The APC/C inhibitor, Emil, is essential
tor prevention of rereplication
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Emil (early mitotic inhibitor) inhibits APC/C (anaphase-promoting complex/cyclosome) activity during S and
G2 phases, and is believed to be required for proper mitotic entry. We report that Emil plays an essential
function in cell proliferation by preventing rereplication. Rereplication seen after Emil depletion is due to
premature activation of APC/C that results in destabilization of geminin and cyclin A, two proteins shown
here to play redundant roles in preventing rereplication in mammalian cells. Geminin is known to inhibit the
replication initiation factor Cdtl. The rereplication block by cyclin A is mediated through its association with
S and G2/M cyclin-dependent kinases (Cdks), Cdk2 and Cdk1, suggesting that phosphorylation of proteins by

cyclin A-Cdk is responsible for the block. Rereplication upon Emil depletion activates the DNA damage
checkpoint pathways. These data suggest that Emil plays a critical role in preserving genome integrity by
blocking rereplication, revealing a previously unrecognized function of this inhibitor of APC/C.
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DNA replication initiates from the specific regions of
chromosomal DNA called origins. A critical question in
the field of genomic stability is how cells manage to
restrict the firing of origins to once and only once per cell
cycle. Not only is this regulation achieved despite the
fact that thousands of origins fire asynchronously all
over the genome, but the regulation is selectively
breached during certain stages of development as in en-
doreduplicating trophoblasts. Most of this regulation ap-
pears to be executed at the level of prereplicative com-
plex (pre-RC) formation or origin licensing. The origin
recognition complex (ORC) recruits Cde6 and Cdtl to
origins in G1, which in turn load the putative replicative
helicase, Mcm2-7, to form pre-RCs (for review, see Ma-
chida et al. 2005a). After replication initiation in the sub-
sequent S phase, Mcm2-7 are depleted from origins, but
reformation of pre-RCs is prevented until chromosomes
are segregated in M phase. Higher eukaryotes, including
human cells, express geminin (McGarry and Kirschner
1998) a protein that binds to Cdtl to prevent loading of
Mcm?2-7 on post-initiation origins (Wohlschlegel et al.
2000; Tada et al. 2001). Knockdown of geminin by RNA
interference (RNAi) is sufficient to induce rereplication
in many human cell lines (Melixetian et al. 2004; Zhu et
al. 2004), and geminin-null mice show enhanced endo-
reduplication in trophoblasts of early embryos (Gonzalez
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et al. 2006). These results suggest that geminin is a major
inhibitor of rereplication in mammalian cells. Yeast,
however, do not encode geminin, and rereplication is
prevented solely by the high levels cyclin-dependent ki-
nase (Cdk) activity seen during S and G2 phases of the
cell cycle (Correa-Bordes and Nurse 1995; Nguyen et al.
2001; Wilmes et al. 2004; for review, see Machida et al.
2005a). A role of high Cdk activity in rereplication block
has also been suggested in human cells (Itzhaki et al.
1997), although cancer cells that show rereplication after
geminin knockdown do so without any obvious mecha-
nism to concurrently inhibit Cdk2 activity. It is there-
fore currently unclear whether geminin and Cdk play
redundant roles in rereplication block, or whether these
mechanisms function in different parts of the cell cycle
or in different tissues.

The regulated degradation of proteins by proteasomes
through a carefully orchestrated polyubiquitination pro-
gram is a critical component of cell cycle regulation. For
example, Cdks are important for progression through S,
G2, and M, but their activity is regulated by the periodic
accumulation and destruction of different types of cyc-
lins. Levels of cyclins in the cell cycle are regulated by
two ubiquitin ligases, SCF and anaphase-promoting
complex/cyclosome (APC/C). SCF complex uses an F-
box protein as a substrate recognition subunit. For ex-
ample, SCFFBXW7 polyubiquitinates the G1 cyclin, cyclin
E, for degradation in S phase. There are >60 F-box pro-
teins in the human genome but the cellular functions of
most of them are not yet known (Jin et al. 2004). APC/C,
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on the other hand, uses substrate recognition subunits
Cdc20 and Cdh1 to polyubiquitinate substrates like cy-
clins A and B (and geminin) in mitosis and the subse-
quent G1. Cdc20 activates APC/C in mitosis while Cdh1
activates APC/C in late M and G1 phases. Both these
subunits target substrates by recognizing a destruction
motif called D-box (Glotzer et al. 1991; Fang et al. 1998),
while Cdhl, in addition, recognizes a KEN-box (Pfleger
and Kirschner 2000).

