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Background: Cyclin/CDKs play an important role in cell cycle regulation.

Results: MCM?7 can be phosphorylated at Serine-121 by cyclin E/Cdk2 and cyclin B/Cdk1. Excess of phosphorylated MCM7
blocks S phase entry, and its phosphorylation is essential for proper mitotic exit.

Conclusion: Cyclin/CDKs can phosphorylate MCM?7 to regulate cell cycle progression.

Significance: We revealed the novel function of MCM7 on checkpoint activation and mitotic exit regulated by cyclin/Cdks.

MCM?7 is one of the subunits of the MCM2-7 complex that
plays a critical role in DNA replication initiation and cell prolif-
eration of eukaryotic cells. After forming the pre-replication
complex (pre-RC) with other components, the MCM2-7 com-
plex is activated by DDK/cyclin-dependent kinase to initiate
DNA replication. Each subunit of the MCM2-7 complex func-
tions differently under regulation of various kinases on the spe-
cific site, which needs to be investigated in detail. In this study,
we demonstrated that MCM?7 is a substrate of cyclin E/Cdk2 and
can be phosphorylated on Ser-121. We found that the distribu-
tion of MCM7-S121A is different from wild-type MCM7 and
that the MCM7-S121A mutant is much less efficient to form a
pre-RC complex with MCM3/MCM5/cdc45 compared with
wild-type MCM?7. By using the Tet-On inducible HeLa cell line,
we revealed that overexpression of wild-type MCM7 but not
MCM?7-S121A can block S phase entry, suggesting that an
excess of the pre-RC complex may activate the cell cycle check-
point. Further analysis indicates that the Chk1 pathway is acti-
vated in MCM?7-overexpressed cells in a p53-dependent man-
ner. We performed experiments with the human normal cell
line HL-7702 and also observed that overexpression of MCM7
can cause S phase block through checkpoint activation. In addi-
tion, we found that MCM7 could also be phosphorylated by
cyclin B/Cdk1 on Ser-121 both in vitro and in vivo. Furthermore,
overexpression of MCM?7-S121A causes an obvious M phase exit
delay, which suggests that phosphorylation of MCM7 on Ser-
121 in M phase is very important for a proper mitotic exit. These
data suggest that the phosphorylation of MCM7 on Ser-121 by
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cyclin/Cdks is involved in preventing DNA rereplication as well
as in regulation of the mitotic exit.

In eukaryotes, chromosomal DNA replication is a precise
event to maintain genome stability that needs to be duplicated
only once in each cell cycle. This is accomplished by accurate
cell cycle-dependent licensing control (1). During late mitosis
and early G, phase, origin recognition complex, Cdt1, and cdc6
are loaded at replication origins independently and then recruit
the minichromosome maintenance (MCM)? protein MCM2-7
complex onto chromatin sequentially under regulation of
mitotic kinases (2, 3). Then, the MCM2-7 complex is triggered
into an active helicase at replication forks by concerted activity
of cdc7/dbf4 (4) and cyclin E/Cdk2 at the G,-S transition (5),
which ultimately leads to recruitment of additional factors to
pre-RCs, resulting in the initiation of DNA replication. When
cells enter into S phase, the pre-RC is disassociated by high
cyclin-dependent kinase (CDK) activity, which will cause
destruction of select pre-RC components and the inhibition of
pre-RC rebinding onto chromatin and prevent DNA rereplica-
tion (5, 6). Therefore, the substrates of each kinase complex are
the key subjects to be investigated in detail for a comprehensive
study of tight cell cycle regulation.

The most important function of the MCM2-7 complex is to
initiate DNA replication through replicative helicase activity at
replication forks (7). However, each MCM component func-
tions differently in cell cycle regulation. It has been reported
that only the subassembly of the MCM4/6/7 double-trimeric
complex possesses DNA helicase activity, whereas MCM2/3/5
does not. The conserved ATPase motifs of MCM?7 are essential
for ATPase and DNA helicase activities of the MCM4/6/7 com-
plex (8). It has been elucidated that MCM3 phosphorylated by
cyclin B/Cdkl regulates MCM2-7 complex regulation (9),
whereas phosphorylation of MCM3 on Thr-722 will cause S

2 The abbreviations used are: MCM, minichromosome maintenance; pre-RC,
pre-replication complex; CDK, cyclin-dependent kinase; ATR, ATM-Rad3-
related; ssDNA, single-stranded DNA; DDK, Dbf4-dependent kinase; PCNA,
proliferating cell nuclear antigen.

JOURNAL OF BIOLOGICAL CHEMISTRY 19715



Cell Cycle Functions of MCM7

phase checkpoint activation under regulation of cyclin E/Cdk2
(10). Meanwhile, there is more and more evidence to show that
MCMs have other functions beyond DNA replication initiation
(11). Previous studies found that MCM2 and MCM3 can be
phosphorylated directly by ataxia telangiectasia-mutated/ATR
separately under genotoxic stress (12). MCM5 was confirmed
to load onto the centrosome in the association of cyclin E and
regulate centrosome duplication (13). It was also found that
MCM?7 participates in mRNA transcription and DNA damage
regulation (12, 14, 15). It has also been reported that MCM?7 is
a typical marker of various types of cancer and is a potential
therapeutic target in human cancers (16 -18).

