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The anaphase-promoting complex/cyclosome (APC/C) is an E3 ubiquitin ligase mediating targeted proteolysis
through ubiquitination of protein substrates to control the progression of mitosis. The APC/C recognizes its
substrates through two adapter proteins, Cdc20 and Cdh1, which contain similar C-terminal domains composed of
seven WD-40 repeats believed to be involved in interacting with their substrates. During the transition from
metaphase to anaphase, APC/C-Cdc20 mediates the ubiquitination of securin and cyclin B1, allowing the activation
of separase and the onset of anaphase and mitotic exit. APC/C-Cdc20 and APC/C-Cdh1 have overlapping sub-
strates. It is unclear whether they are redundant for mitosis. Using a gene-trapping approach, we have obtained
mice which lack Cdc20 function. These mice show failed embryogenesis. The embryos were arrested in metaphase
at the two-cell stage with high levels of cyclin B1, indicating an essential role of Cdc20 in mitosis that is not
redundant with that of Cdh1. Interestingly, Cdc20 and securin double mutant embryos could not maintain the
metaphase arrest, suggesting a role of securin in preventing mitotic exit.

Protein degradation via the ubiquitin and proteasome sys-
tem is an essential mechanism which ensures the smooth tran-
sition between cell cycle phases. In mitosis, the degradation of
key regulators is realized through the action of the anaphase-
promoting complex/cyclosome (APC/C), an E3 ubiquitin ligase
(3, 4, 12, 18, 19). Among the APC/C’s substrates are securin
and cyclin B1. The degradation of securin allows the activation
of separase, a CD clan protease of the caspase family (29).
Separase-mediated cleavage of the cohesin-component Scc1 is
essential for sister chromatid separation (8, 28). The degrada-
tion of cyclin B1 promotes mitotic exit and contributes to the
activation of separase in higher eukaryotes as well, where sepa-
rase is inhibited by Cdk1/cyclin B1 (5, 10, 25). The APC/C
recognizes its substrates through two adapter proteins, Cdc20
and Cdh1, which contain similar C-terminal domains com-
posed of seven WD-40 repeats believed to be involved in in-
teracting with their substrates (7, 9, 13, 20, 22). Destruction
boxes or KEN boxes are motifs frequently found in APC/C’s
substrates, but other motifs are also possible for the recogni-
tion by APC/C-Cdc20 or APC/C-Cdh1 (7). The association of
Cdc20 with the APC/C requires phosphorylation of the latter
(14). Several mitotic kinases, including Plk1 and cyclin B1/
Cdk1, have been implicated in this phosphorylation. The de-
pendency of Cdc20 binding upon APC/C phosphorylation pro-
vides a mechanism to ensure that APC/C-Cdc20 is active only
during mitosis. Prior to anaphase, APC/C-Cdc20 activity is
restrained by the tumor suppressor RASSF1A (24) and the
spindle assembly checkpoint (17, 31).

APC/C-Cdc20 and APC/C-Cdh1 have overlapping as well as
distinct substrates. In budding yeast (Saccharomyces cerevi-

siae), APC/C-Cdc20 is required for the degradation of Pds1
(budding yeast securin) and the B-type cyclin Clb5, whereas
APC/C-Cdh1 promotes the degradation of Clb2 (21, 23). De-
letion of CDC20 causes cell cycle arrest at metaphase due to
the accumulation of Pds1 (15, 23). Deletion of both CDC20
and PDS1 allows the cells to separate their sister chromatids,
but the cells cannot exit mitosis due to the presence of Clb5
(15, 23).

It is unclear if CDC20 plays an essential role in mitosis in
mammals. Small interfering RNA-mediated knockdown of
CDC20 in cultured human cells seems compatible with cellular
viability (1), suggesting that it might not be required for the
progression of mitosis as in budding yeast or that CDH1 may
function to compensate for the reduced expression of CDC20.
To address this issue, we analyzed mice derived from a gene
trap mouse embryonic stem cell line (26). We report here that
the trapped Cdc20 allele is null and homozygous embryos die
at the two-cell stage. Further, by breeding into a securin null
background, we demonstrated that the loss of securin could not
rescue the lethality but causes sister chromatid separation.

