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Geminin is an unstable inhibitor of DNA replication that gets destroyed at the metaphase/
anaphase transition. The biological function of geminin has been difficult to determine because it
is not homologous to a characterized protein and has pleiotropic effects when overexpressed.
Geminin is thought to prevent a second round of initiation during S or G2 phase. In some assays,
geminin induces uncommitted embryonic cells to differentiate as neurons. In this study, geminin
was eliminated from developing Xenopus embryos by using antisense techniques. Geminin-
deficient embryos show a novel and unusual phenotype: they complete the early cleavage
divisions normally but arrest in G2 phase immediately after the midblastula transition. The arrest
requires Chkl, the effector kinase of the DNA replication/DNA damage checkpoint pathway. The
results indicate that geminin has an essential function and that loss of this function prevents entry
into mitosis by a Chkl-dependent mechanism. Geminin may be required to maintain the struc-
tural integrity of the genome or it may directly down-regulate Chk1 activity. The data also show
that during the embryonic cell cycles, rereplication is almost entirely prevented by geminin-

independent mechanisms.

INTRODUCTION

The events of mitosis are controlled by a small group of
unstable regulatory proteins that are destroyed at the meta-
phase/anaphase transition (King et al., 1996). The timely
synthesis and destruction of these proteins ensures that
mitosis proceeds in an orderly and irreversible manner. This
family of proteins includes the anaphase inhibitor securin
and the B-type cyclins, which activate the mitotic protein
kinase Cdc2.

Geminin is a 25-kDa protein that was discovered by
screening cDNA libraries for novel proteins that were de-
stroyed during mitosis (McGarry and Kirschner, 1998). Ex-
cept for B-type cyclins, geminin was the most abundant
cDNA detected in the screen. Geminin’s function was not
immediately apparent because it is not homologous to any
previously characterized protein. Overexpression experi-
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ments demonstrated that geminin strongly inhibits DNA
replication by preventing formation of prereplication com-
plex (preRC), a collection of essential replication factors that
assembles on DNA at origins of replication (Stillman, 1996).
At the molecular level, geminin prevents the incorporation
of the mini-chromosome maintenance (MCM) complex into
preRC. MCM complex is thought to be the helicase that
separates the two strands of the double helix. Geminin
seems to affect replication by inhibiting Cdtl, an essential
replication factor that must be incorporated into preRC be-
fore the MCM complex can be added (Maiorano et al., 2000).
Geminin binds tightly to Cdtl, and overexpression of Cdtl
overcomes the inhibition of replication caused by geminin
(Wohlschlegel et al., 2000; Tada et al., 2001).

Based on these results, it has been proposed that the
function of geminin is to inhibit a second round of DNA
replication during S or G2 phase, and that geminin destruc-
tion during mitosis allows replication in the following cell
cycle (McGarry and Kirschner, 1998). Although this model is
appealing, it has been difficult to directly demonstrate that
geminin is necessary to prevent rereplication in vertebrate
cells. Immunodepletion of geminin from Xenopus egg ex-
tracts does not result in an extra round of replication. Fur-
thermore, Xenopus egg extracts contain a pool of Cdtl that is
not bound to geminin, and this free pool seems to be suffi-
cient to initiate replication (Tada et al., 2001).
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Geminin was independently discovered as a molecule that
induces uncommitted embryonic cells to differentiate as
neurons (Kroll et al., 1998). It is not known how this activity
is related to geminin’s effect on the cell cycle. One possibility
is that the two activities are linked and that geminin couples
cell division and cell differentiation. For example, geminin
might cause cells to accumulate in a cell cycle stage that is
conducive to differentiation. Another possibility is that
geminin has two separate and independent activities medi-
ated by separate domains of the protein. In support of this
hypothesis, the neuralizing activity of geminin can be repro-
duced by a small fragment of the protein that has no effect
on DNA replication.

In this study, geminin was eliminated from developing
Xenopus embryos by using antisense oligonucleotides to
clarify its biological function. Geminin-depleted embryos
were found to have a unique early embryonic lethal pheno-
type. They complete the embryonic cleavage divisions nor-
mally but suddenly arrest in G2 phase after the 13th cell
division. The arrest occurred just after the midblastula tran-
sition (MBT), the point in development when the cell cycle
slows and zygotic gene expression begins. There was no
detectable overreplication of the genome in geminin-defi-
cient embryos, and embryonic death occurs before the time
of neural induction. The G2 arrest is enforced by the check-
point kinase Chk1. There is increased Chk1 phosphorylation
at the arrest point, and the arrest can be bypassed by over-
expressing a dominant negative Chkl mutant. Surprisingly,
Chkl is also phosphorylated around the time of the MBT in
wild-type embryos, suggesting that the Chk1 pathway con-
stitutively controls entry into mitosis. The results indicate
that geminin has an essential function in allowing entry into
mitosis, possibly by maintaining the integrity of the genome
or by down-regulating Chk1 activity.