Since cyclin A/Cdk kinase activity is essential for
DNA replication, the inactivation of APC/C at the G1/S
transition is critical for the accumulation of cyclin A for
S-phase progression. Emil (early mitotic inhibitor) is a
cellular inhibitor of APC/C that is not present in yeasts,
and is induced by the E2F transcription factor to inacti-
vate APC/C at the G1/S transition (Reimann et al. 2001;
Hsu et al. 2002). Emil-mediated reduction in APC/C ac-
tivity allows cells to accumulate cyclin A, and then the
accumulated cyclin A-Cdk complex in S phase further
suppresses APC/C activity by phosphorylating Cdhl
(Lukas et al. 1999; Sorensen et al. 2001). Because of its
role in suppression of APC/C and because the latter is
critical for mitosis, the primary role of Emil is believed
to ensure proper mitotic entry. At the onset of mitosis,
Emil is degraded following phosphorylation by Plk1 and
ubiquitination by SCF?*"T*“? (Guardavaccaro et al. 2003;
Margottin-Goguet et al. 2003; Hansen et al. 2004; Moshe
et al. 2004), and this allows the activation of APC/C that
is critical for progression through M phase and the sub-
sequent G1 phase.

Since SCF is involved in many aspects of cell cycle
regulation, we initiated a search for F-box proteins that
are required for cell proliferation by RNAi screening.
This screen identified Emil, an F-box protein known as
FBXO5, to be essential for cell proliferation. Surpris-
ingly, the block to cell proliferation was accompanied by
extensive rereplication after Emil depletion. This rerep-
lication is due to premature activation of APC/C in S and
G2 cells. Among many APC/C substrates, we show that

Emil prevents rereplication

cyclin A and geminin are critical for prevention of rerep-
lication, and that the two proteins act simultaneously in
S and G2 cells as redundant barriers to rereplication.
These data suggest that an essential function of Emil in
S and G2 cells is to prevent rereplication via stabilization
of inhibitors of rereplication such as cyclin A and gemi-
nin.

Results

RNA:i screening for F-box proteins required for
cell proliferation

We previously developed a simple method to screen for
genes required for cell proliferation by RNAi (Machida et
al. 2006). We have initiated a search for F-box proteins
involved in cell cycle regulation, by using small interfer-
ing RNA (siRNA) duplexes against each of 66 human
F-box proteins. Each siRNA duplex was transfected into
a breast epithelial cell line, MCF10A, in a 96-well format
and effect on cell proliferation assessed by measuring
BrdU incorporation after 3 d (Y. Machida and A. Dutta,
unpubl.). For genes that were essential for cell prolifera-
tion in the primary screen, second siRNAs targeting an-
other part of mRNA were designed and used in a second-
ary RNAi screen. FBXO5, which is also known as the
APC inhibitor, Emil, was one of the F-box proteins
whose knockdown reduced BrdU incorporation in both
primary and secondary screens (Supplementary Fig. 1),
suggesting that Emil plays an essential role in cell pro-
liferation.

Emil RNAIi causes rereplication in human cells

We first confirmed that the Emil siRNA oligo (siEmil.
582), which was used for the siRNA screening, knocked
down Emil protein levels in MCF10A by Western blot
(Fig. 1A). Emil depletion is known to cause premature
degradation of mitotic cyclins, and result in defects
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in entry into S or M phases (Reimann et al. 2001;
Grosskortenhaus and Sprenger 2002; Hsu et al. 2002; Lee
et al. 2006). To test if failure to enter S or M phases is the
reason for reduced cell proliferation, we examined the
cell cycle status of Emil-depleted cells by FACS analy-
sis. If the essential role of Emil in cell proliferation is in
S- or M-phase entry, Emil-depleted cells are expected to
accumulate with 2N or 4N DNA content, respectively.
However, RNAi of Emil instead caused rereplication in
MCF10A as revealed by the accumulation of cells with
>4N DNA content (Fig. 1B). Similarly, rereplication was
seen after Emil depletion in other cell lines such as a
colon cancer cell line, HCT116, and a cervical cancer cell
line, HeLa (Fig. 1A,B). Since rereplication was observed
in the nontransformed cell line, MCF10A, the require-
ment of Emil for rereplication block is not restricted to
cancer-derived cell lines. Two additional siRNA du-
plexes (siEmil.1298 and siEmil.1411) targeting different
sequences of the Emil mRNA also caused rereplication
(Supplementary Fig. 2). Previously we have reported that
the size of nuclei correlates with the degree of rerep-
lication after geminin depletion (Zhu et al. 2004).
Emil depletion also resulted in giant nuclei in HCT116
and HeLa (Fig. 1C). In summary, these results suggest
that Emil is critical to prevent rereplication in human
cells.

The known function of Emil is inhibition of APC/C in
S and G2 phases. APC/C substrates including cyclin A,
cyclin B1, geminin, and Cdc20 were decreased after Emil
RNAI (Fig. 1D), suggesting that APC/C is prematurely
activated in these cells. In contrast, the protein level of
another APC/C substrate involved in replication initia-
tion, Cdc6, remained unchanged. Cyclin E levels are el-
evated in Emil-depleted cells probably due to increased
E2F-dependent transcription upon APC/C activation (So-
rensen et al. 2000). Since cyclin E-Cdk2 protects Cdc6
from APC/C (Mailand and Diffley 2005), the elevated
cyclin E protein level in Emil-depleted cells could ex-
plain the lack of any decrease of Cdc6. The proteasome
inhibitor, MG132, blocked decrease of geminin and cy-
clin A (Supplementary Fig. 3), consistent with the idea
that these proteins are targeted for degradation by pro-
teasomes after Emil RNAI.