MATERIALS AND METHODS

Generation and analysis of Cdc20 gene trap mice. The gene trap clone, XE368,
from BayGenomics, was injected into mouse blastocysts to generate chimeric
mice. Breeding of the chimeras with C57BL/6 mice produced animals carrying
the trapped allele. We used the following primers for PCR genotyping: primer a
(Fig. 1A), 5�-AAGGTGGCTGAGCTCAAAGG-3�; primer b, 5�-GCCTTGGT
GGATGAGGCTAC-3�; and primer c, 5�-GTTATCGATCTGCGATCTGC-3�.
To visualize the expression of Cdc20, we analyzed the expression of LacZ from
the trapped allele. Embryonic day 12.5 (E12.5) embryos were fixed in 0.2%
glutaraldehyde-2% formaldehyde-5 mM EDTA-2 mM MgCl2-0.1 M phosphate
buffer (pH 7.3) for 1 h, washed three times (30 min each) with washing buffer
(0.1% sodium dodecyl sulfate [SDS]–0.2% NP-40–2 mM MgCl2–0.1 M phos-
phate buffer, pH 7.3), and incubated overnight in the staining solution (1 mg/ml
X-Gal [5-bromo-4-chloro-3-indolyl-�-D-galactopyranoside]–5 mM potassium
ferricyanide–5 mM potassium ferrocyanide in washing buffer). To analyze Cdc20
protein levels, we isolated E10.5 embryos and lysed them in radioimmunopre-
cipitation assay buffer (50 mM Tris-HCl, pH 7.4–1% NP-40–0.25% sodium
deoxycholate–150 mM NaCl–1 mM EDTA–protease inhibitor cocktail [Roche]).
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Protein concentration was determined by using Bio-Rad protein dye reagent, and
50-�g portions of protein were resolved with SDS-polyacrylamide gel electro-
phoresis and immunoblotted with anti-Cdc20 antibody (Santa Cruz Biotechnol-
ogy) followed with enhanced chemiluminescence detection.

Embryo culture and immunostaining. All embryos were produced through
natural mating, and at least three litters of embryos were harvested for each
experiment. Two-cell embryos (E1.5) were harvested and cultured in KSOM
(CHEMICON) alone or in KSOM supplemented with nocodazole at 100 ng/ml.
To genotype preimplantation embryos, we performed two rounds of PCR using
the same primer set. For immunostaining, embryos were fixed in 4% parafor-
maldehyde for 10 min, permeabilized with 0.4% Triton X-100 in phosphate-
buffered saline (PBS) for 15 min, blocked with 5% goat serum in PBS, incubated
with anti-cyclin B1 antibodies (Santa Cruz Biotechnology) or antisecurin anti-
bodies (Novocastra Laboratories) for 2 h at room temperature, and washed with
PBS, and the primary antibodies were visualized with Cy3-conjugated goat anti-
rabbit secondary antibodies (1:500; Jackson ImmunoResearch Laboratories) for
60 min at room temperature. The embryos were counterstained with DAPI
(4�,6�-diamidino-2-phenylindole). The fluorescence image was captured using a
Nikon ECLIPSE E800 microscope. The exposure time was set at 100 ms with
two-by-two binning for both the mutant and the control embryos.

Time-lapse microscopy. Two-cell embryos were cultured in KSOM medium
until at least one embryo had divided and then transferred into the medium
containing 2 ng/ml bis-benzimide H 33342 (Hoechst 33342) (Sigma) at 37°C. The
dish was placed on a temperature-controlled stage in a Zeiss Axiovert 200
microscope. The temperature was maintained at 37°C and the CO2 level at 10%
with a CTI 3700 controller (Zeiss). The embryos were imaged every 30 min for
24 h by use of a 10� phase-contrast objective. ZEISS IMAGING WS/20A
imaging software was used to analyze the progression of mitosis of individual
embryos. After the experiment, genotyping of the embryos was performed as
described above.

