hours after apoptotic induction (Patel
et al., 1996). In parallel, we analyzed control cells that re-
mained untreated. As expected, we observed PARP cleavage
as soon as 4 h after the addition of STS, but not in untreated
cells (Figure 4). Mcm10 and p180 levels were readily de-
tected and remained fairly constant at 4 and 8 h after STS
addition, although the majority of cells had clearly triggered
apoptosis, as indicated by PARP cleavage (Figure 4A). Be-
cause the data in Figure 3 suggested that apoptosis in
Mcm10 siRNA-treated cells was triggered by DNA damage,
we tried to more accurately mimic this condition and asked
whether DNA damage-induced apoptosis would affect the
stability of p180. We exposed cells to different doses of
gamma-irradiation or left them untreated and analyzed
whole cell extracts 72 h later. Although PARP cleavage was

Molecular Biology of the Cell
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Figure 4. Down-regulation of DNA polymerase-a (p180) is trig-
gered by loss of Mcm10 and not by induction of apoptosis. (A) HeLa
cells were treated with 5 uM staurosporine for 4 or 8 h. Whole cell
lysates were prepared and immunoblotted for Mcm10, p180, p68,
and PARP. The single asterisk indicates full-length PARP-1 (116
kDa), and the double asterisk indicates the cleavage product of
PARP-1 (85 kDa). a-Tubulin served as a loading control. (B) HeLa
cells were irradiated using a '¥Cs gamma-ray source at a dose rate
of 2.5 Gy/min. Cells were irradiated with 10, 15, 20, and 25 Gy or
left untreated (lane 6), and they were harvested at 72 h after irradi-
ation. Untreated HeLa cells were harvested at 0 h (lane 1) and
immunoblotted for Mcm10, p180, p68, and PARP-1. Ponceau S
staining served as a loading control. The single asterisk indicates
full-length PARP-1 (116 kDa), and the double asterisk indicates the
cleavage product of PARP-1 (85 kDa).

not quite as pronounced as in staurosporine-treated cells,
apoptosis was clearly induced (Figure 4B). Protein levels of
Mcm10, p180, and p68, however, remained unchanged.
Based on these two experiments, we excluded the possibility
that the overall loss of p180 in Mcm10-depleted cells was a
nonspecific, secondary effect triggered by the induction of
apoptosis.

Mcm10 and pol-a Interact in Human Cell Extracts

Because steady-state levels of Mcm10 and p180 followed the
same kinetics after Mcm10 siRNA treatment (Figure 1), we
reasoned that they might be associated with each other. To
test this hypothesis, we performed coimmunoprecipitation
experiments with whole cell extracts from asynchronous
HeLa cells. Because most of these cells are in G1, a portion of
Mcm10 is likely chromatin bound (Izumi et al., 2004). To
ensure that an interaction between Mcm10 and p180 was
independent of DNA, we treated one half of the extract with
ethidium bromide (EtBr) to release proteins from DNA (Lai

EtBr

Figure 5. Mcm10 and DNA polymerase-« interact in  ppem10

human cells. Whole cell lysate from HeLa cells were
incubated in the presence (+) or absence (—) of EtBrand  p180
immunoprecipitated with anti-p180, anti-Mcm10, or

IgG as indicated. Antibodies against Mcm10, p180, p68,  p68
and Cdc45 were used for Western blotting. A darker

exposure of the Mcm10 blot is shown on the right. Cilets
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and Herr, 1992), and the other half was left untreated. More-
over, the EtBr treatment proved essential to release suffi-
ciently high amounts of Mcm10 into the soluble fraction
(Figure 5, input). Mcm10- or p180-specific antibodies were
added, and immunoprecipitates were analyzed by Western
blot. We found that Mcm10 was associated with p180 and
p68, but neither Mcm10 nor p180 was in a complex with
Cdc45 (Figure 5). Similar results were obtained when we
performed coimmunoprecipitation experiments in the pres-
ence and absence of DNase I (data not shown). These results
suggest that human Mcm10 forms a complex with pol-a.

Loss of p180 in the Presence of Mcm10 Slows Down S
Phase Progression, but It Does Not Compromise Cell
Viability

Based on the observations that Mem10 and p180 protein
levels were coregulated and that the two proteins interacted
with each other, we asked whether depletion of p180 would
alter protein levels of Mcm10. To this end, we used the same
knock down strategy as described above and introduced
p180-specific siRNA into HelLa cells. Steady-state levels of
p180 were markedly reduced 72- and 96 h post-siRNA trans-
fection, whereas neither Mcm10 nor p68 was affected by the
loss of p180, because their protein levels were similar to
those detected in HeLa cells that were treated with control
siRNA (Figure 6, A and B). We also attempted to deplete p68
to investigate any possible effects on Mcm10 and p180; how-
ever, these experiments were unsuccessful (data not shown).
Therefore, although it remains unclear whether p68 has any
role in regulating Mcm10, our results clearly demonstrate
that p180 does not control Mcm10 levels. Further observa-
tion of the cell morphology revealed that p180-depleted cells
showed a similar abnormal phenotype that we had previ-
ously observed in Mecm10 siRNA-treated cultures (compare
Figures 1C and 6C). This is consistent with the result that
Mcm10-depleted cells have severely diminished levels of

180.