We previously identified MCM?7 as one of the Cdk2-associ-
ated proteins by tandem affinity-tagged purification (19). In
this report, we demonstrated that MCM7 is the substrate of
cyclin E/Cdk2 that phosphorylates MCM7 at Ser-121 and reg-
ulates its distribution in cells. We also found that an excess of
MCM?7 but not MCM7-S121A blocks S phase progression. Fur-
ther analysis indicated that an excess of MCM?7 can activate the
Chk1-p53 checkpoint pathway through ssDNA accumulation
in a p53-dependent manner. In addition, we found that MCM?7
could also be phosphorylated by cyclin B/Cdkl on Ser-121,
which is essential for mitotic exit. Collectively, phosphoryla-
tions of MCM7 by cyclin/Cdks plays an important role in S
phase checkpoint activation as well as in the regulation of
proper M phase progression.

EXPERIMENTAL PROCEDURES

Plasmids and Antibodies—MCM7 cDNA was obtained by
PCR from human embryonic kidney cDNA and cloned into
pENTR-6 (a modified form of pENTR-4, Invitrogen) and then
into pDEST-FLAG by Gateway® recombination cloning tech-
nology (Invitrogen). MCM7 and its mutants MCM7-S121A,
MCM7-S197A, MCM7-S365A, and MCM-T690A were cloned
into pCMV FLAG, pET41b, and pGEX6p-1, respectively. The
MCMY7 single RXL mutants ASA, ATA, and AEA and the triple
mutant 3AXA were also cloned into pCMV FLAG. Full-length
MCM?7, Cdk2, and Cdkl were cloned into pET41b and pET30a
(Novagen). The mammalian expression vectors for myc-tagged
cyclins and Cdks were generated as described previously (19).

The polyclonal antibodies against human MCM7, MCMS5,
and MCM3 were generated by immunizing the rabbits with
GST-MCM7 (amino acids 10-30), GST-MCM5 (amino acids
644.—-734), or GST-MCM3 (amino acids 490 — 807). FLAG anti-
body (M2) was purchased from Sigma. Myc (9E10), His (H-3),
MCM7 (141-2), cdc45 (H-300), PCNA (PC-10), Lamin B
(M-20), Cdk2 (D-12), cdc6 (180.2), and B-actin (1-19) antibod-
ies were purchased from Santa Cruz Biotechnology. Phos-
pho-Chkl (Ser-345) antibody (2341S) were purchased from
Cell Signaling Technology. Phospho-Cdk2-Thr-14 antibody
(EP2234Y) was purchased from Abcam. PRA70 antibody
(04-1521) was purchased from Millipore. Phospho-MCM7-
Ser-121 antibody was generated by immunizing the rabbits
with synthesized phosphopeptide (GMVRpSPQNQYPAE).

Coimmunoprecipitation and GST Pull-down—myc-tagged
cyclin and Cdk together with FLAG-tagged MCM7 or its RXL
mutants were coexpressed in 293T cells by transient transfec-
tion. The cell lysates were harvested and immunoprecipitated
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with myc or FLAG antibodies and subjected to immunoblot
analysis with the indicated antibodies. For the GST pull-down
assay, 1 ug of GST-MCM? or GST as a control was incubated
with the cell lysates from 293T cells overexpressing myc-tagged
cyclin and Cdk or with His-Cdk purified from BL21. Glutathi-
one beads were then added and incubated for 2 h. The bound
proteins were eluted with sample loading buffer and analyzed
by immunoblotting with myc or Cdk antibodies. For endoge-
nous immunoprecipitation, 293T cell lysates were immunopre-
cipitated with Cdk antibody or normal mouse IgG as a control,
followed by incubation with protein A beads. The bound pro-
teins were subjected to immunoblot analysis with MCM7
antibody.

Cell Culture and Synchronization—HEK 293T, HeLa, and
HCT116 cells were cultured in DMEM containing 10% fetal calf
serum. Human normal liver cells HL-7702 (Cell Resource Cen-
ter, Shanghai Institutes for Biological Sciences, Chinese Acad-
emy of Sciences) was cultured in RPMI 1640 medium contain-
ing 20% fetal calf serum. For synchronization, cells were
synchronized at G,/S phase by double thymidine treatment as
described previously (10). In brief, HeLa cells were incubated
for 16 h in complete medium with 2 mm thymidine, released for
8 h into fresh medium, and then incubated with 2 mm thymi-
dine for 16 h. At this point, most of the cells were synchronized
at G,/S transition. To obtain cells synchronized at mitosis,
HeLa cells were incubated for 16 h in the presence of 2 mm
thymidine, released for 6 h, and then treated with 100 ng/ml of
nocodazole for 6 h. The mitotic cells were obtained by shaking
off.

Cell Fractionation—Cells harvested from 3.5-cm dishes were
washed with PBS and extracted with CSK buffer (10 mm PIPES,
100 mm NaCl, 300 mMm sucrose, 1 mm MgCl,, 1 mm ATP, 0.5%
Triton X-100, protease inhibitor tablet (Roche)) for 20 min on
ice and then subjected to centrifugation at 3200 X g for 5 min.
The supernatant was collected as a CSK-soluble fraction. The
pellet was washed once with CSK buffer and then dissolved in
SDS loading buffer as a CSK-insoluble fraction.