To rule out the possibility that rereplication seen after
Emil RNAi is due to off-target activity, we tested
whether the rereplication phenotype is suppressed by ex-
ogenous expression of Flag-tagged Emil. Seven silent
mutations were introduced to the target sequence of
siEmil.582 to make the exogenous Emil resistant to
siRNA (Flag-EmilS%; SR for siRNA resistant) (Fig. 2A). In
addition, Flag-EmilS® was expressed from the coding
sequence of Emil so that Flag-EmilS® is resistant to
siEmil.1411, whose target site is in the 3'UTR of
Emil mRNA. Expression of Flag-EmilS® restored
the amount of Emil in cells treated with siEmil.582
and siEmil.1411 and prevented reduction of APC/C
substrates, cyclin A and geminin (Fig. 2B). These
cells did not undergo rereplication (Fig. 2C), confirming
that rereplication is a specific effect of Emil knock-
down.
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Figure 2. Rescue of Emil RNAi phenotype in cells stably ex-
pressing siRNA-resistant Emil. (A) Schematic diagrams of en-
dogenous Emil mRNA (Endo-Emil) and the region expressed
exogenously (Flag-EmilS®). Flag-EmilS® is expressed from the
coding sequence of Emil, and contains seven silent mutations
in the siEmil.582 target sequence (marked as “X”). Since the
exogenous Emil does not possess the 3'UTR sequence, its ex-
pression is also not affected by siEmil.1411, whose target site is
in the 3'UTR. Black boxes and lines indicate the Emil coding
sequence and UTRs, respectively. (B) Restoration of Emil levels
by exogenous Emil. HeLa cells were infected with retroviruses
expressing Flag-EmilS®. The cells were transfected with
siRNAs (48 h), and the indicated proteins were examined by
Western blotting. (Endo-Emil) Endogenous Emil. (C) Suppres-
sion of rereplication after Emil RNAi by Flag-EmilS® expres-
sion. HeLa cells with or without Flag-EmilS® expression were
transfected with the indicated siRNAs and rereplication was
analyzed by FACS for DNA content. The percentages of cells
with >4N DNA are indicated.

Rereplication in Emil-depleted cells is due
to unscheduled activation of APC/C!

We next tested whether rereplication in Emil-depleted
cells is due to failure to suppress APC/C activity. We
codepleted the activator subunits of APC/C, Cdhl, or
Cdc20, with Emil. Cdhl depletion partially restored the
levels of APC/C substrates such as cyclin A and gemi-
nin, whereas Cdc20 depletion did not (Fig. 3A), indicat-
ing that cyclin A and geminin are degraded via the APC/
CCdhl_dependent pathway. The failure of Cdc20 codeple-
tion to restore cyclin A and geminin levels is consistent
with the fact that Cdc20 is decreased in Emil-depleted
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Figure 3. Rereplication in the Emil-depleted cells is APC/CS! dependent. (A) Codepletion of Cdhl and/or Cdc20 with Emil by
RNAI in HeLa. The indicated proteins in RNAi-treated cells were examined by Western blotting. (B) Rereplication after Emil depletion
requires Cdhl. HeLa cells transfected with the indicated siRNAs were analyzed by FACS for DNA content. The percentages of cells
with >4N DNA are indicated. (C) Experimental scheme of RNAI in cells synchronized in mitosis. Cells released from the aphidicolin
block were sampled at the times indicated in E and F. (D) Codepletion of Cdhl and Cdc20 with Emil by RNAi using the protocol in
C. Cells released from the aphidicolin block for 27 h were examined by Western blotting. (E) Emil depletion causes rereplication in
an APC/C-dependent manner. HeLa cells treated as in C and released for the indicated times were analyzed by FACS for DNA content.
Broken lines indicate the positions of 2N and 4N peaks in asynchronous cells. The percentages of cells with >4N DNA are indicated.
(F) Emil depletion causes rereplication without cells entering mitosis. HeLa cells treated as in C and released for the indicated times
were immunostained with an anti-phospho-histone H3 (mitosis marker) antibody, and the percentages of stained cells are shown.

cells because of degradation by APC/CS! (Figs. 1D,
3A). Cdhl depletion suppressed rereplication in Emil-
depleted cells, whereas Cdc20 depletion did so mini-
mally (Fig. 3B), indicating that rereplication after Emil
RNAI is caused via APC/CSd! activation. RNAi of
Cdhl or Cdc20 did not affect the cell cycle profile by
itself (Fig. 3B, suggesting that suppression of rereplica-
tion is not due to failure of mitosis. To confirm this, we
codepleted Cdhl and Cdc20 with Emil in cell cycle-syn-
chronized cells by the procedure shown in Figure 3C.
Cells released from Nocodazole block were transfected
with siRNAs and cultured in the media containing
aphidicolin, an inhibitor of DNA polymerase a. Thus,
the cells were held at the G1/S transition while the tar-
geted proteins are depleted. Subsequent release of the
cells from the aphidicolin block allowed us to follow the
cell cycle progression in the absence of the depleted pro-
teins (Fig. 3D,E). Cells treated with control siRNA en-
tered S phase, passed through mitosis, and returned to
GI1 after 18 h. In contrast, Emil-depleted cells continued
replication and accumulated DNA >4N after 39 h. Cells
depleted of both Cdhl and Cdc20 showed cell cycle pro-
gression similar to control cells except for a slight delay
in mitotic exit (Fig. 3F). Cdh1 is dispensable for cell pro-