MATERIALS AND METHODS
Host Transfer Technique

To generate geminin-depleted embryos by the host transfer tech-
nique (Heasman ef al., 1991), oocytes were injected near the vegetal
pole with 5 ng of geminin antisense oligonucleotide (Bio-Synthesis,
Lewisville, TX) in a total volume of 20 nl of H,O. The oligonucleo-
tide had the sequence G*C*T*GGATTACTTTAA*G*T*G, where the
asterisk indicates a phosphorothioate bond between the nucleotides.
This oligonucleotide is complementary to a sequence encoding
amino acids 35-41 that is completely conserved between geminin H
and geminin L, the two isoforms of Xenopus geminin. It gave the
most complete depletion of geminin of the three that were tested.
Control embryos were injected with the sense version of the anti-
sense oligonucleotide (C*A*C*TTAAAGTAATCC*A*G*C).

Embryo Injection Technique

To generate geminin-depleted embryos by the embryo injection
technique (Heasman et al., 2000), each blastomere of a two-cell
embryo was injected with 8 ng of an equal mixture of two morpho-
lino oligonucleotides (Gene Tools, Corvallis, OR) in a volume of 10
nl. The antigeminin H oligonucleotide had the sequence ATCTCT-
GCTTCTTGTTGGTATTCAT and the antigeminin L oligonucleotide
had the sequence TAAGCCTCTGCTCTTTTCACGCACA. After in-
jection, embryos were cultured in 1X MMR /5% Ficoll for 2-3 h and
then in 0.1X MMR. Control embryos were injected with a standard
morpholino oligonucleotide that bore no sequence relationship to
geminin (CCTCTTACCTCAGTTACAATTTATA).
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Plasmid Construction and RNA Synthesis

Cdc2 WT and Cdc2AF genes were amplified using the primers
GGGCCCGAATTCATGGACGAGTACAC and GGGCCCTCTA-
GATTAGTTTCTAATCTGATTG. After amplification, the fragments
were digested with EcoRI and Xbal and subcloned into the vector
pCS2(+), which had been digested with the same enzymes. The
sequence of the Cdc2 coding region in each construct was confirmed
by dideoxy sequencing. The isoform used in these experiments did
not contain an internal EcoRI site.

pCS2-Cdc25 WT and pCS2-Cdc25 S287A were constructed by
amplifying the Cdc25 gene from pSKCdc25-1 and pEGFP Cdc25
S287A, respectively (Kumagai and Dunphy, 1992; Kumagai and
Dunphy, 1999). The primers were GGGCCCAGATCTATGGCA-
GAG-AGTCACATAATG and GGGCCCCTCGAGTTAAAGCT-
TCATTATGCGGGC. The amplified fragments were digested with
BglII and Xhol and ligated to the vector pCS2(+), which had been
digested with BamHI and Xhol.

pCS2-Geminin*oPble was constructed by amplifying the Xenopus
geminin H gene from the original cDNA clone of geminin H,
p6:42.152 (McGarry and Kirschner, 1998). The two primers were
GGGCCCGAATTCATGAACACAAATAAAAAACAACGC-TTG-
GATATGGAGAAGCC and GGGCCCCTCGAGCTAGACAGTAT-
GTGCATC. The amplified fragment was digested with EcoRI and
Xhol and inserted into the vector pCS2(+) that had been cut with the
same enzymes. The sequence of the amplified geminin gene was
confirmed by dideoxy sequencing.

pCS2-hise-Chk1AKD was constructed by digesting a pET28 clone
of Chk1AKD (Michael et al., 2000) with Ncol, blunting the ends with
the Klenow fragment, and digesting with Xhol. The fragment was
ligated to the vector pCS2(+) that had been digested with BamHI,
treated with Klenow fragment, and digested with Xhol.

To make mRNA, template plasmids were linearized with Notl
and transcribed in vitro by using SP6 or T7 polymerase in the
presence of ribonucleotide triphosphates and pGpppG cap analog
(Pharmacia, Peapack, NJ). RNA was resuspended and diluted in
H,O before injection. Chkl D148A RNA was synthesized using
pT7-G DA-Chk1 (Nakajo et al., 1999) as a template, and Myc RNA
was synthesized using pMT-CS2.

Rescue with Cdc2, Cdc25C, and Chk1l D148A

Two-cell embryos were injected sequentially with morpholino an-
tisense oligonucleotides and RNA. The time between the two injec-
tions was 20-30 min. It was found that the RNAs would not be
expressed well when coinjected with the morpholino oligonucleo-
tide. The embryos were scored for rescue at the late blastula stage
when geminin-depleted embryos from the same clutch of eggs had
arrested. Arrest was determined by judging the size and the ap-
pearance of the cells (Figure 2, B and D). In many instances one side
of the embryo would be rescued and the other side would not.
Rescue frequencies are calculated as the percentage of half-embryos
rescued. Embryos were injected and scored blindly to avoid bias in
the results. Geminin-depleted embryos injected with Cdc2 WT,
Cdc2 AF, Cdc25C WT, Cdc25C S287A, or Chkl D148A RNA did not
develop past the late blastula stage, presumably because of the toxic
effects of improperly regulated Cdc2 activity.