Chromosome spread. Chromosome spread was performed as previously de-
scribed (27). Briefly, two-cell embryos (E1.5) were isolated and cultured in
KSOM medium for 18 h, transferred into hypotonic solution (1% sodium ci-
trate), and incubated for 10 min at room temperature. The embryos in a micro-
drop were placed on a grease-free glass slide, and the fixative (methanol:acetic
acid [3:1]) was dropped onto the embryos. Fixative dropping was repeated two
more times. The slide was air dried and stained with Giemsa solution.

RESULTS AND DISCUSSION

To identify the in vivo function of Cdc20, we derived mice
from a gene trap mouse embryonic stem cell clone (XE368)
isolated and characterized by BayGenomics (26). The gene

trap construct, containing splicing acceptor and �-geo, was
inserted in intron 9 of Cdc20 (Fig. 1A). Although the insertion
prevents the expression of only the last 59 amino acid residues
(out of 499 total residues), it fuses Cdc20 with �-geo in frame,
leading to the expression of a much larger fusion protein (Fig.
1C). We named this allele Cdc20gt. It was successfully trans-
mitted through the germ line (Fig. 1B shows PCR genotyping).
Western blot analysis of E10.5 whole-embryo lysates with an-
tibodies recognizing epitopes in the N terminus of Cdc20 dem-
onstrated a 50% reduction in the amount of Cdc20 protein in
Cdc20�/gt embryos from that in the wild type (Fig. 1C). Due to
the fusion between Cdc20 and �-geo, the expression of Cdc20
in Cdc20�/gt embryos could easily be monitored through a
colorimetric assay for LacZ. As shown in Fig. 1D, Cdc20 is
widely expressed through out the whole embryo, consistent
with its role in mitosis.

Given the fusion of a large protein (LacZ-Neo, 1,204 amino
acid residues) at the C terminus, we expected that Cdc20gt

allele would not be functional, as LacZ-Neo might interfere
with Cdc20’s interaction with its substrates. Further, we ex-
pected that the loss of Cdc20 function would be embryonic
lethal, given its role in mitosis. To test these predictions, we
intercrossed Cdc20�/gt mice. As shown in Table 1, we did not
obtain any neonatal Cdc20gt/gt mice out of 186 offspring pro-
duced, while 46 such animals were expected according to the
Mendelian law of inheritance. Thus, Cdc20gt/gt mice either can-
not survive embryogenesis or die shortly after birth. Further

FIG. 1. Generation and analysis of Cdc20 gene trap mice. (A) Diagram of the trapped allele. a, b, and c indicate the positions of the genotyping
primers. (B) PCR analysis of two-cell-stage embryos by use of the primers indicated in panel A. (C) Western analysis of E10.5 embryos.
Whole-embryo lysates were prepared and separated on SDS-polyacrylamide gel electrophoresis gels. (D) LacZ staining of an E12.5 heterozygous
embryo. WT, wild type; Mut, mutant.

TABLE 1. Genotype frequencies for neonates from
Cdc20�/gt intercross

Genotype No. Expected
(%)

Actual
(%)

Cdc20�/� 75 25 40
Cdc20�/gt 111 50 60
Cdc20gt/gt 0 25 0
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analysis of embryos derived from the same intercrosses indi-
cated that Cdc20gt/gt mice died very early in embryogenesis. No
homozygous embryos were recovered beyond E7.5. When em-
bryos were harvested and analyzed at E3.5, we found two
classes of them, one at the expected blastocyst stage and the
other at two-cell stage (Fig. 2A). Genotyping of the two-cell
stage embryos was unsuccessful due to the degeneration of the
embryos. The two-cell embryos must have been dead for some
time and would have been absorbed soon thereafter, since we
never saw two-cell embryos beyond E3.5. To circumvent the
degeneration issue, we harvested embryos at E1.5, when they
are at two-cell stage, and cultured them for 18 h. During this in
vitro incubation, most embryos divided and arrived at the four-
cell stage; however, there were a few that stayed in the two-cell
stage (Fig. 2B). Genotyping of the two-cell-stage embryos in-
dicated that they were Cdc20gt/gt. Among 75 embryos analyzed,
22% of them were arrested at the two-cell stage and were
Cdc20gt/gt. These results demonstrate that Cdc20 is required for
embryogenesis beyond the two-cell stage and that the gene
trap allele is most likely a null allele.