liferation (Sudo et al. 2001), while Cdc20 is believed to be
essential for mitosis. The lack of a greater effect of Cdc20
RNAi on mitosis is most likely because RNAi leaves
sufficient proteins in the cells to allow the mitotic func-
tion of APC/C. Cdhl and Cdc20 codepletion, however,
suppressed rereplication caused by Emil RNA],
strengthening our conclusion that Emil RNAi induces
rereplication through APC/C activation.

Emil-depleted cells undergo rereplication
in the absence of mitosis

Rereplication caused by repeated replication initiation in
S and G2 phases is clearly different from that produced
by cells entering the next cell cycle without chromo-
some segregation (abortive mitosis). To test whether the
Emil-depleted cells rereplicated in S and G2, we exam-
ined whether the cells enter mitosis prior to rereplica-
tion. Phosphorylation of histone H3 at Ser10, which is an
early mitotic marker, was examined in Emil-depleted
cells released from aphidicolin arrest (Fig. 3F). While
control siRNA-treated cells became phospho-histone
H3-positive starting at 7.5 h after release, Emil-depleted
cells did not have this mitotic marker during this period.
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Mitotic entry was partially restored by codepletion of
Cdhl and Cdc20 with Emil. These results suggest that
Emil causes rereplication without the cells entering mi-
tosis. Phosphorylation of histone H3 at Ser10 initiates in
pericentromeric heterochromatin as foci in late G2
phase (Hendzel et al. 1997). We did not observe such
phospho-histone H3 foci either in Emil-depleted cells.

Cyclin A and geminin are relevant APC/C substrates
involved in prevention of rereplication in some cells

The results described above suggest that Emil sup-
presses rereplication through stabilization of rereplica-
tion inhibitors that are APC/C substrates. Geminin is a
good candidate for such a protein since it was shown
previously that geminin RNAi in HCT116 causes accu-
mulation of cells with DNA >4N (Fig. 4A,B; Melixetian
et al. 2004; Zhu et al. 2004). However, in HeLa and
MCF10A, depletion of geminin did not induce rereplica-
tion even though the knockdown of geminin was as ef-
ficient as in HCT116 (Fig. 4A,B), suggesting that, in ad-
dition to geminin, there must be other APC/C substrates
that block rereplication in these two cell lines. We there-
fore systematically codepleted APC/C substrates and
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Figure 4. Cyclin A and geminin prevent rereplication in HeLa.
(A) Geminin depletion by geminin RNAi. HCT116, HeLa, and
MCF10A were transfected with siControl or siGem oligos and
geminin protein levels were examined by Western blotting.
B-Actin is shown as a loading control. (B) Geminin depletion is
sufficient to induce rereplication in HCT116 but not in HeLa
and MCF10A. Cells transfected with siControl or siGem oligos
were examined by FACS for DNA content. The percentages of
cells with >4N DNA are indicated. (C) Codepletion of cyclin A2
and geminin by RNAi in HeLa. The indicated proteins in RNAi-
treated cells were examined by Western blotting. (D) Cyclin A2,
in addition to geminin, needs to be depleted to induce rerepli-
cation in HeLa. Cells transfected with the indicated siRNAs
were examined by FACS for DNA content. The percentages of
cells with >4N DNA are indicated.
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Figure 5. Nondegradable cyclin A2 can suppress rereplication
induced by Emil RNAi in a Cdk-binding-dependent manner. (A)
Emil RNAi in HeLa cells infected with empty retroviruses (-
lanes), cyclin A2AD, or cyclin A2AD(R211A) viruses. The indi-
cated proteins were examined by Western blotting. (B) Expres-
sion of cyclin A2AD is sufficient to block rereplication caused
by Emil depletion. HeLa cells infected with empty retroviruses
(- panels), cyclin A2AD, or cyclin A2AD(R211A) retroviruses.
Cells treated with the indicated RNAi were examined by FACS
for DNA content. The percentages of cells with >4N DNA are
indicated.

geminin from HeLa cells looking for induction of rerep-
lication. Among cyclins Al, A2, B1, and B2, depletion of
cyclin A2 with geminin induced rereplication in HeLa
(Fig. 4C,D; data not shown). Cyclin A2 depletion by itself
did not cause as much rereplication as cyclin A2/gemi-
nin codepletion, although the cells accumulated in S
phase, suggesting that geminin and cyclin A2 are redun-
dant to each other for preventing rereplication in HeLa
cells. In summary, depletion of geminin alone is suffi-
cient for rereplication in HCT116 cells but codepletion
of cyclin A and geminin is needed to cause rereplication
in HeLa cells. Emil inactivation (and APC/C activation)
simultaneously inactivates both of these redundant bar-
riers to rereplication.