P To evaluate whether all of the phenotypes exhibited by
Mcm10-depleted cells were in fact due to the loss of p180, we
analyzed p180-depleted cultures in more detail. Interest-
ingly, the cell cycle profile of p180 siRNA-treated cultures
revealed a pronounced S phase delay 72 h after transfection
(Figure 7A). For a better comparison between p180 and
Mcm10 siRNA-treated cells, we have included a cell cycle
profile of the latter that was obtained using the identical
DNA staining protocol (without BrdU labeling; Figure 7B).
The accumulation of early S phase cells in p180-depleted
cultures was in stark contrast to cultures that were depleted
for both Mcm10 and p180 (Figure 7B). Moreover, it became
obvious that cells continued to progress through S phase
when p180 levels were low (Figure 7A, 96 h after transfec-
tion). Another striking difference was the lack of apoptosis
in p180-depleted cells, because we were unable to detect cell
death rates above background, neither by DNA (Figure 7A)
nor by Annexin V staining (Supplemental Figure S3). These
results indicate that cell death was triggered by loss of

WCE 1/8 Input 1/4 p180IP Mcml10IP IgG IP p180 IP IgG IP
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Figure 6. The catalytic subunit of DNA polymerase-a (p180) is not required to stabilize Mcm10. (A) HeLa cells were transfected three times
at 24-h intervals with siRNA against p180 or with control siRNA. Cells were harvested at the indicated time points, and immunoblotting was
performed with anti-p180, anti-p68, and anti-Mcm10 antibodies. Ponceau S staining served as a loading control. (B) The percentage of each
protein remaining at indicated time points was plotted when HeLa cells were treated with siRNA against p180. The amount of protein was
normalized with respect to the loading control, and then it was expressed as a fraction of the amount in control siRNA-treated samples. (C)
Images of p180-depleted and control HeLa cells at 96 h post-siRNA transfection are shown. Arrowheads point to some of the cells that
exhibited a phenotype similar to Mcm10/p180-codepleted HeLa cells. The dotted line circles the cell membrane of one representative cell.

Mcm10 and not by loss of p180. Cell cycle progression and
cell viability are affected differently in the presence or “ab-
sence” of Mcm10. In the presence of Mcml0, loss of p180
causes an overall S phase delay without compromising cell
viability. In the absence of Mcm10, p180 depletion inhibits S
phase entry (visualized by the complete absence of early S
phase cells in Figure 7B) as well as timely replication fork
progression causing DNA damage and apoptosis.

Chk2 Is Activated in Mcm10-depleted Cells

To gain better insight into the question of how loss of
Mcm10 triggered apoptosis, we examined the activation
status of the checkpoint kinases Chk1 and Chk2. It is com-
monly thought that, during S phase, Chk1 is phosphorylated
by the ataxia telangiectasia mutated and Rad3 related (ATR)
kinase primarily in response to stalled replication forks,
whereas Chk?2 is rapidly activated by ataxia telangiectasia
mutated (ATM) after DSB induction, and to a lower extend
by ATR after replication fork arrest (Osborn et al., 2002). If
apoptosis of Mcm10-depleted cells was truly triggered by
DSBs, we predicted to observe pronounced Chk2 phosphor-
ylation. This was indeed the case, at least 72 h post-siRNA
transfection (Figure 8). However, at the later time point
Chk2 was no longer activated, likely because the majority of
cells (~70% according to the Annexin V staining in Supple-
mental Figure S3) had already triggered apoptosis. More-
over, ATM but not ATR is a caspase target (Smith et al.,
1999). In contrast, p180-depleted cells exhibited very little
Chk2 activation even 96 h post-siRNA transfection, at a time
when ~50% of cells exhibited y-H2AX foci (Figure 3B and
Supplemental Figure S4), and Chkl was markedly phos-
phorylated (Figure 8). We take these results as evidence that
despite the similarities in y-H2AX foci formation, the actual

4092

damage inflicted onto the DNA differs depending on
whether p180 is down-regulated in combination with
Mcm10 or not.