The fact that there were fewer than the expected 25% of
Cdc20gt/gt embryos arrested at the two-cell stage suggested that
there might be some homozygous mutants, which could de-
velop further. Indeed, we found 3 Cdc20gt/gt embryos out of 41
(7.3%) genotyped at E7.5, albeit they were much smaller than

their wild-type littermates (Fig. 2C). These embryos were un-
likely to develop any further. They probably had an exception-
ally high maternal supply of Cdc20.

Given Cdc20’s role in mediating the ubiquitination of cyclin
B1 and securin by the APC, the arrest at the two-cell stage
observed for Cdc20gt/gt embryos is likely a result of their in-
ability to pass metaphase. Indeed, immunostaining demon-
strated the presence of high levels of cyclin B1 (Fig. 3A) and
securin (Fig. 3B) in the arrested Cdc20gt/gt embryos. DNA
staining demonstrated metaphase chromosome configuration
in these embryos (Fig. 3A and B). To confirm that the detected
cyclin B1 and securin levels in the arrested embryos are com-
parable to the levels seen for normal mitoses, we incubated
E1.5 embryos (at the two-cell stage) with and without nocoda-
zole for 16 h to arrest the embryos treated with the microtu-
bule poison at prometaphase. The embryos were then sub-
jected to immunofluorescence analyses of cyclin B1 and
securin. As shown in Fig. 3A and B, the levels of cyclin B1 and
securin were the same between nocodazole-arrested wild-type
embryos and Cdc20 mutant embryos, supporting the notion
that the gene trap allele of Cdc20 is null. Furthermore, chro-
mosome spread showed that the arrest caused by the lack of
Cdc20 is in metaphase (Fig. 3C). There was no separation of
sister chromatids, and the arm cohesion remained intact as
well. We do not know how long the metaphase arrest can last

FIG. 2. Cdc20 is essential for embryogenesis. (A) Micrograph of a litter from a heterozygote-to-heterozygote intercross at E3.5. Asterisks
indicate embryos arrested at the two-cell stage. (B) In vitro culture of two-cell embryos. E1.5 embryos were isolated, cultured, and genotyped. The
homozygous mutants are marked by asterisks. (C) A rare survivor of the loss of Cdc20. Scale bars, 20 �m.
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in vivo. Given the fact that when the embryos were isolated at
the two-cell stage (E1.5) they were still alive and could
progress to mitosis in vitro but were dead by E3.5, the duration
of the arrest should be less than 48 h.

These data demonstrate that mammalian Cdc20 is essential
for mitosis. However, this essentiality could be a result of the
absence of Cdh1 expression in the early embryos, which would
mask the redundancy between these two APC/C adapter pro-
teins. Therefore, we analyzed the expression of Cdh1 in two-
cell mouse embryos. We have generated mice carrying a sim-
ilarly trapped allele of Cdh1 in the lab (unpublished data),
which provided a convenient way to assess Cdh1 expression.
We harvested a litter at E1.5 from a cross between Cdh1�/gt

and Cdh1�/� mice and stained for LacZ activities expressed
from the trapped Cdh1 locus. Two Cdh1�/gt embryos showed
robust LacZ staining (Fig. 3D). This result demonstrates that
Cdh1 is expressed in the early embryos. Thus, Cdc20 is not
redundant with Cdh1 for the transition from metaphase to
anaphase.