Destruction of Cyclin A is required for induction
of rereplication by Emil RNAi

To directly test that cyclin A destruction is critical for
rereplication after Emil depletion, cyclin A carrying mu-
tations (R47A and L50V) in the destruction-box motif
(cyclin A2AD) was expressed by a retrovirus vector.
While most cyclin A proteins are degraded after Emil
RNAI in cells infected with control viruses, a significant
amount of cyclin A protein remained in cyclin A2AD-
expressing cells (Fig. 5A). Rereplication after Emil RNAi



was reduced in the cyclin A2AD-expressing cells (Fig.
5B), although Emil knockdown and decrease of geminin
is similar to control cells. Therefore, cyclin A destabili-
zation is important for the rereplication seen after Emil
depletion. Geminin was still decreased, again emphasiz-
ing that geminin and cyclin A are redundant to each
other in blocking rereplication in HeLa cells. Both of
them have to be decreased before rereplication is seen.

To rule out a Cdk-independent function of cyclin A,
we next tested whether the ability of cyclin A to sup-
press rereplication requires association with Cdk. Previ-
ously, it was demonstrated that a mutation in R211 dis-
rupts interaction between cyclin A and Cdks (Kobayashi
et al. 1992). We generated the cyclin AAD(R211A) mu-
tant, in which R211 of cyclin AAD is mutated to alanine.
Cyclin AAD and cyclin AAD(R211A) were expressed at
similar levels (Fig. 5A), yet the R211A mutation im-
paired the ability of cyclin AAD to suppress rereplication
(Fig. 5B). Therefore, suppression of rereplication by cyc-
lin A requires Cdk association.

Cdk2 and Cdk1 are involved in prevention
of rereplication

The requirement of Cdk interaction implies that cyclin
A-Cdk together are involved in prevention of rereplica-
tion. To directly test this we examined whether codeple-
tion of Cdks with geminin causes rereplication. Cyclin A
is known to interact with the S-phase Cdk, Cdk2, and
the M-phase Cdk, Cdkl. We thus cotransfected siRNAs
targeting Cdk2, Cdkl, or geminin into synchronized
cells using the procedure summarized in Figure 3C. Cells
were released from G1/S block by aphidicolin and har-
vested after 18 or 39 h. Codepletion of geminin, Cdk2,
and Cdk1 proteins in HeLa cells resulted in rereplication
after 39 h (Fig. 6A,B). Codepletion of geminin with either
Cdk2 or Cdkl alone showed only marginal rereplication
(data not shown), indicating Cdk1 and Cdk2 plays redun-
dant roles in prevention of rereplication. Collectively,
these data suggest that cyclin A-Cdk2 and cyclin
A-Cdk1 complexes redundantly prevent rereplication in
HelLa cells. It is intriguing, in this context, that the high
levels of cyclin E in Emil-depleted cells cannot prevent
rereplication, because it suggests that cyclin A-Cdk2
and cyclin E-Cdk2 must have different substrate speci-
ficities.
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Checkpoint pathways are activated in rereplicating
cells following Emil depletion

Previously we and others have shown that the DNA
damage checkpoint is activated in cells undergoing re-
replication after geminin RNAi (Melixetian et al. 2004;
Zhu et al. 2004). We thus tested if a similar checkpoint
pathway is activated during Emil RNAi-induced rerep-
lication. The DNA damage checkpoint is activated
through kinases, ATM or ATR, which in turn activate
downstream checkpoint kinases, Chkl and Chk2, by
phosphorylation. Phosphorylation of a histone variant,
H2AX, by ATM or ATR is known to be an early event
during checkpoint activation. Figure 7A shows that, in
Emil-depleted cells, H2AX is phosphorylated at Ser139
and phospho-H2AX forms foci. In addition, phosphory-
lation of Chkl at Ser317 was greatly increased and that
of Chk2 at Thr68 was also slightly increased (Fig. 7B).
These data suggest that rereplication induced by Emil
depletion activates the DNA damage checkpoint.

Discussion

In this paper, we showed that Emil is essential for cell
proliferation. Although Emil has been recognized as a
factor important for entry into S and M phases in hu-
mans, mice, Drosophila, and Xenopus extracts (Reimann
et al. 2001; Grosskortenhaus and Sprenger 2002; Hsu et
al. 2002; Lee et al. 2006), our data suggest that an essen-
tial role of Emil in the cell cycle is prevention of rerep-
lication. At the G1/S transition, Emil is induced by E2F
and allows accumulation of cyclin A and geminin, which
are two redundant mechanisms for rereplication block
(Fig. 8). Until it is degraded via ubiquitination by SCF#-T*<?
in early mitosis, Emil prevents rereplication by main-
taining high levels of geminin and cyclin A. A similar
role of Emil in preventing rereplication has been inde-
pendently discovered by Dr. Jonathon Pines (pers.
comm.).