DISCUSSION

In this study, we provide evidence that specific aspects of
Mcm10 function are conserved from yeast to human cells,
and we provide further insight into the regulation of pol-a
by Mcm10. Most notably, we demonstrate that human
Mcm10 has a role in DNA elongation by regulating p180, the
catalytic subunit of DNA pol-a. Previous localization studies
on Mcm10 in HeLa cells found that Mcm10 foci formation
only partly overlapped with nuclear regions in which DNA
synthesis occurred and that localization of Mcm10 preceded
that of PCNA by 30-60 min (Izumi et al., 2004). Their ob-
servations suggested a role for Mcm10 in replication initia-
tion rather than elongation, and they concluded that the
primary role of Mcm10 in DNA replication is in pre-RC
activation. Although this claim is consistent with the finding
that human Mcm10 colocalizes with ORC and other initia-
tion factors (Izumi et al., 2000), our data extend these find-
ings and suggest that Mcm10 is indeed required to complete
DNA replication in human cells. A role for human Mcm10 in
elongation is also consistent with previous reports that ar-
gue that Mcm10 stays associated with chromatin throughout
S phase in HeLa cells (Izumi et al., 2000, 2001). Moreover, the
lack of complete colocalization with BrdU-labeled DNA or
PCNA has previously been documented for components of
the Mcm2-7 complex (Madine et al., 1995), which constitutes
the core of the replicative helicase in eukaryotic cells
(Schwacha and Bell, 2001; Moyer et al., 2006). Therefore, the
incomplete overlap between Mcm10 and PCNA foci does

Molecular Biology of the Cell
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Figure 7. Cells lacking the catalytic subunit of DNA
polymerase-a accumulate in S phase, but they do not
undergo apoptosis. HeLa cells were treated with siRNA
as described previously, and then they were harvested
at indicated time points and stained with PI. (A) DNA Control
content profiles are shown for cells that were left un-
treated or treated with control siRNA or p180 siRNA.
Arrows point to cells accumulated in early S phase (72
h) and the missing apoptotic fraction (96 h), respec-
tively. (B) DNA content profiles are shown for cells that
were left untreated or treated with control siRNA or Mem10
cm

Mcm10 SMARTpool siRNA. Arrows point to cells in
early S phase (lack of accumulation at 72 h) and the
increased apoptotic fraction (96 h), respectively.

not necessarily mean that Mcm10 is not involved in elonga-
tion. Like subcomponents of the Mcm2-7 complex, Mcm10 is
highly abundant (Izumi et al., 2004), and probably in large
excess of the number of replication origins, which might
explain why not all of the Mcm10 foci overlapped with
PCNA foci in the previous study (Izumi et al., 2004), al-
though both are involved in DNA elongation.
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Figure 8. Mcml0-depleted cells activate Chk2. HeLa cells were
treated with siRNA as described previously or with 3 mM hy-
droxyurea for 12 h, and then they were harvested at indicated time
points. Samples were then immunoblotted for Chk1, phospho-Chk1
(Ser 345), Chk2, and phospho-Chk2 (Thr 68). Ponceau S staining
served as a loading control. The Chk1-P immunoblot has a nonspe-
cific band marked by an asterisk (*).
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The findings that Mcm10 and p180 are coregulated (Fig-
ure 1) and that they are physically associated with each
other (Figure 5) provide evidence that human Mcm10 might
be involved in lagging strand synthesis. Consistent with this
hypothesis, we have recently reported that the core of
Mcm10 in S. cerevisiae contains an OB-fold domain (Ricke
and Bielinsky, 2006), which mediates binding to ssDNA
(Fien et al., 2004). This OB-fold domain is evolutionarily
conserved, and it could allow human Mcm10 to bind to the
lagging stand template, facilitating Okazaki fragment initi-
ation by pol-a/primase. Furthermore, Mcm10 could have a
role in recycling pol-a in between the initiation of consecu-
tive Okazaki fragments (especially when pol-a levels are
low). This model would be consistent with our finding that
low levels of p180 are sufficient to support S phase progres-
sion (albeit slowly) in the presence but not in the “absence”
of Mcm10. Codepletion of p180 and Mcm10 causes DNA
damage and apoptosis. DNA damage likely arises from
stalled replication forks after uncoupling of leading and
lagging strand synthesis (Figure 9). We envision the follow-
ing scenario to explain these results: in the presence of
Mem10, only p180 is limiting at replication forks. Recycling
of p180 by Mcm10 could supply each fork with sufficient
p180 to eventually progress through S phase. However, the
combined loss of p180 and Mcm10 makes both limiting at
replication forks, inhibiting lagging strand synthesis at a
large number of forks. These forks can essentially not be