Antibodies

Affinity-purified anti-geminin H antibody was described previously
(McGarry and Kirschner, 1998). Anti-Cdc2 (sc-54) and His-Probe
(sc-804) antibodies were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA). Phosphospecific anti-Cdc2 pY15 antibody was
purchased from New England Biolabs (Beverly, MA). Anti-Cdc25C
and anti-Cds1 antibodies were provided by Akiko Kumagai and
William Dunphy (Kumagai and Dunphy, 1992; Guo and Dunphy,
2000). Anti-cyclin Bl antibody was provided by James Maller (Hart-
ley et al., 1996). Anti-xChkl antibody was provided by Jill Sible
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Figure 1. Depletion of geminin by antisense oligonucleotides. (A)
Stage VI Xenopus oocytes were injected with a phosphorothioate
antigeminin or control oligonucleotide and fertilized by the host
transfer technique. At various points in development, the amount of
geminin was determined by immunoblotting (arrowheads). The
higher molecular weight bands are unrelated proteins that cross-
react with the antibody. Oo, oocyte before progesterone treatment;
Egg, oocyte after progesterone treatment; 16, 16-cell embryo; MBT,
mid-blastula transition. (B) Same as A, except two-cell embryos
were injected with morpholino antigeminin or control oligonucleo-
tide; 8-128, cell number at time of harvest; stage 10, onset of
gastrulation.

(Kappas et al., 2000). Monoclonal anti-actin antibody AC-40 was
purchased from Sigma-Aldrich (St. Louis, MO).

RESULTS

Depletion of Geminin by Antisense Oligonucleotides

Two different techniques were used to deplete geminin from
Xenopus embryos. In the host transfer technique (Heasman et
al., 1991), stage VI oocytes were injected with either control
or antisense-geminin phosphorothioate oligonucleotides.
The injected oocytes were transplanted into the abdomen of
a host female, fertilized, and cultured in vitro. In control
embryos, geminin synthesis is induced during oocyte mat-
uration and the level of the protein stays roughly constant
throughout early development (Figure 1A, left). The anti-
sense oligonucleotide eliminates 90-95% of the geminin pro-
tein induced during oocyte maturation and the geminin
concentration remains low until at least the late blastula
stage (Figure 1A, right). In the embryo injection technique
(Heasman et al., 2000), fertilized Xenopus eggs were injected
with either control or antisense-geminin morpholino oligo-
nucleotides at the two-cell stage. The antisense oligonucle-
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otide causes a rapid reduction in the geminin concentration
and the protein is barely detectable at the 128-cell stage
(Figure 1B, bottom). The concentration remains low until at
least the beginning of gastrulation (stage 10; Nieuwkoop
and Faber, 1967). Injection of control oligonucleotides has no
effect (Figure 1B, top). The embryo injection technique was
used in most of the experiments because it is much easier to
perform and produces greater numbers of geminin-depleted
embryos than the host transfer technique.

Geminin Depletion Causes an Early Embryonic Cell
Cycle Arrest

Geminin-depleted embryos generated by either technique
display a characteristic early embryonic lethal phenotype.
The early cell divisions seem to be normal, with normal
timing and normal positioning of the cleavage furrows (Fig-
ure 2A). The first deviation from normal development be-
comes manifest at the late blastula stage, when the cells of
geminin-depleted embryos seem to be noticeably larger than
the cells of control embryos (Figure 2B). As development
proceeds, the surface pigment of each cell condenses and
develops a central white spot, giving the embryo a charac-
teristic “leopard skin” appearance (Figure 2D). The larger
cells of geminin-depleted embryos fail to execute normal
gastrulation movements. The blastopore is misshapen and
its diameter does not shrink normally. A wave of large
detached white cells emerges from the region of the blas-
topore groove and quickly sweeps over the animal pole
(Figure 2C). The underlying embryo becomes a large mass of
yolky vegetal cells covered by a cap of pigmented animal
cells (Figure 2F) that disintegrates over the course of a few
hours. Virtually all geminin-depleted embryos displayed
this phenotype (Table 1). In contrast, embryos injected with
control oligonucleotides typically develop normally to at
least the late tadpole stages (Table 1 and Figure 2E).

The observation that geminin-depleted blastulae had ab-
normally large cells suggested that their primary defect was
a cell cycle arrest. This was confirmed by making time-lapse
videorecordings of 13 geminin-depleted embryos from 13
different clutches of eggs. In all cases, the embryonic cell
divisions were normal but the cells suddenly stopped divid-
ing just after the MBT, which occurs after the 12th cell cycle.
There was some variability in the exact time at which cell
division stopped, both between different embryos and be-
tween different cells of the same embryo. Most often (>90%
of the time), cell division stopped after the 13th or 14th
division, but some cells would divide a 15th time before
arresting. After the arrest, the embryos seemed healthy for
about an hour and remained intact for several hours before
disintegrating. To confirm that cell division had ceased, the
embryos were sectioned and the mitotic index was deter-
mined by staining the nuclear DNA with 4,6-diamidino-2-
phenylindole and counting the number of cells with con-
densed chromatin. In both late blastulae and early gastrulae
(stages 9 and 11), virtually none of the cells of geminin-
depleted embryos were in mitosis, whereas control embryos
showed a mitotic index of 6-10% (Table 2).