Although the effect of Emil depletion was examined
in many experimental systems (Grosskortenhaus and
Sprenger 2002; Hsu et al. 2002; Lee et al. 2006), the re-
replication phenotype has not been reported. A part of
the reason is that it is difficult to detect rereplication
without analysis of DNA content by FACS, which is
hard to perform in flies or mice, especially because Emil-
null organisms are embryonic lethal. However, it is im-

siCdk2+siCdk1
+siGem

Figure 6. Cdk2 and Cdk1 are involved in rereplication
block in HeLa. (A) Codepletion of Cdk2, Cdkl, and
geminin by RNAi using the protocol in Figure 2C. Cells
s  released from the aphidicolin block for 39 h were ex-
amined by Western blotting. (B) Codepletion of Cdk2,
Cdkl, and geminin induces rereplication in HeLa. Cells
treated as in Figure 2C and released for the indicated
times were examined by FACS for DNA content. The
percentages of cells with >4N DNA are indicated.
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Figure 7. DNA damage checkpoint is activated in Emil-de-
pleted cells. (A) H2AX phosphorylation and foci formation in
Emil-depleted HeLa cells. Cells were transfected with the in-
dicated siRNAs for 48 h and stained with DAPI and anti-phos-
pho-H2AX (Ser139). (P-H2AX) Phospho-H2AX. (B) Phosphory-
lation of Chk1 and Chk2 after Emil depletion. HeLa cells were
transfected with the indicated siRNAs for 48 h and cell lysates
were examined by Western blotting for the indicated proteins.
(P-Chk1) Phospho-Chkl1; (P-Chk2) phospho-Chk2; (*) a cross-
reactive band.

portant to note that in the previous studies some of the
Emil-deficient cells in flies and in mouse embryos seem
to have giant nuclei, a hallmark of rereplication
(Grosskortenhaus and Sprenger 2002; Lee et al. 2006).
Contrary to our study, Emil RNAi in HeLa cells was
reported to cause a failure of cells to enter S phase (Hsu
et al. 2002). This conclusion was drawn from the de-
crease in the number of cells incorporating BrdU after
Emil RNAi. However, reduction in BrdU-positive cells
could be due to a decrease in DNA synthesis secondary
to rereplication-induced fork stalling or to a cell cycle
arrest due to checkpoint activation. Rereplication may
have been missed due to the lack of cell cycle analysis by
FACS. Alternatively, differences in RNAI efficiency be-
tween the two studies may cause differences in the lev-
els of residual Emil, leading to differences in the termi-
nal phenotype.

APC/C activity and pre-RC formation

Consistent with its role as an inhibitor of APC/C, rerep-
lication after Emil depletion requires APC/C. Since
Cdc20 itself is an APC/C substrate (Pfleger and Kirsch-
ner 2000), under Emil-depleted conditions, the active
APC/C mainly contains Cdhl. APC/C! is normally
active in late M and G1 phases, and prevents accumula-
tion of mitotic cyclins and geminin (Irniger and Nas-
myth 1997; McGarry and Kirschner 1998). APC/C activ-
ity is important for allowing pre-RC formation in Gl.
Overexpression of geminin lacking a destruction box in-
hibited pre-RC formation and impaired DNA replication
(Shreeram et al. 2002; Wohlschlegel et al. 2002). Simi-
larly, premature appearance of cyclins in G1 is deleteri-
ous to pre-RC formation (Coverley et al. 2002; Ekholm-
Reed et al. 2004). Thus, high APC/C activity and the
attendant decrease in geminin and cyclin A are necessary
to allow pre-RC formation in late M and G1 phases. Our
results suggest that the converse is also true: Low
APC/C activity prevents pre-RC formation in S and G2
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and prevents rereplication. Overexpression of Cdhl has
been reported to cause overreplication (Sorensen et al.
2000). Taken together, our results suggest that Emil
plays a critical role in prevention of rereplication as a
regulator of APC/C activity in S and G2 phases.

Geminin and Cdk as redundant mechanisms
for rereplication block

While a role of geminin in preventing rereplication in
mammalian cells is well accepted, we show that in some
cell lines, cyclin A is equally important. The role of cy-
clin A in prevention of rereplication is dependent on
Cdks. The importance of high Cdk activity in prevention
of rereplication is well established in yeasts (cited in the
introduction). However, it has been unclear whether
Cdk prevents rereplication in mammalian cells or Xeno-
pus egg extracts because alteration of the geminin-Cdtl
balance alone was sufficient to induce rereplication,
without any manipulation of the Cdk activity seen in
S-phase cells or extracts (Melixetian et al. 2004; Zhu et
al. 2004; Arias and Walter 2005). On the other hand, a
negative effect of Cdk activity on mammalian pre-RC
components has also been reported. For example, Cdk-
dependent phosphorylation causes nuclear export of ex-
cess Cdc6 protein in human cells (Saha et al. 1998; Fujita
et al. 1999; Jiang et al. 1999; Petersen et al. 1999). Phos-
phorylation of Cdtl by Cdk targets Cdtl for polyubiqui-
tination by SCF*? and degradation (Liu et al. 2004;
Sugimoto et al. 2004). Overexpression of Cdtl mutated
in a Cy motif that is required for phosphorylation by
Cdk2 increases rereplication, supporting the negative ef-
fect of Cdks on pre-RC formation (Takeda et al. 2005;
Nishitani et al. 2006). In addition, Cdkl1 inactivation in a
mammalian fibrosarcoma cell line causes rereplication
(Itzhaki et al. 1997). In the face of this conflicting evi-
dence of the critical role of geminin or Cdk in rereplica-
tion block in vertebrates, it was unclear whether gemi-
nin and Cdk are redundant in rereplication block or
nonredundant, and function in different phases of the
cell cycle. Our study suggests that geminin and Cdk pro-
vide redundant mechanisms for preventing rereplication
in S and G2 phases, although there is a difference be-
tween cell lines (see below). Collectively, we propose a