In budding yeast, the deletion of CDC20 causes metaphase
arrest (15, 23). The arrest depends on the function of PDS1,
the budding yeast securin analog (30). In cdc20 pds1 double
mutants, the cells arrest at late anaphase but could not exit
mitosis due to the accumulation of Clb5, one of the six B-type
cyclins in budding yeast. Since mammalian separase is phos-
phorylated and inhibited by Cdk1/cyclin B1 (5, 25), we rea-
soned that unlike what is seen for the budding yeast, in which
separase (ESP1) is not known to be inhibited by Cdk/cyclin,
deleting securin under a Cdc20 null background in mouse
would not lead to separase activation and sister chromatid
separation. In other words, the double mutant should arrest at
metaphase as the Cdc20 single mutant does. To determine if
that is the case, we intercrossed securin�/� Cdc20�/gt mice to
obtain securin�/� Cdc20gt/gt animals. No live securin�/�

Cdc20gt/gt pups were born from the cross, indicating that the
loss of securin could not rescue the lethality caused by Cdc20
deficiency. Analysis of E3.5 embryos derived from the crosses
again revealed the presence of embryos arrested at the two-cell

FIG. 3. Cdc20 is essential for mitosis. (A) Immunofluorescence staining of cyclin B1. E1.5 embryos were cultured for 18 h in the presence or
absence of nocodazole (Noc) and processed for the staining. (B) Immunofluorescence staining of securin. The embryos were processed as for panel
A. (C) Chromosome spread of a two-cell embryo after 18 h of in vitro culturing. (D). Expression of Cdh1 in early embryos. E1.5 embryos were
fixed and stained for LacZ activities. Scale bars in panels A to C, 5 �m; in panel D, 20 �m.
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stage (Fig. 4A). In vitro culturing of E1.5 embryos for 18 h
demonstrated that there were embryos which could not divide
any further and were arrested at the two-cell stage (Fig. 4B).
Genotyping indicated that the arrested embryos were se-
curin�/� Cdc20gt/gt. With a total of 55 embryos cultured, 12
(21.8%) were securin�/� Cdc20gt/gt and were arrested at two-

cell stage, results which were similar to those obtained for
Cdc20�/gt intercrosses. As expected, these two-cell embryos
also showed high levels of cyclin B1 (Fig. 4C).

Unexpectedly, however, chromosomes in the double mu-
tants did not display metaphase configuration but were scat-
tered (Fig. 4C). If the embryos were analyzed after a shorter

FIG. 4. Loss of sister cohesion in Cdc20 and securin double mutants. (A) Micrograph of a litter from an intercross between securin�/� Cdc20�/gt

mice at E3.5. Asterisks indicate embryos arrested at the two-cell stage. (B) In vitro culture of two-cell embryos. E1.5 embryos were isolated,
cultured, and genotyped. The double homozygous mutants are marked by asterisks. Immunofluorescence staining of cyclin B1. E1.5 embryos were
stained after 18 h of in vitro culturing. Two-cell-stage embryos were cultured for 12 h. Arrows indicate polar bodies. (E) Chromosome spread of
a two-cell embryo after 18 h of in vitro culturing. The embryo was obtained from an intercross between securin�/� Cdc20�/gt mice. Scale bars in
panels A and B, 20 �m; in panels C to E, 5 �m.
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(12-h) in vitro culture, they were at metaphase (Fig. 4D),
indicating that the double mutants are not impaired in pro-
gressing into metaphase and that the scattering of chromo-
somes is likely a result of sister separation. To verify that the
sister chromatids were separated in the double mutants, we
incubated E1.5 embryos derived from securin�/� Cdc20�/gt

intercrosses for 18 h and spread the chromosomes of the ar-
rested (hence the double mutant) two-cell embryos. As shown
in Fig. 4E, the sister chromatids were completely separated.
Furthermore, we subjected the embryos to time-lapse micros-
copy. Hoechst 33342 was added to the media after 8 to 9 h,
when there was at least one embryo in the litter that had
divided. As shown in Fig. 5, the two-cell embryos from
securin�/� Cdc20�/gt intercrosses stayed in metaphase for
about 4 h. After that, chromosomes started wandering away
from the metaphase plates. In contrast, the two-cell embryos
from Cdc20�/gt intercrosses remained in metaphase. Taken
together, these data suggest that the metaphase arrest caused
by lack of Cdc20 depends on the function of securin. To elim-
inate the possibility that the genetic background from securin
knockout mice might have influenced the result, we inter-

crossed securin�/� Cdc20�/gt mice to generate securin�/�

Cdc20gt/gt and securin�/� Cdc20gt/gt embryos in the same litter.
Similar results were obtained (data not shown).