Injection of Geminin RNA Reverses Defects caused
by Geminin Depletion

Normal development can be restored by injecting geminin-
depleted embryos with geminin RNA (Figure 2G and Table
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G Rescue

Figure 2. Development of geminin-depleted embryos. (A-D) Geminin depletion causes a cell cycle arrest. Two-cell embryos were injected
with morpholino control oligonucleotide (CO) or antisense-geminin oligonucleotide (AS). (A) Early blastula stage. (B) Shortly after the
midblastula transition. (C) Gastrula stage 12, animal view. (D) Stage 12, detail of animal view. (E-G) Geminin RNA rescues geminin
depletion. Stage VI oocytes were injected with control phosphorothioate oligonucleotide (control), antigeminin oligo (antisense), or
antigeminin oligo followed by 240 pg of WT geminin RNA (rescue). Oocytes were fertilized by the host transfer technique and cultured in
vitro. The embryos in the middle panel were fixed at stage 12, those in the top and bottom panels were fixed at stage 41-45.

1). This control demonstrates that the phenotype is due to
the loss of geminin itself and excludes the possibility that the
antigeminin oligonucleotide fortuitously destroys a different
protein or that the oligonucleotide preparation contains a
toxic substance.

To rescue embryos generated by the host transfer method,
oocytes were injected with ~240 pg of geminin RNA 3 h
after injection of the antisense oligonucleotide. This amount
was sufficient to restore the geminin concentration to normal
(our unpublished data). Presumably, the antisense oligonu-
cleotide is degraded during the 3-h cultivation period so that
it does not destroy the injected RNA. Virtually none the
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embryos that developed from these oocytes showed a large-
cell phenotype characteristic of a cell cycle arrest, and most
of them (15/19, ~80%) developed to the swimming tadpole
stage (Table 1 and Figure 2G). Some of the tadpoles seemed
to have completely normal anatomy and others had a
slightly malformed body.

To rescue embryos generated by the embryo injection
technique, two-cell embryos were injected with gemin-
inwebble RNA 20-30 min after the injection of the antigemi-
nin oligonucleotide. To allow translation of the gemin-
inwebble RNA, eight of the 25 bases in the region that would
hybridize to the oligonucleotide were mutated in a way that
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Table 1. Phenotype of control, geminin-depleted, and rescued em-
bryos

G2 Arrest, Tadpoles,
0/0 O/O

Host transfer technique

Control oligo 0 (n =98) 77 (n = 13)

Antisense oligo 97 (n = 65) 2 (n = 45)

AS oligo + Gem RNA 5(n =21) 79 (n = 19)
Embryo injection technique

Control oligo 0.7 (n = 227) 87 (n = 52)

Antisense oligo 98 (n = 468) 0 (n = 147)

AS oligo + Gem RNA 26 (n = 135) 28 (n = 45)

Gem, geminin; oligo, oligonucleotide.

preserved the amino acid sequence. Embryos injected with
100-200 pg of this RNA contain a normal amount of gemi-
nin at the late blastula stage (our unpublished data). Most of
these embryos (~75%) did not show a cell cycle arrest and
many of them (~30%) developed as far as the tadpole stage
(Table 1). The extent of the rescue was not as complete as
with the host transfer method, perhaps because of incom-
plete diffusion of the rescuing geminin RNA throughout the
embryo or degradation of zygotic geminin RNA because of
persistence of the morpholino oligonucleotide.

Geminin-depleted Cells Arrest in G2 Phase

To determine the cell cycle stage of the arrest, DNA content
was measured in tissue sections by quantitative fluorescence
microscopy. In two separate experiments, geminin-depleted
cells contained an average of 1.4 and 2.1 times as much
nuclear DNA as control cells (Table 2). Figure 3A shows a
histogram of DNA content for one of the experiments. The
nuclei of geminin-depleted cells were noticeably larger than
control nuclei and their chromatin was often partially con-
densed (Figure 3B). The appearance of the nuclei and the
higher DNA content of the geminin-depleted cells suggested
that they were arrested in G2 phase.