In Vitro Kinase Assay—GST-fused, full-length MCM?7,
MCM?7-S121A, MCM7-S197A, MCM7-S365A, and MCM?7-
T690A and truncated forms of MCM7, GST-cyclin E/cyclin A,
and GST-Cdk2 proteins were expressed in the BL21 strain of
Escherichia coli and then purified by standard procedures.
Cyclin B/Cdkl-activated complex was purchased from Milli-
pore. For the in vitro kinase assay, 1 ug of GST-MCM?7 protein
with 1 ug of GST-cyclin E and Cdk2, GST-cyclin A, and Cdk2
or cyclinB1/Cdkl was incubated in kinase buffer (50 mm Tris
(pH 7.5), 10 mm MgCl,, 0.02% BSA, 0.04 mm ATP) in the pres-
ence of 0.5 uCi of [y**P]ATP for 30 min at 30 °C. Samples were
resolved by 10% SDS-PAGE and autoradiographed to x-ray
film.

Generation of Tet-On Stable Cell Lines—FLAG-tagged
MCM7, MCM7-S121A, and MCM7-S121D were cloned into
the HindIII-NotI sites of the pcDNA™/TO vector (Invitro-
gen) and transfected into T-REx"™-HeLa cells (Invitrogen).
48 h after transfection, cells were selected with 100 pg/ml
zeocin and 5 wg/ml blasticidin for 3 weeks. Monoclones were
picked, and expression of MCM7 was tested by immunoblot-
ting in the presence of tetracycline for 24 h.
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RNAi Treatment—The knockdown of MCM?7 was achieved
by transfection of HeLa cells with 50 nm siRNA for 72 h. Human
MCM?7 siRNA target sequences were as follows: #1, GGAGCA-
GAACATACAGCTA; #2, CTAGTAAGGATGCCACCTA;
and #3, GCTCATGAGGCGTTACATA. The control siRNA
sequence was obtained from the manufacturer (RiboBio).

Flow Cytometry—For DNA content analysis, cells were fixed
in ice-cold 75% ethanol, washed with PBS/1% BSA, and stained
with 20 pg/ml of propidium in PBS/1% BSA with 100 wg/ml of
RNaseA. All samples were analyzed on a FACSCalibur cytom-
eter (BD Biosciences). The percentage of cells in each phase of
the cell cycle was estimated with ModFit.

RESULTS

MCM?7 Interacts with Cyclin E/Cdk2 in an RXL-independent
Manner—We have previously identified a number of novel
Cdk2-associated proteins by tandem affinity tag purification
(19). Among them, the MCM?7 protein, considered to be a
potential substrate that is a subunit of the MCM2-7 complex,
functions as replicative DNA helicase in eukaryotes. First, we
took the approach of immunoprecipitation to confirm the asso-
ciation between MCM?7 and Cdk2. 293T cells were transfected
with pCMV FLAG-MCM?7 and pCMV myc-cyclin E or Cdk2.
The cell lysates were subjected to immunoprecipitate with
FLAG antibody and immunoblotted with myc antibody or vice
versa. As shown in Fig. 1, A and B, cyclin E and Cdk2 could
interact with FLAG-MCM?7. We then performed a GST pull-
down assay. The data indicated that GST-MCM?7 can interact
with myc-cyclin E and myc-Cdk2 expressed in 293T cells (Fig.
1C). We then we examined whether endogenous MCM?7 and
Cdk2 were associated with each other. The cell lysates from
293T cells were immunoprecipitated with Cdk2 antibody and
then immunoblotted with MCM?7 and cyclin E antibodies. The
data showed that MCM?7 could interact with Cdk2 and cyclin E
(Fig. 1D). These results confirm that MCM?7 can interact with
Cdk2 in vivo. To examine the direct interaction between
MCM?7 and Cdk2, GST-MCM?7 and His-Cdk2 were purified for
the GST pull-down assay. As shown in Fig. 1E, MCM7 can
interact with Cdk2 directly.

The RXL motif has been shown previously to be the essential
cyclin binding motif in a wide range of cyclin/Cdk-interacting
proteins (20). Therefore, we asked whether the interaction
between MCM?7 and cyclin E/Cdk2 is dependent on the RXL
motif of MCM7. There are three RXL motifs in MCM?7 (Fig. 1F).
To find out which one is critical for its binding with cyclin
E/Cdk2, we generated a set of MCM7 AXA mutants in which
RXL was mutated to AXA for a coimmunoprecipitation assay.
Surprisingly, the data in Fig. 1F show that the mutation on
neither the single RXL nor all of the RXLs of MCM?7 affected the
interaction between Cdk2 and MCM?7, suggesting that MCM7
interacts with Cdk2 independently of the RXL motif.