» Emi1l
APC/C PIk1
E2F : :
Cycllr‘1‘A Geminin scpPTcP
Reféplication
e ] s [ G2

Figure 8. Suppression of rereplication by Emil during S and G2
phases. Rereplication block pathways triggered by Emil. Emil
is induced at G1/S transition by E2F and inhibits APC/C to
stabilize rereplication inhibitors, cyclin A and geminin. Emil is
degraded upon mitotic entry after phosphorylation by Plk and
ubiquitination by SCF*T™’  In some cancer cells—e.g.,
HCT116—cyclin A-dependent suppression of rereplication is
not functional (shown by dashed lines).



model that the cyclin A-Cdk complex and geminin in-
dependently prevent rereplication by inhibiting forma-
tion of pre-RCs, and both pathways are coregulated by
Emil during S and G2 phases.

Difference in rereplication block pathways
between cell lines

A redundant role of cyclin A and geminin in preventing
rereplication in some cell lines explains the puzzling
failure to see rereplication after depletion of geminin in
commonly studied cells like HeLa. The presence of two
redundant pathways to prevent rereplication is also con-
sistent with the results of H. Hochegger and S. Takeda
(pers. comm.). They showed that Cdk inhibition in the
chicken DT40 cell line causes rereplication in mitosis
but not in G2 phase, indicating the presence of at least
one other pathway to prevent rereplication in G2 cells
that is neutralized by the activation of APC/C in mito-
sis. On the other hand, in a Drosophila cell line, geminin
and cyclin A are nonredundant in this aspect, so that
depletion of either protein leads to rereplication (Mihay-
lov et al. 2002). Similarly, we and others have shown that
depletion of geminin alone leads to rereplication in
HCT116 colon cancer cell lines while overexpression of
Cdtl promotes rereplication in lung cancer cells (Vaziri
et al. 2003; Takeda et al. 2005). Thus, rereplication-
blocking pathways are different between tissues, devel-
opmental stages, or types of cancer cells with geminin
being the sole inhibitor in some but not all cells. Further
study will be required to determine why cyclin A is not
able to suppress rereplication in the absence of geminin
in HCT116 cells or upon overexpression of Cdtl in lung
cancer cells.

Activation of DNA damage checkpoint after rereplica-
tion suggests that rereplication leads to DNA damage or
unusual DNA structures. Indeed, a recent study sug-
gested that uncontrolled rereplication causes fork colli-
sions and results in DNA fragmentation in Xenopus egg
extracts (Davidson et al. 2006). Therefore, it will be im-
portant to examine the effect of rereplication on genome
integrity and its potential as a cause of tumorigenesis. In
this sense, it is worth noting that overexpression of Cdt1
or Cdc6, which tilts the balance of origin licensing to-
ward rereplication (Vaziri et al. 2003), is associated with
genomic instability and poor prognosis in lung cancers
and mantle cell lymphoma (Karakaidos et al. 2004;
Magda Pinyol et al. 2006). In addition, the lack of the
Cdk-dependent rereplication block pathway in HCT116
reported in this study suggests that loss of some but not
all rereplication-blocking pathways may be seen in can-
cer cells, predisposing them to genomic instability. Emil
overexpression has been reported to accompany genomic
instability, and Emil is overexpressed in tumors (Hsu et
al. 2002; Lehman et al. 2006). Our results suggest, how-
ever, that deregulation of APC activity through func-
tional inactivation of Emil might also contribute to ge-
nome instability in cancer cells. Finally, given that Emil
regulates two redundant mechanisms for preventing re-
replication, we speculate that inactivation of Emil may
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be important in physiological situations where verte-
brate cells undergo endoreduplication as part of normal
development.

Materials and methods

Plasmids

A coding sequence of human cyclin A2 and Emil was cloned
into a retrovirus vector pMMP-puro (Pulsipher et al. 1998) and
pMSCVpuro (Clontech), respectively, and mutagenesis was per-
formed using QuickChange kit (Stratagene) according to the
manufacturer’s instructions. Mutations that confer resistance
to siEmil.582 were introduced to the Emil coding sequence
using primers 5'-GAAGAAGGTAGCCTCCTCGAGGAAAA
CTTTGGAGATAGCCTCCAATCCTGCCTGCTACAAATAC-3’
and 5'-GTATTTGTAGCAGGCAGGATTGGAGGCTATCTCC
AAAGTTTTCCTCGAGGAGGCTACCTTCTTC-3".