The G2 arrest was verified by demonstrating two bio-
chemical markers that are characteristic of G2 phase cells: a
high concentration of B-type cyclins and complete phos-
phorylation of Cdc2 on tyrosine-15 (Y15) (Draetta et al., 1988;
Pines and Hunter, 1989). The B-type cyclins accumulate
during S and G2 phase and bind to the mitotic protein kinase
Cdc2 (King et al., 1994). Once the activating cyclin subunit is
bound, Cdc2 activity is inhibited by phosphorylation of Y15
and threonine-14 (T14) by kinases in the Weel/Myt1 family.
The critical event that triggers the start of mitosis is the
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Figure 3. Geminin-deficient embryos arrest in G2 phase. (A) His-
togram of nuclear DNA content for control (white) and geminin-
depleted cells (black). (B) Nuclei of control and geminin-depleted
embryos stained with 4,6-diamidino-2-phenylindole at the gastrula
stage. Both micrographs are at the same magnification.

removal of the two inhibitory phosphates by a member of
the Cdc25 family of phosphatases.

During the early embryonic cell cycles, Cdc2 is virtually
unphosphorylated and S phase and mitosis directly follow
each other without intervening gap phases (Graham and
Morgan, 1966; Ferrell et al., 1991; Hartley et al., 1996). After
the MBT, gap phases appear and cell division becomes
asynchronous throughout the embryo. In normal embryos,
the appearance of a population of cells in G2 phase at the
MBT is reflected by the accumulation of B-type cyclins (Fig-
ure 4A, top) and the appearance of a small amount of Cdc2
that is phosphorylated on Y15 (Figure 4B, top). Both of these
changes are exaggerated in geminin-depleted embryos. As
the arrest point is reached, they accumulate 2-4 times as
much cyclin B1 as control embryos (Figure 4A, bottom) and
virtually all the Cdc2 becomes phosphorylated on Y15 (Fig-

Table 2. Mitotic index and DNA content of geminin-depleted and control embryos

Mitotic index, %

DNA content

Control Geminin-depleted Control Geminin-depleted
Blastula stage 9.7 (n = 1465) 0.5 (n = 1208) 1.0 (n = 107) 14 (n=113)
Gastrula stage 6.1 (n = 1996) 0.0 (n = 1233) 1.0 (n =75) 2.1 (n =43)
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Figure 4. Cdc2 is hyperphosphorylated on tyrosine-15 in the ab-
sence of geminin. (A) Cyclin Bl accumulates in geminin-depleted
embryos. Two-cell embryos were injected with antigeminin (AS) or
control (CO) oligonucleotide and cultured in vitro. At various times
after fertilization, the concentration of cyclin Bl was determined by
immunoblotting. U, unfertilized egg. (B) Cdc2 becomes hyperphos-
phorylated geminin-depleted embryos. Same protocol as in A but a
different experiment. The extent of Cdc2 phosphorylation was de-
termined by immunoblotting with a mouse monoclonal Cdc2 anti-
body. The Y15-phosphorylated form of Cdc2 migrates through a
polyacrylamide gel more slowly than the unphosphorylated form
(Hartley et al., 1996).

ure 4B, bottom). These findings confirm that the arrest is in
G2 phase.

Cdc2 AF Bypasses the Cell Cycle Arrest of Geminin-
depleted Embryos

The near quantitative phosphorylation of Cdc2 on Y15 at the
time of the arrest suggests that geminin-depleted embryos
fail to enter mitosis because of an inability to remove the
inhibitory phosphates on T14 and Y15. To test this possibil-
ity, geminin-depleted embryos were injected with RNA en-
coding Cdc2 AF, a mutant form of Cdc2 in which threo-
nine-14 is replaced by alanine and tyrosine-15 is replaced by
phenylalanine. Cdc2 AF cannot be phosphorylated at either
of the inhibitory sites and does not require dephosphoryla-
tion for activity (Pickham et al., 1992). Injection of as little as
30 pg of Cdc2 AF RNA significantly suppressed the cell
cycle arrest caused by geminin depletion, as judged by the
size and appearance of the cells after the MBT (Figure 5A,
top, black rectangles). The degree of suppression increased
as more Cdc2 AF RNA was injected. Time-lapse videore-
cordings of two geminin-depleted embryos injected with
1000 pg of Cdc2 AF RNA confirmed that cell division con-
tinued throughout the embryo for several cycles after the
13th division until the cells became too small to be distin-
guished. In contrast, injection of as much as 1000 pg of
wild-type Cdc2 RNA had no effect (Figure 5A, gray rectan-
gles). Inmunoblots showed that comparable amounts of the
WT and AF proteins were expressed at each RNA concen-
tration (our unpublished data). To confirm that the G2 arrest
had been overcome, the extent of Cdc2 phosphorylation and
the cyclin Bl level were measured after the MBT. Cdc2 AF
expression caused the complete disappearance of tyrosine-
15-phosphorylated Cdc2 and restored the cyclin Bl level to

Vol. 13, October 2002

Geminin Loss Causes Chk1l Activation

normal, indicating that the G2 arrest had been bypassed
(Figure 5A, compare lanes 2 and 4). Wild-type Cdc2 had no
effect (lane 3). The suppression of the arrest by Cdc2 AF
indicates that geminin-depleted embryos fail to enter mitosis
because of sustained inhibitory phosphorylation of Cdc2.