MCM?7 Can Be Phosphorylated by Cycline/Cdk2—To exam-
ine whether MCM?7 is the substrate of Cdk2, GST-MCM7,
GST-cyclin E, GST-cyclin A, and GST-Cdk2 were prepared for
an in vitro kinase assay. As shown in Fig. 24, MCM7 can be
phosphorylated by cyclin E/Cdk2 much stronger than by cyclin
A/Cdk2. There are four serine/threonine at MCM?7 (Ser-121,
Ser-197, Ser-365, and Thr-690) that are potential phosphory-
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FIGURE 1. Interaction between MCM7 and cyclin E/Cdk2. A, 293T cells were
transfected with FLAG-MCM?7 together with myc-cyclin E and myc-Cdk2. Cell
lysates were immunoprecipitated (/P) with myc beads followed by immuno-
blotting (IB) with FLAG antibody. B, 293T cells were transfected with the indi-
cated plasmids, and the cell lysates were immunoprecipitated with FLAG
beads followed by immunoblotting with myc antibody. C, 293T cells were
transfected with myc-cyclin E and myc-Cdk2. The cell lysates were subjected
to a pull-down assay with GST or GST-MCM7 and immunoblotted with myc
antibody. D, 293T cell lysates were immunoprecipitated with Cdk2 antibody
or normal mouse IgG and then immunoblotted with MCM7 and cyclin E anti-
bodies. E, GST or GST-MCM?7 proteins immobilized on glutathione beads were
incubated with His-Cdk2 in lysis buffer for 2 h. The associated protein was
eluted with SDS loading buffer and immunoblotted with Cdk2 antibody. F,
MCM7 and its RXL mutants were generated as indicated and transfected into
293T cells together with myc-cyclin E/Cdk2. Cell lysates were immunoprecipi-
tated with FLAG beads and eluted for immunoblotting with myc antibody.
TCE, total cell extract; NMS, normal mouse serum.
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FIGURE 2. MCM7 can be phosphorylated by cyclin E/Cdk2, not cyclin A/Cdk2, on Ser-121 in vitro. A, in vitro kinase assay. GST or GST MCM7 were incubated
with GST-cyclin Eand GST-Cdk2 or GST-cyclin Aand GST-Cdk2, respectively, in the presence of [y*?P]ATP. Phosphorylation of MCM7 was assessed by SDS-PAGE
followed by autoradiography of the gel. B, potential phosphorylation sites on MCM7 by cyclin/CDKs. C, GST and GST-MCM7 and its mutants were incubated
with GST-cyclin E and GST-Cdk2 for an in vitro kinase assay in the presence of [y*2P]JATP. Coomassie Blue (CBB) gel shows the amount of each protein. The
relative intensities of phosphorylated protein were calculated. D, GST-MCM7 (1-129) and GST-MCM?7 (1-129) S121A were purified for an in vitro kinase assay

with GST-cyclin E and GST-Cdk2.

lationsites for cyclin E/Cdk2 (Fig. 2B). To identify the phosphor-
ylation site(s) of MCM?7 by cyclin E/Cdk2, GST-MCM?7-S121A,
S197A, S365A, T690A, or 4A, in which all Ser/Thr were
mutated to Ala, were generated for an in vitro kinase assay. The
data showed that phosphorylation of MCM7-S121A and
MCM7-4A has a certain reduction compared with wild-type
MCM?7 (Fig. 2C). To further confirm that MCM?7 Ser-121 is the
phosphorylation site by cyclin E/Cdk2, we generated the
MCM?7 (1-129) and MCM?7 (1-129) S121A mutants and per-
formed an in vitro kinase assay. As shown in Fig. 2D, the phos-
phorylation of MCM?7 (1-129) S121A was obviously reduced
compared with that of MCM7 (1-129), indicating that MCM?7
Ser-121 was phosphorylated by cyclin E/Cdk2 in vitro.

To confirm the phosphorylation of MCM7 on Ser-121 in
vivo, we generated antibodies against phosphor-MCM?7 Ser-
121 by immunizing rabbit with a specific phosphopeptide.
Then, 293T cells were cotransfected with pCMV FLAG-MCM?7
or pCMV FLAG-MCM?7-S121A together with myc-cyclin
E/Cdk2 expression plasmids. Cell lysates were immunoprecipi-
tated with FLAG antibody followed by immunoblotting with
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MCM?7-p-Ser121 antibody. As shown in Fig. 34, the phosphor-
ylation of the MCM?7-S121A mutant is reduced dramatically
compared with that of wild-type MCM?7, indicating that Ser-
121 of MCM?7 can be phosphorylated by cyclin E/Cdk2 in vivo.
To further verify that cyclin E/Cdk2 is the main kinase to phos-
phorylate MCM?7 at Ser-121, FLAG-MCM?7 and constitutively
active Cdk2 (Cdk2-AF) or dominant negative Cdk2 (Cdk2-DN)
were coexpressed in 293T cells. The cell lysates were immuno-
precipitated with FLAG antibody and immunoblotted with
MCM7-p-Ser121 antibody. As shown in Fig. 3B, MCM7-p-Ser-
121 is detected in Cdk2-AF- but not Cdk2-DN-coexpressed
cells, indicating that MCM7 Ser-121 is phosphorylated by Cdk2
in vivo.

To further assure the phosphorylation of MCM7 on Ser-121
by cyclin/Cdk in vivo, we treated the cells with roscovitine or
flavopiridol as Cdk inhibitors or BI2536 as Plk1 inhibitor and
then analyzed the status of MCM?7 phosphorylation on Ser-121.
As shown in Fig. 3C, the phosphorylation of MCM?7 on Ser-121
was abolished completely in roscovitine- or flavopiridol-treated
cells but was not changed in BI2536-treated cells.
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FIGURE 3. Phosphorylation of MCM7 on Ser-121 in vivo. A, 293T cells were cotransfected with pCMV FLAG-MCM7 or pCMV FLAG-MCM7-5121A together with
myc-cyclin E/Cdk2 expression plasmids. The cell lysates were immunoprecipitated (/P) with FLAG antibody and immunoblotted (/B) with MCM7-p-Ser-121
antibody. B, 293T cells were transfected with pCMV FLAG-MCM7 together with pCMV myc-Cdk2AF or myc-Cdk2DN. The cell lysates were immunoprecipitated with
FLAG antibody and immunoblotted with MCM7-p-Ser-121 antibody. C, HeLa-6TR/FLAG-MCM? cells were treated with tetracycline and then with 20 mm roscovitine,
1 mm flavopiridol, or 1 mm BI2536 for 16 h. The level of MCM7-p-Ser-121 was detected as described in A. DMSO, dimethyl sulfoxide. D, 293T cells were transfected with
pCMV myc-Cdk2 AF and myc-Cdk2 DN together with myc-cyclin E or empty vector as control. The cell lysates were immunoprecipitated with MCM7 antibody and
immunoblotted with MCM7-p-Ser-121 antibody. The total cell lysates were immunoblotted with the indicated antibodies. TCE, total cell extract.