4093



S. Chattopadhyay and A.-K. Bielinsky

Leading strand Lagging strand

Mcm10 depletion/inhibition
of lagging strand synthesis

:@:

N/

Fork stalling
(F-H2AX)

}

N

Replication fork collapse and DSBs
(Chk2 activation)

Cell cycle arrest
Apoptosis
Figure 9. Loss of Mcm10 and p180 causes lagging strand inhibi-
tion. Leading and lagging strands are shown (bold arrows) as well
as the replicative helicase (gray circle). Depletion of Mcm10 and
p180 blocks lagging strand synthesis, which causes irreversible fork
stalling and subsequent replication fork collapse, giving rise to DSBs
(stars). This triggers cell cycle arrest and apoptosis.

restarted as long as Mcm10 and p180 levels remain low, thus
causing irreversibly arrested replication forks, which could
be processed into DSBs, consistent with the y-H2AX foci and
Chk2 activation we observed in this study and the occur-
rence of apoptosis. However, we have also considered the
fact that Mcm10 seems to act further upstream in replication
activation than p180 (Ricke and Bielinsky, 2004), and this
may contribute to the differences between Mcm10- and p180
siRNA-treated cultures. Because human Mcm10 likely has a
role in pre-RC activation (Wohlschlegel et al., 2002; Izumi et
al., 2004), loss of Mcm10 could result in a decreased number
of activated replication origins. In combination with the
elongation defect caused by the loss of p180, Mcm10-de-
pleted cells might simply not have a sufficiently high num-
ber of replication forks to duplicate their genome in a timely
manner, explaining the accumulation in late S/G2. The only
caveat is that this model does not provide an explanation for
the DNA damage and apoptosis we observed, because a
delay in replication does not necessarily cause these pheno-
types (Bielinsky 2003; Christensen and Tye 2003; this study).

In a previous study, Christensen and Tye (2003) depleted
Mcem10 in embryonic Drosophila melanogaster KC cells. These
cells exhibited no cell cycle defect, although they have a
functional S phase checkpoint system (MacAlpine et al.,
2004), and they entered mitosis, unlike Mcm10/p180-code-
pleted HeLa cells. Interestingly however, a subset of
Mem10-depleted KC cells had defects in chromosome con-
densation (Christensen and Tye, 2003), likely due to incom-
plete replication as cells were entering mitosis (Bielinsky,
2003; Christensen and Tye, 2003). The differences between
the two experimental systems can be explained by two
factors. First, initiation of DNA replication might require
less Mcm10 in embryonic cells than in HelLa cells, because
initiation in the latter is largely inhibited in G1 cells upon
Mcm10 depletion (Figure 2). Second, the small replicon size
(~25 kilobases [kb] in KC cells vs. multiple 100 kb in mam-
mals) typically found in embryonic systems (Huberman and
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Riggs, 1968; Hyrien et al., 1995; Walter and Newport, 1997;
Ermakova et al., 1999; MacAlpine ef al., 2004) makes cells less
sensitive toward elongation defects, and although initiation
events might be reduced, most cells fully replicate their
genome and undergo normal mitoses. In contrast, genomes
with large replicons are much more prone to fork arrest and
DNA damage, explaining the differences in phenotype.

One important question that arises from our study is how
Mem10 regulates p180. Our data support the idea that pol-a
is in a complex with Mcm10 (Figure 5). Therefor, it is con-
ceivable that Mcm10 interacts directly with the catalytic
subunit, as shown for S. pombe Mcm10 (Fien et al., 2004). In
budding yeast, a hydrophobic stretch similar to a domain in
the mobile loop of Hsp10 is required to stabilize the catalytic
subunit of pol-a, Cdcl17/Poll (Ricke and Bielinsky, 2006).
Importantly, the Hsp10-like domain in Mcm10 is evolution-
arily conserved, and a single amino acid change within this
domain drastically reduces the stability of Cdcl7/Poll
(Ricke and Bielinsky, 2006). We propose that the same do-
main in human Mcm10 is important for the interaction with
p180. Although we do not yet understand the molecular
mechanism underlying the association between Mcm10 and
p180, our studies firmly establish that Mcm10 is required to
stabilize p180 and that this occurs independently of p68
(Figure 1). This is further supported by the finding that p68
has no effect on the half-life of overexpressed p180 in mam-
malian cells although p68 facilitates the nuclear localization
of p180 (Mizuno et al., 1998, 1999), and the same is true for
the homologues in budding yeast (Ricke and Bielinsky,
2006). Clearly, future studies are needed to explore how
exactly Mcm10 contributes to replication fork progression
and maintains genome integrity.
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