Geminin Depletion Causes Increased Chk1
Phosphorylation

Checkpoint pathways prevent entry into mitosis in the pres-
ence of incompletely replicated or damaged DNA (Zhou
and Elledge, 2000). Checkpoint responses are implemented
by two effector protein kinases that are activated by phos-
phorylation, Chk1 and Cds1. Activated Chkl and Cdsl pre-
vent entry into mitosis in part by inhibiting Cdc25C, the
phosphatase that removes the phosphates from T14 and Y15
of Cdc2 at the onset of mitosis (see below).

To see whether geminin depletion activates a checkpoint,
the extent of Chkl and Cdsl, phosphorylation in geminin-
depleted and control embryos was measured by immuno-
blotting (Figure 6). Phosphorylated Cdsl migrates through a
polyacrylamide gel more slowly than the unphosphorylated
form (bottom) (Guo and Dunphy, 2000). To monitor the
phosphorylation of Chk1, embryos were injected with RNA
encoding hisg-tagged Chk1AKD, a fragment of Chkl that
undergoes an easily observable gel shift when phosphory-
lated. The phosphorylation of this fragment reflects endog-
enous Chkl phosphorylation and is correlated with activa-
tion of the DNA replication checkpoint in Xenopus egg
extracts (Michael et al., 2000). Control embryos injected with
his,-Chk1AKD RNA develop into normal tadpoles, indicat-
ing that the protein itself is not toxic (our unpublished data).
Both his,-Chk1AKD and Cdsl become extensively phos-
phorylated when the DNA replication checkpoint is induced
by adding 20 mM hydroxyurea (HU) to the culture medium
(Figure 6, top and bottom, lanes 6-10). Time-lapse videore-
cording of four HU-treated embryos showed that 80-90% of
the cells stop dividing immediately after the 12th cell divi-
sion, or about one division earlier than geminin-depleted
embryos. The phosphorylation of his,-Chk1AKD and Cdsl
occurs around the time of the arrest and is associated with
increased phosphorylation of Cdc2 on Y15 (middle, lanes
6-10).

In control embryos, Cdsl remains unphosphorylated
throughout development (bottom, lanes 1-5) but his,-
Chk1AKD becomes partially phosphorylated at the time of
the midblastula transition (top, lanes 1-5). This phosphory-
lation is temporally correlated with the appearance of Y15-
phosphorylated Cdc2 (middle, lanes 1-5), suggesting that
Chk1 might constitutively control Cdc2 phosphorylation in
normal post-MBT cell cycles (see DISCUSSION). His,-
ChkIAKD becomes more extensively phosphorylated in
geminin-depleted embryos than in controls (top, lanes 11—
15). Quantification of the band intensities in four indepen-
dent experiments showed that in control embryos Chkl
AKD is 22 * 5% phosphorylated after the MBT, whereas in
geminin-depleted embryos Chk1 AKD is 43 = 2% phosphor-
ylated (mean * SE, P < 0.02). This is comparable with the
amount of Chkl DKD phosphorylated that is phosphory-
lated in HU-treated embryos (43 * 5%). The increased Chk1
phosphorylation is associated with complete phosphoryla-
tion of Cdc2 on Y15 (middle, lanes 15). In contrast, Cdsl
remains unphosphorylated in both control and geminin-
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depleted embryos throughout development. These results
suggest that the Chkl pathway is responsible for the G2
arrest that occurs when geminin is depleted.

Bypassing Chk1 Pathway Suppresses G2 Arrest
Caused by Geminin Depletion

To confirm that the Chkl pathway imposes the G2 arrest,
geminin-depleted embryos were injected with RNA encoding
two different proteins that bypass or inhibit the Chk1 pathway
(Figure 5, B and C). Chkl1 prevents Cdc2 dephosphorylation by
negatively regulating Cdc25C, the phosphatase that removes
the inhibitory phosphates from Cdc2. Chkl phosphorylates
Cdc25C on serine-287 (5287), generating a binding site for a
member of the 14-3-3 family of proteins (Peng et al., 1997;
Kumagai et al., 1998a; Kumagai and Dunphy, 1999). 14-3-3
binding masks a nuclear localization signal on Cdc25C and
causes the phosphatase to be retained in the cytoplasm, where
it presumably cannot dephosphorylate nuclear Cdc2.

Cdc25 S287A is a mutant in which S287 is mutated to
alanine. Cdc25C S287A cannot be phosphorylated by Chk1
and induces checkpoint-arrested egg extracts to enter mito-
sis (Kumagai et al., 1998b). The S287A mutant efficiently
suppresses the cell cycle arrest caused by geminin depletion
in a dose-dependent manner, as determined by the size and
appearance of the embryonic cells after the MBT (Figure 5B,
top, black rectangles). Cdc25 S287A expression also causes
the disappearance of Y15-phosphorylated Cdc2 and restores
the cyclin level to normal (bottom, compare lanes 6 and 8),
confirming that the G2 arrest has been overcome. Injection of
the highest concentration of wild-type Cdc25C RNA par-
tially suppresses the cell cycle arrest (Figure 5B, top, gray
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rectangles) and partially reverses the phosphorylation of
Cdc2 on tyrosine-15 (bottom, lane 7). Because phosphoryla-
tion of 5287 does not inhibit phosphatase activity (Kumagai
et al., 1998b), wild-type Cdc25C would be able to overcome
the arrest once sufficient quantities were available to saturate
the amount of 14-3-3 in the cytoplasm. Immunoblots showed
that comparable amounts of the Cdc25C WT and S287A
proteins were expressed at each RNA concentration (our
unpublished data).