To detect the phosphorylation of endogenous MCM7, we
transfected 293T cells with constitutively active Cdk2 (Cdk2
AF) or dominant negative Cdk2 (Cdk2 DN) together with cyclin
E. Cell lysates were immunoprecipitated with MCM?7 antibody
and immunoblotted with MCM7-p-Ser-121 antibody. As
shown in Fig. 3D, the phosphorylation of endogenous MCM7
on Ser-121 is much higher in cyclin E/Cdk2 AF-overexpressed
cells than in control and cyclin E/Cdk2 DN-overexpressed cells,
which indicates that MCM7 could be phosphorylated on Ser-
121 in vivo. Taken together, these data suggest that MCM7
Ser-121 is the specific phosphorylation site of cyclin/Cdks.

Phosphorylation of MCM7 at Ser-121 Affects MCM2-7 Com-
plex Formation—Before DNA replication was initiated, the
MCM complex was loaded onto chromatin during late M and
G, phase and then disassociated from chromatin when cells
entered S phase. We wondered whether phosphorylation of
MCM7 would affect its loading onto chromatin. 293T cells
were transfected with FLAG-tagged MCM7, MCM7-S121A, or
MCM7-S365A expression plasmids, respectively. The cells
were then treated with CSK lysis buffer. The amount of MCM?7
in total cell lysates and CSK-soluble and CSK-insoluble frac-
tions was analyzed by immunoblotting with FLAG antibody. As
shown in Fig. 44, there is a significant reduction in the CSK-
soluble fraction but more in the CSK-insoluble fraction of
MCM7-S121A compared with that of MCM7 and MCM?7-
S365A. This result suggests that the phosphorylation of MCM7
at Ser-121 regulates its loading onto chromatin.
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During M to G,; phase, MCM2-7 forms as a complex and
functions as DNA helicase at G, /S phase to initiate DNA repli-
cation (7). Therefore, we asked whether the phosphorylation of
MCM?7 at Ser-121 affected the formation of the MCM2-7 com-
plex. To address this question, we transfected 293T cells with
FLAG-MCM?7 or its mutants expression plasmids. Then the
cell lysates were harvested for an immunoprecipitation assay.
As shown in Fig. 4B, the association of MCM7-S121A with
MCM3 and MCMS5 was reduced significantly compared with
that of WT MCM?7. Then we generated Tet-On inducible HeLa
cell lines for expressing MCM7, MCM7-S121A, and the phos-
phormimic mutant MCM?7 S121D and performed a similar
experiment. Consistently, MCM7-S121A was less efficient
when binding with MCM3 and MCM5, whereas MCM?7 S121D
could partially rescue the phenotype (Fig. 4C). We also found
that MCM7-S121A was deficient in binding with cdc45, which
was loaded onto chromatin after the MCM2-7 complex
formed (Fig. 4C). We then transfected 293T cells with pCMV
FLAG-MCM? together with Cdk2 AF or Cdk2 DN. The cell
lysates were harvested for immunoprecipitation with FLAG
antibody and immunoblotted with MCM3 and MCM5 anti-
bodies. As shown in Fig. 4D, FLAG-MCM?7 can bind with
MCM3 and MCM5 much better in Cdk2 AF-transfected cells
than in Cdk2 DN-transfected cells. Collectively, these results
suggest that phosphorylation of MCM?7 at Ser-121 regulates its
incorporation into the hexameric MCM2-7 complex.

JOURNAL OF BIOLOGICAL CHEMISTRY 19719



Cell Cycle Functions of MCM7

A rL’\P‘ 66P‘ rL’\P‘ %66P‘ rL‘\P‘ 66P‘
Q\ﬂ' O\N" Q\!\ QN\/" C,N\,l’ N\G\\!\ \“C:N\ N\O\\\
A “ ol AN N SN e v»
M Flag-MCM7 P © W Flag-MCM7 Flag-MCM7
— — — B_actin --- B'aCtin --- LaminB
TCE CSK-S CSK-P
° ( ( '\(L’\P\
\5 N >
(\\(\ P‘G’ PG\!\G 9 ,6'0,
ooV T M RO
0\ 9 ~
AN ERIN S
— MCM3 S A e
s s s \|CM3
— MCM5
e FLAG-MCM7 C—- - MCM5
IP:anti-FLAG TCE
C D _
Q;\V ¥ ,L»\v O + 4 FLAG-MCM7
4 a® a® a2 ~  +  —  Cdk2-AF
N c}\“ o‘“ R
© NN & N N - -+ Cdk2DN
0° Q\/‘?~ <<\,?‘ <<\}~ o° <<\,V“ <<\,V“ <<\,V‘
Wiy W e \CcM3
S | MCM3 e —————_ Y
——— MCM5
B e | vCMS ~——q MCM5 IP:anti-FLAG
——— | \ICM3
-w.. - s M cdc4s
— w— w— | \|CM5
-
S S | AG-MCM7 B-actin
= s | FLAG-MCM7
IP:anti-FLAG TCE TCE