Cell culture, retrovirus infection, and FACS

HeLa cells were cultured in DMEM containing 10% donor calf
serum. HCT116 cells were cultured in McCoy’s 5A containing
10% fetal calf serum. MCF10A is an immortalized breast epi-
thelial cell line derived from fibrocystic disease that was cul-
tured in DMEM/F12 containing 5% donor calf serum, 0.02 ng/
mL EGF (Sigma), 1 pg/mL Insulin (Sigma), 1.4 pM hydrocorti-
sone (Sigma), and 0.1 pg/mL Cholera toxin. For synchronization
of cells in mitosis, cells were treated with 40 ng/mL of Noco-
dazole for 8 h and rounded cells were collected. For synchroni-
zation of cells at G1/S, aphidicolin (1 pg/mL) was added to the
medium. Cells were released from the block by extensive wash-
ing with PBS. Retroviruses were produced in the 293GPG cell
line (Ory et al. 1996) or the Phoenix cell line (Pear et al. 1993) by
transient transfection of retrovirus plasmids. Cells were in-
fected with retroviral supernatants and selected in puromycin (1
pg/mL). FACS analysis was performed as described previously
(Machida et al. 2005Db).

RNAI screening

RNAI screening for genes involved in cell proliferation was per-
formed as described previously (Machida et al. 2006). Single
siRNA oligos were designed against human F-box proteins
based on the criteria reported previously (Reynolds et al. 2004)
and purchased from Samchuly. Five-thousand MCF10A cells
were transfected with 4 pmol of siRNA duplex using Lipofect-
amine 2000 (Invitrogen) in a 96-well plate. After a 3-d culture,
cells were incubated with 10 uM BrdU for 15 min and incorpo-
ration of BrdU per well was measured by ELISA using HRP-
coupled anti-BrdU antibody (Roche). The screen was performed
with three technical replicates and repeated twice. Genes whose
knockdown reduced BrdU incorporation as much as a positive
control siRNA (targeting a replication factor, ORC2) were con-
sidered as hits. siControl, which targets a luciferase gene, was
used as a negative control. For FBXO5/Emil, a hit gene in the
primary siRNA screen, additional siRNA duplexes were de-
signed against different sequences of the mRNA and used for
the secondary siRNA screen.

RNAi

siRNA transfection was performed using Oligofectamine (Invit-
rogen) as described previously (Machida et al. 2005b). Lipofect-
amine RNAIMAX (Invitrogen) was used for siRNA transfection
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into Nocodazole-arrested cells. The target sequences of siRNAs
were as follows: siControl (GL2), 5-AACGUACGCGGA
AUACUUCGA-3’; siEmil.582, 5'-GAGAAUUUCGGUGACA
GUCUA-3’; siEmil.1298, 5-UACGAAGUGUCUCUGUAA
UUA-3’; siEmil.1411, 5'-UACGAAGAUUGUGAUCUCUUA
-3’; siCyclin A2, 5'-AAAGCUGGCCUGAAUCAUUAA-3'; and
siCdkl, 5-AAAGGAACTTCGTCATCCAAA-3'. The se-
quences of Geminin, Cdk2, Cdhl, Cdc20, and ORC2 siRNAs
were reported previously (Brummelkamp et al. 2002; Bashir et
al. 2004; Zhang et al. 2004; Zhu et al. 2004; Machida et al.
2005Db).

Experimental scheme of RNAI in cells synchronized in mi-
tosis (Fig. 3): HeLa cells were synchronized in metaphase by
Nocodazole treatment (40 ng/mL) for 8 h. Rounded cells were
collected, transfected with siRNAs, and released into aphidico-
lin for 24 h. Cells were released from the aphidicolin block, and
samples were taken after indicated times in Figure 3, E and F.

Western blotting

For Western blotting, cells were lysed in lysis buffer (50 mM
Tris-HCI, 150 mM NaCl, 0.1% NP-40, 5 mM EDTA) supple-
mented with protease inhibitor mix (Sigma). The antibodies
used were anti-Emil (Invitrogen); anti-cyclin E, anti-cyclin A,
anti-cyclin Bl, anti-Cdk2, anti-Cdkl, anti-Cdc20, and anti-
Cdc6 (Santa Cruz Biotechnology); anti-Cdhl (BD Biosciences);
anti-B-actin and anti-Chk2 (Sigma); anti-Chk1, anti-phospho-
Chkl (Ser317), anti-phospho-Chk2 (Thr68) (Cell Signaling
Technology). Rabbit anti-geminin antiserum was reported pre-
viously (Wohlschlegel et al. 2000).

Immunostaining

Cells cultured on slides were fixed with 4% paraformaldehyde
for 10 min and permeabilized with 0.2% TX-100 for 10 min.
Following blocking with 3% BSA in PBS for 1 h, cells were
incubated with antibodies diluted in PBS containing 3% BSA for
1 h. After three washes with PBS, cells were incubated with
FITC-labeled anti-rabbit IgG antibody (DAKO) diluted in PBS
containing 3% BSA for 30 min and washed three times with
PBS. Cells were mounted with Vectashield containing DAPI
(Vector Laboratory). The antibodies used were anti-phospho-
histone H3 (Ser10) antibody (Millipore) and anti-phospho-H2AX
(Ser139) (Cell Signaling Technology).
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