Chk1 D148A is a kinase-inactive mutant that shows dom-
inant negative effects when overexpressed with wild-type
Chkl (Nakajo et al., 1999). Injection of 1-10 ng of RNA
encoding Chkl D148A overcomes the cell cycle arrest
caused by geminin depletion (Figure 5C). The D148A mu-
tant suppresses the appearance large arrested cells after the
MBT (top, black bars), eliminates the accumulation of Y15-
phosphorylated Cdc2, and restores the cyclin Bl level to
normal (bottom, lanes 9 and 12). Time-lapse videorecording
of two embryos from two different clutches of eggs injected
with 10 ng of Chkl D148A confirmed that cell division
continued past the 13th division. Injection of an inert RNA
encoding a myc-epitope tag has no effect (Figure 5C, gray
bars and lane 11). Immunoblots showed that the Chkl
D148A protein was vastly overexpressed relative to endog-
enous WT Chk1 at all RNA concentrations (our unpublished
data). These experiments indicate that the G2 arrest caused
by geminin depletion is Chkl dependent.

DISCUSSION

Geminin is a recently discovered protein that inhibits DNA
replication and gets destroyed during mitosis (McGarry and
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Kirschner, 1998). These properties strongly suggest that
geminin has a key role in regulating the cell cycle, but the
protein’s function has been difficult to determine from over-
expression experiments. It has been proposed that geminin
prevents a second round of replication during S or G2 phase,
yet geminin is clearly not required to prevent reinitiation in
all types of cells (McGarry and Kirschner, 1998; Noton and
Diffley, 2000). Furthermore, geminin seems to induce neural
differentiation in some assays (Kroll et al., 1998). It is difficult
to understand how a single small protein could have such
diverse biological effects.

To better define the biological function of geminin, the
protein was depleted from developing Xenopus embryos by
using antisense oligonucleotides. Geminin-deficient em-
bryos display a novel and unusual phenotype. The 12 early
embryonic cell cycles are normal but the cells suddenly stop
dividing after the 13th or 14th division, just after the mid-
blastula transition. Several independent criteria establish
that the cells are arrested in G2 phase: their mitotic index is
close to zero, they have approximately twice the DNA con-
tent of normal cells, they contain a high concentration of
B-type cyclins, and the mitotic kinase Cdc2 is virtually com-
pletely phosphorylated at the Y15 inhibitory site. The arrest
is brought about by the Chkl-dependent checkpoint path-
way, which inhibits mitosis by causing sustained inhibitory
phosphorylation of Cdc2. The arrest can be overcome by
expression of either a dominant negative mutant form of
Chkl1 or unphosphorylatable mutants of Cdc25C and Cdc2
that are not susceptible to inhibition by the Chk1l pathway.

The requirement for Chkl in implementing the G2 arrest
readily explains why geminin-depleted embryos do not stop
dividing until after the midblastula transition. The MBT
occurs after the 12th cell division and marks a time when the
cell cycle undergoes an extensive reorganization (Newport
and Kirschner, 1982a,b). The MBT is triggered when the
nuclear/cytoplasmic ratio exceeds a critical threshold, but
the molecular events responsible for the transition are un-
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known. Before the MBT, cells divide rapidly and synchro-
nously about every 30 min. DNA synthesis and mitosis
alternate in quick succession without intervening gap
phases and zygotic transcription is suppressed. After the
MBT, cells divide much more slowly and asynchronously.
Gap phases appear and zygotic transcription begins. Most
significantly, the MBT marks the time in development when
the Chkl pathway first becomes operational (Kappas et al.,
2000). When the Chkl pathway is induced by treating em-
bryos with aphidicolin or ionizing radiation, phosphory-
lated Chk1 does not appear until the MBT is reached. The
pathway is blocked upstream of Chk1, possibly because the
concentration of DNA is too low to generate a signal suffi-
cient to activate the kinase. Because Chkl1 is required for the
G2 arrest of geminin-deficient embryos, the embryos would
be able to divide normally until Chk1l becomes activated at
the MBT. This probably occurs at slightly different times in
different cells, explaining why there is some variability in
the exact number of cell cycles that can be completed in the
absence of geminin.