FIGURE 4. Phosphorylation of MCM7 at Ser-121 affects MCM complex formation. A, 293T cells transfected with pCMV FLAG-MCM7, MCM7-S121A, or
MCM7-S365A were treated with CSK buffer to obtain a CSK-insoluble fraction (chromatin-bound fraction) and CSK-soluble fraction (cytoplasm and
nucleoplasm). The lysates were immunoblotted with the indicated antibodies. B-actin and Lamin B were used as the internal controls. B, 293T cells were
transfected with pCMV FLAG-MCM7 or pCMV MCM7-S121A. The cell lysates were immunoprecipitated (/P) with FLAG beads followed by immunoblot-
ting with MCM3 and MCM5 antibodies. C, Tet-On inducible HeLa cell lines for expressing FLAG-MCM?7 and its mutants (MCM7-S121A and MCM7-S121D)
were generated. The cell lysates were harvested for immunoprecipitation with FLAG antibody and immunoblotting with the indicated antibodies. D,
pCMV FLAG-MCM7 and pCMV myc-Cdk2-AF or Cdk2-DN were cotransfected into 293T cells. The cell lysates were then immunoprecipitated with FLAG
beads and immunoblotted with MCM3 and MCMS5 antibodies. The total cell lysates were immunoblotted with the indicated antibodies. TCE, total cell
extract.

Overexpression of MCM?7 but not MCM?7 Ser-121A Causes an
S Phase Delay by Activating the Chk1 Checkpoint Pathway in a
p53-dependent Manner—To further analyze whether phos-
phorylation of MCM?7 at Ser-121 affected DNA replication,
Tet-On-inducible HeLa cells expressing MCM7-WT or
MCM?7-S121A were generated and synchronized to the G,/S
boundary by double thymidine treatment, released for 3 h, and
then subjected to flow cytometry analysis. As shown in Fig. 54,
the percentage of cells that entered S phase in MCM?7-overex-
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pressed cells was much lower (nearly 15%) than that in the
control cells or MCM7-S121A-overexpressed cells. We then
performed similar experiment in HCT116 cells and also
observed that overexpression of MCM7 but not MCM7-S121A
inhibited S phase entry after double thymidine release (Fig. 5B).
However, overexpression of MCM7 in HCT116 p53 '~ cells
did not inhibit cell cycle progression and even promoted S
phase entry in some degree (Fig. 5C), which suggests that over-
expression of MCM?7 inhibits S phase entry in a p53-dependent
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FIGURE 5. An excess of MCM7 decelerates S phase entry. A, HeLa-6TR Tet-On inducible cell lines for overexpressing MCM7-WT or MCM7-S121A were
generated. The cells were synchronized at G, phase by double thymidine treatment in the presence of tetracycline, released for 3 h, and subjected to flow
cytometry analysis (left panel). The percentage of S phase cells was calculated (right panel). B and C, HCT116 and HCT116 p53~/~ cells were transfected with
pCMV FLAG-MCM7-WT or pCMV FLAG-MCM7-5121A together with pCMV GFP-H,B as the sorting marker. The cells were synchronized at G, phase, released for
3 h, and subjected to flow cytometry analysis. D, cell lysates from the indicated samples were immunoprecipitated with FLAG antibody and immunoblotted
with MCM7-p-Ser-121 antibody. E, HeLa-6TR/MCM7-WT and HelLa-6TR/MCM7-5121A cells were treated with tetracycline for 24 h. The total cell lysates were
harvested forimmunoblotting (/B) with Chk1-p-Ser-345, Cdk2-p-Thr-14, and p53 antibodies. F, the chromatin-bound fractions (CSK-P) from HeLa-6TR/MCM7-
WT, HeLa-6TR/MCM7-S121A, and control cells were immunoblotted with FLAG, MCM3, MCM5, RPA70, and Lamin B. *, p < 0.05; **, p < 0.01.

manner. Meanwhile, the immunoblotting data in Fig. 5D show
that Ser-121 phosphorylation of MCM?7 was detected in
MCM?7-WT-overexpressed cells.

It has been reported that knockdown of MCM7 does not
block S phase entry, suggesting that only a small fraction of
MCM?7 is enough to form a pre-RC complex with other sub-
units to initiate DNA replication (21). Consistently, our data
shown in supplemental Fig. S1 also confirms that knockdown of
MCM?7 in HeLa cells by siRNA does not affect S phase progres-
sion. Therefore, we propose that the excess of MCM7 may
activate the checkpoint pathway to prevent S phase entry.
Therefore, we examined the level of active Chkl in MCM?7-
overexpressed cells. As shown in Fig. 5E, the level of Chk1-
p-Ser-345 and Cdk2-p-Thr-14 were increased greatly in
MCM?7-WT-overexpressed cells compared with control and
MCM7-S121A-overexpressed cells, which indicates that the
ataxia telangiectasia-mutated/ATR-Chk1-Cdk checkpoint
pathway was activated. We also observed that chromatin-
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bound RPA70 as an ssDNA accumulation marker was obvi-
ously increased in MCM7-WT-overexpressed cells com-
pared with control or MCM?7-S121A cells (Fig. 5F).
However, the increase of Chkl-p-S345 was not detected in
MCM7-WT-overexpressed HCT116 p53 /" cells (data not
shown). In the HeLa-6TR stable cell line, there were also
moderate increases of p53 levels when excess of MCM7-WT
was induced by tetracycline (Fig. 5E), which implied that the
ATR-Chkl pathway was activated in MCM?7-overexpressed
cells in a p53-dependent manner.