Given the fact that securin�/� mouse and human cells could
hold sister chromatids together even after prolonged treat-
ments with spindle poisons (10, 11, 16), it is unexpected to find
that securin and Cdc20 double mutants could not arrest at
metaphase. The question is why the inhibitory phosphorylation
of separase can prevent sister separation in securin�/� embry-
onic stem cells treated with nocodazole (10) but cannot do so
in securin and Cdc20 double mutants. One possibility is that the
inhibitory phosphorylation of separase does not function in the
early embryos. However, when the two-cell embryos were
treated with nocodazole, all embryos, including securin�/� em-
bryos and the double mutants, could arrest in prometaphase
without the separation of sister chromatids (data not shown),
suggesting that the inhibitory phosphorylation of separase is
functional at this stage. One difference between the nocoda-
zole-induced arrest and the lack of Cdc20-induced arrest is that
the former relies on the spindle assembly checkpoint, whereas
the latter does not. In fact, the checkpoint should have been

FIG. 5. Time-lapse microscopic analysis of Cdc20 and securin mutant embryos. Cdc20gt/gt (A) and Cdc20gt/gt securin�/� (B) E1.5 embryos were
cultured in KOSM for 8 to 9 h before the addition of Hoechst 3344 dye to the medium. Time zero was set at 30 min after the Hoechst dye addition.
Scale bars, 10 �m.
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inactivated in Cdc20�/� or securin�/� Cdc20�/� embryos once
they established bivalent spindle attachment and arrived at
metaphase. Indeed, when Mad2 localization was analyzed, we
could not detect the protein in Cdc20 mutant embryos,
whereas Mad2 was found associated with the chromosomes in
nocodazole-arrested embryos (Fig. 6), indicating no spindle
checkpoint activation in the metaphase-arrested mutant em-
bryos. Therefore, we speculate that perhaps there is a separase
phosphatase(s) whose activity is controlled by the spindle as-
sembly checkpoint. Thus, in Cdc20�/� or securin�/� Cdc20�/�

embryos, as soon as the spindle checkpoint is relieved, the
phosphatase(s) starts to dephosphorylate separase and work
against the inhibition by Cdk1/cyclin B1, leading to a gradual
loss of sister cohesion (without the degradation of cyclin B1,
the loss could not be as abrupt as in normal anaphase) in the
double mutants but not in Cdc20 single mutants because of the
inhibition of separase by securin. The identity of this putative
phosphatase will be sought in the future.

Furthermore, our results indicate that the endogenous levels
of cyclin B1 are not sufficient to arrest the cells in metaphase
in the absence of securin, consistent with the finding by Hagting
et al. (6) that low levels of nondegradable cyclin B1 could not
arrest the cells in metaphase. About two times the endogenous
amount of cyclin B1 is needed for the arrest (6). These results
disagree with the notion that even a low level of ectopic ex-
pression (�30% of the endogenous level) of nondegradable
cyclin B1 could block the cells in metaphase (2). Our analysis
of Cdc20-deficient embryos unequivocally shows that prevent-
ing the degradation of cyclin B1 alone cannot block the pro-
gression of mitosis at metaphase in mammals, unless the spin-
dle assembly checkpoint is activated at the same time or the
level of cyclin B1 is raised unphysiologically high.

In summary, we demonstrated that Cdc20 is essential for
metaphase-to-anaphase transition. The loss of Cdc20 causes
mouse embryogenesis to stop at the two-cell stage.
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