The mechanism by which geminin deficiency leads to
Chkl activation is not clear. Studies with Xenopus egg ex-
tracts have demonstrated that the Chkl pathway inhibits
entry into mitosis in the presence of unreplicated or UV-
irradiated DNA (Kumagai et al., 1998a). The simplest expla-
nation of the phenotype is that geminin deficiency causes a
subtle defect in DNA structure that activates the pathway.
For example, geminin loss may cause a small amount of
overreplication that cannot be detected by the techniques
used in this study. This would be consistent with the hy-
pothesis that geminin suppresses a second round of DNA
synthesis during S phase.

The results confirm that during the Xenopus early embry-
onic cell cycles reinitiation can be almost entirely prevented
by mechanisms that do not involve geminin. After 14 rounds
of replication (13 cell cycles and one additional round before
the arrest), geminin-deficient cells contain roughly twice as
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much nuclear DNA as control cells. The difference can be
accounted for if the geminin-deficient cells are in G2 phase
and the control cells are in G1 or S phase. Even if the
difference were due to overreplication, there could be no
more than (2)'/14 = 1.05 times the normal amount of repli-
cation in each cell cycle, i.e., 5% rereplication per cell cycle.
In comparison, permeabilization of the nuclear envelope
causes 25-50% rereplication per cell cycle (Blow and Laskey,
1988). The results reported here corroborate previous den-
sity label studies that showed a single round of replication
occurs when geminin is removed from egg extracts by using
specific antibodies (McGarry and Kirschner, 1998). Because
of the serious consequences of overreplicating the genome,
cells may use more than one mechanism to inhibit rerepli-
cation. One likely geminin-independent mechanism for pre-
venting rereplication is the inhibition of preRC assembly by
high levels of CDK activity (Kelly and Brown, 2000; Nguyen
et al., 2001).

The phenotype of geminin-depleted Xenopus embryos is
very different from that of Drosophila geminin mutants
(Quinn et al., 2001). Geminin (—/—) Drosophila do not sur-
vive past the larval stages and the cause of the lethality has
not been established. They exhibit a variety of defects, in-
cluding anaphase chromosome bridges, a greater number of
S-phase cells in some tissues, and a malformed peripheral
nervous system. Significantly, a G2 cell cycle arrest was not
apparent, neither at the MBT nor at later stages. The reasons
for the difference in phenotype between Xenopus and Dro-
sophila embryos that lack geminin are not immediately ob-
vious. Geminin (—/—) Drosophila may survive past the MBT
because of a maternal supply of geminin protein or RNA,
but it is not clear why the cells do not arrest in G2 phase later
in development when the maternal supply becomes ex-
hausted. There may be differences between the two organ-
isms in the way checkpoint controls are exercised. It has
recently been reported that cultured Drosophila cells accu-
mulate excessive amounts of DNA (up to 8n) when geminin
synthesis is inhibited by interfering RNA (Mihaylov ef al.,
2002). This may indicate that Drosophila cells are more de-
pendent on a geminin-requiring mechanism to inhibit rerep-
lication than vertebrate cells. However, it has not been es-
tablished that the excess DNA results from reinitiation
within a single S phase.

The results do not demonstrate a primary role for geminin
in inducing neural tissue. Geminin-deficient embryos die
before neural induction begins during the gastrula stage
(Kroll et al., 1998). Geminin might have a separate role in
inducing the nervous system that is not manifest in geminin-
deficient embryos because of the early mortality. Alterna-
tively, the neural effects of geminin may be a secondary
consequence of an effect on the cell cycle. For example,
geminin might cause undifferentiated cells to accumulate in
a cell cycle stage that is conducive to neural differentiation.

The results reported here suggest that the Chk1 pathway
constitutively controls Cdc2 dephosphorylation in normal
cell cycles. Phosphorylated Chkl AKD appears at the late
blastula stage in normal embryos that are not exposed to
DNA-damaging agents or replication inhibitors. The onset
of Chkl phosphorylation coincides with the appearance of
Y15-phosphorylated Cdc2 (Figure 6), and expression of
dominant negative Chk1 D148A suppresses the appearance
of phosphorylated Cdc2 (our unpublished data). The re-
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moval of the inhibitory phosphates from Cdc2 is the rate-
limiting step for mitotic entry in most organisms (King et al.,
1994). The hypothesis that Chk1 constitutively controls Cdc2
dephosphorylation is consistent with previously published
reports that Chk1 is an essential protein in Drosophila and in
mice (Sibon et al., 1997; Liu et al., 2000; Takai ef al., 2000). The
phenotype of Drosophila Chk1 (grapes) mutants suggests that
the function of the protein is to prevent mitotic entry until
DNA replication is complete. In maternal grapes mutants, the
cells of the syncytial blastoderm continue to divide rapidly
after the midblastula transition is reached, causing a cata-
strophic premature entry into mitosis that kills the embryo.
Chk1 is also required for mouse ES cell viability, suggesting
that the protein has a constitutive role in somatic cell cycles.
Because Chkl is activated in normal cell cycles, another
interpretation of the data presented here is that geminin is
more directly required to down-regulate Chk1. If this were
the case, then one would expect active Chk1 to accumulate
and cause a G2 arrest when geminin was absent. Further
experiments will be required to evaluate this possibility.
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