To further understand the significance of MCM?7 phosphor-
ylation of MCM7 by cyclin E/Cdk2, we performed similar
experiments with the human normal liver cell line HL-7702.
The coimmunoprecipitation data and in vitro kinase assay indi-
cate that endogenous MCM? can interact with Cdk2 (Fig. 6A)
and that the phosphorylation of MCM?7 on Ser-121 by cyclin
E/Cdk2 occurred (B) in HL-7702 cells. To examine whether
phosphorylation of MCM7 at Ser-121 affects S phase entry, we
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FIGURE 6. An excess of phosphorylated MCM7 blocked S phase entry in human normal cells. A, MCM7 interacts with Cdk2 in HL-7702 cells. The lysates from
the human normal liver cell line HL-7702 were immunoprecipitated (/P) with Cdk2 antibody or normal mouse IgG and then immunoblotted (/B) with MCM7
antibody. NMS, normal mouse serum. B, MCM7 Ser-121 is phosphorylated by cyclin E/Cdk2. pCMV myc-Cdk2 AF, pCMV and myc-Cdk2 DN together with pCMV
myc-cyclin E were transfected into HL-7702 cells. The cell lysates were immunoprecipitated with MCM7 antibody and then immunoblotted with MCM7-p-Ser-
121 antibody. C, pCMV FLAG-MCM7-WT or pCMV FLAG-MCM7-S121A was transfected into HL-7702 cells. The total cell lysates were harvested for immuno-
blotting with Chk1-p-Ser-345 and Cdk2-p-Thr-14 antibodies. D, HL-7702 cells were transfected with pCMV FLAG-MCM7-WT or pCMV FLAG-MCM7-S121A,
respectively. Cell lysates were immunoprecipitated with FLAG antibody and immunoblotted with MCM7-p-Ser-121 antibody. E, HL-7702 cells were transfected
with pCMV FLAG-MCM7-WT or pCMV FLAG-MCM7-S121A together with pCMV GFP-H,B as the sorting marker. The cells were synchronized at G, phase,
released for 3 h, and subjected to flow cytometry analysis. **, p < 0.01.

transfected MCM7-WT, MCM7-Ser121A, or empty vector vested for immunoblotting or flow cytometry analysis. As

into HL-7702 cells. After being synchronized at G,/S with dou-  shown in Fig. 6, C and D, MCM7 was phosphorylated at Ser-
ble thymidine treatment, cells were released for 3 h and har- 121, and the overexpression of MCM7-WT caused the increase
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lue (CBB) gel shows the amount of each protein. B, GST, GST-MCM7 (1-129), or

GST-MCM7 (1-129) S121A was incubated with GST-cyclin B/Cdk1 in the presence of [y*?P]JATP for an in vitro kinase assay. C, HeLa-6TR/MCM7, MCM7-S121A,
and control cells were synchronized at M phase by nocodazole. The cell lysates were immunoprecipitated (/P) with FLAG antibody and immunoblotted (/B) with
MCM7-p-Ser-121 antibody. D, HeLa-6TR/MCM7-WT, MCM7-5121A, and control cells were treated with tetracycline and then synchronized at M phase by

nocodazole. The cells were then shaken off to be released in fresh medium fo

r 75 min or 100 min and subjected to flow cytometry analysis (left panel). The

percentage of cells entering into G, phase was calculated (right panel). *, p < 0.05; ***, p < 0.001.

of Chkl-p-Ser-345 and Cdk2-p-Thr-14, indicating that the
checkpoint pathway was activated. The flow cytometry data
show that overexpression of MCM7-WTT causes a significant S
phase block compared with that of MCM7-Ser121A or control
cells, which is consistent with the results observed in HeLa and
HCT116 cells.

Phosphorylation of MCM7 on Ser-121 by Cyclin B/Cdkl pro-
motes Mitotic Exit—Because Cdkl is highly homologous to
Cdk2, we wondered whether MCM7 is also the substrate of
cyclin B/Cdk1. Therefore, we performed an in vitro kinase assay
to test this. As shown in Fig. 7A, the phosphorylation of MCM7-
S121A is lower than that of MCM7-WT and other MCM?7
SA/TA mutants. Furthermore, we found that MCM7 (1-129)
canbe phosphorylated by cyclin B/Cdk1, whereas the phosphor-

JULY 5,2013+VOLUME 288+-NUMBER 27

ylation of MCM7 (1-129) S121A was greatly reduced com-
pared with the wild type of MCM?7 (Fig. 7B). These data indicate
that cyclin B/Cdkl can phosphorylate MCM?7 at Ser-121. We
then tried to detect the phosphorylation of MCM7 at M phase
in vivo. As shown in Fig. 7C, phosphorylation of MCM?7 on
Ser-121 was detected in MCM7-overexpressed cells after being
synchronized at M phase. Considering that inhibition of P1k1 by
BI2536 did not affect the phosphorylation of MCM?7 on Ser-
121, whereas inhibition of Cdk activity by roscovitine and fla-
vopiridol almost abolished the MCM?7 phosphorylation on Ser-
121 (Fig. 3C), cyclin B/Cdkl1 should be the main kinase for the
phosphorylation of MCM?7 during M phase.

It has been reported that the MCM2-7 complex loaded onto
chromatin during mitotic exit and early G, phase. To analyze

JOURNAL OF BIOLOGICAL CHEMISTRY 19723
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whether phosphorylation of MCM7 on Ser-121 by Cdkl in M
phase affects M-to-G; phase progression, Tet-On-inducible
HeLa cells overexpressing MCM7-WT or MCM7-S121A were
synchronized at M phase, released for different time periods,
and subjected to flow cytometry analysis. Interestingly, we
found that the percentage of cells that entered G; phase in
MCM?7-S121A-overexpressed cells was significantly lower than
that in control and MCM7-overexpressed cells (nearly 20%),
whereas MCM?7-overexpressed cells that progressed into G,
phase were a little quicker than control cells (Fig. 7D). Because
the data shown in Fig. 4C indicate that MCM7-S121A is less
efficient to form a complex with other MCM members, we pro-
pose that the phosphorylation of MCM?7 at Ser-121 may play an
important role in regulating the formation of MCM2-7 com-
plexes for a proper mitotic exit to prepare for pre-RC formation
in G;.

DISCUSSION

We previously identified MCM?7 as a new interacting protein
of Cdk2 using tandem affinity purification. Here we demon-
strated that MCM?7 Ser-121 can be phosphorylated by cyclin
E/Cdk2. MCM?7 is a subunit of the putative replicative DNA
helicase MCM2-7 complex. The MCM complex, at replication
origins, is activated by the concerted actions of cyclin-depen-
dent kinases and the cdc7/dbf4 protein kinase (DDK), which
leads to initiation of DNA synthesis. It was found that phos-
phorylation of MCM3 by cyclin E/Cdk2 causes an S phase delay
through checkpoint activation (10). It has also been reported
that phosphorylation of MCM4 by cyclin A/Cdk2 inhibits DNA
replication through loss of MCM4/6/7 helicase activity (22—
23). These data make us speculate whether MCM?7 phosphory-
lation by cyclin E/Cdk2 functions in origin firing and replica-
tion fork progression. As shown in this study, overexpression of
MCM7-WT but not MCM7-S121A will cause an obviously S
phase block. However, when overexpressed in HCT116
p537/7, MCM7-WT did not inhibit S phase entry, which
implied that MCM?7 activated the p53-dependent checkpoint
pathway. There were already some hints to imply that MCMs
could function in the p53-dependent pathway during apoptosis
and DNA damage regulation (24 —25), which could explain our
findings, but the detailed mechanism needs to be elucidated in
further studies. It was also reported that overexpression of cdtl
and cdc6, the essential part of pre-RC, will induce ataxia telan-
giectasia-mutated/ATR checkpoint activation in a p53-depen-
dent pathway (26). We found that the levels of Chk1-p-Ser-345
and p53 increased significantly in MCM7-WT-overexpressed
cells. It has been reported that accumulation of RPA70 on chro-
matin will cause ATR activation. Consistently, we found that
chromatin-bound RPA70 increased 3- to 4-fold in MCM?7-
overexpressed cells, which implied that an excess of MCM?7
may turn on the ssDNA checkpoint pathway.

It has been reported that cells with a 90% reduction of MCM?7
by using RNA interference display normal S phase progression,
which is in agreement with the observation in our study, sug-
gesting that the MCM2-7 complex is overabundant and may
have other functions beyond replication initiation over the
minimum amount compatible with cell survival in human cells.
More and more evidence supports the idea that MCM?7 plays
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importantroles in cell cycle regulation beyond DNA replication
initiation. It has been found that MCM7 could interact with
Rad17 for replication checkpoint regulation when cells were
undergoing DNA damage (15). It was also validated that MCM7
was a direct binding partner for the ATR-associated protein
ATR-interacting protein and that partial depletion of MCM7
interfered with UV-induced Chk1 activation in U20S cells (12,
27). Previous reports also determined that the subassembly of
the MCM4/6/7 double-trimeric complex possesses DNA heli-
case activity, and our findings suggest that MCM7-WT could
form a proper complex with other MCM subunits, whereas
MCM?7-S121A is much less efficient, which implied that phos-
phorylation of MCM?7 on Ser-121 may contribute to its helicase
activity through binding with other pre-RC family members.
Therefore, as MCM?7 is in excess and phosphorylated by cyclin
E/Cdk2 at G,/S transition, there will be more activated MCM
complex on the chromatin that could recruit other pre-RC
components to give rise to an improper accumulation of
ssDNA. Consequently, it will activate the checkpoint pathway,
which is in accordance with a previous report that the engage-
ment of the ATR pathway occurs in response to ssDNA breaks,
resulting in checkpoint activation designed to arrest cells for
DNA repair.

The MCM2-7 complex is loaded onto chromatin in late M
phase and early G, phase, but the regulation is not quite clear. It
has been reported in the database that phosphorylation of
MCM?7 on Ser-365 peaks in M phase but with unknown func-
tion (Phosida), which implies that MCM7 could play an impor-
tant role during mitotic exit. Meanwhile, it was determined that
the loading of MCM onto chromatin started at 60 min after
nocodazole release (19). In this report, we found that MCM?7
Ser-121 is also phosphorylated by cyclin B/Cdkl. We then fur-
ther examined whether the Ser-121 phosphorylation of MCM7
by cyclin B/Cdk1 could regulate M phase progression. Surpris-
ingly, we found that MCM7-S121A-overexpressed cells are less
deficient for normal mitotic exit compared with control or
MCM?7-WT-overexpressed cells. In accordance with our find-
ings that MCM7-WT binds with other MCM subunits better
than MCM?7-S121A, we proposed that cyclin B1/Cdk1 phos-
phorylated MCM?7 at Ser-121 to regulate the formation of the
MCM2-7 complex to promote mitotic exit.

In conclusion, we found that both cyclin E/Cdk2 and cyclin
B/Cdkl can phosphorylate MCM?7 at Ser-121 to regulate cell
cycle progression through either activating the S phase check-
point pathway or controlling MCM2-7 complex formation for
proper mitotic exit.
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