
APOLLON Protein Promotes Early Mitotic CYCLIN A
Degradation Independent of the Spindle Assembly
Checkpoint*□S

Received for publication, August 28, 2013, and in revised form, November 29, 2013 Published, JBC Papers in Press, December 3, 2013, DOI 10.1074/jbc.M113.514430

Ryo Kikuchi‡§1, Hirokazu Ohata‡¶1,2, Nobumichi Ohoka�1, Atsushi Kawabata‡§1, and Mikihiko Naito‡§¶�1,3

From the ‡Institute of Molecular and Cellular Biosciences, §Graduate School of Pharmaceutical Sciences, and ¶Graduate School of
Frontier Sciences, University of Tokyo, Bunkyo-ku, Tokyo 113-0032 and the �National Institute of Health Sciences, Setagaya-ku,
Tokyo 158-8501, Japan

Background: CYCLIN A is degraded in early mitosis independent of spindle assembly checkpoint.
Results: APOLLON interacts with CYCLIN A and promotes its degradation in mitosis.
Conclusion: APOLLON is a novel regulator of CYCLIN A degradation in early mitosis.
Significance: This study expands our knowledge on the huge APOLLON protein known to regulate apoptosis and cytokinesis.

In the mammalian cell cycle, both CYCLIN A and CYCLIN B
are required for entry into mitosis, and their elimination is also
essential to complete the process. During mitosis, CYCLIN A
and CYCLIN B are ubiquitylated by the anaphase-promoting
complex/cyclosome (APC/C) and then subjected to protea-
somal degradation. However, CYCLIN A, but not CYCLIN B,
begins to be degraded in the prometaphase when APC/C is inac-
tivated by the spindle assembly checkpoint (SAC). Here, we
show that APOLLON (also known as BRUCE or BIRC6) plays a
role in SAC-independent degradation of CYCLIN A in early
mitosis. APPOLON interacts with CYCLIN A that is not associ-
ated with cyclin-dependent kinases. APPOLON also interacts
with APC/C, and it facilitates CYCLIN A ubiquitylation. In
APPOLON-deficient cells, mitotic degradation of CYCLIN A is
delayed, and the total, but not the cyclin-dependent kinase-
bound, CYCLIN A level was increased. We propose APPOLON
to be a novel regulator of mitotic CYCLIN A degradation inde-
pendent of SAC.

Cell cycle progression is regulated by the oscillatory activa-
tion of the cyclin-dependent kinases (CDKs),4 the activity of
which is regulated by the cyclins (1–3). Among the cyclin family
members, CYCLIN A predominantly interacts with CDK1 and
-2 and CYCLIN B with CDK1 to activate the kinases, the activ-
ity of which is required for the entry into mitosis (4). During
mitosis, these cyclins are rapidly degraded by the ubiquitin-

proteasome system (5–11). Several lines of evidence have sug-
gested that anaphase promoting complex/cyclosome (APC/C),
along with CDC20 as a substrate recognition subunit, mediates
the ubiquitylation of the mitotic cyclins in the M phase. These
include the findings that APC/C promotes the ubiquitylation of
CYCLIN A and CYCLIN B in vitro (12–14), the microinjection
of antibodies against subunits of APC/C or CDC20 arrests the
cells at metaphase and stabilizes CYCLIN A and CYCLIN B
(12), and the genetic inactivation of fizzy, a homologue of
CDC20 in Drosophila, arrests the cells with high levels of
CYCLIN A and CYCLIN B (15). However, CYCLIN A and
CYCLIN B are not degraded simultaneously. CYCLIN A begins
to be degraded in the prometaphase immediately after nuclear
envelope breakdown, whereas CYCLIN B begins to be degraded
in the metaphase after all of the chromosomes are aligned on
the metaphase plate (5, 8, 9, 12, 16).

The mechanism of CYCLIN B degradation has been exten-
sively studied. CYCLIN B has a short sequence called the
destruction box (D-box) that is recognized by CDC20 to induce
ubiquitylation (17–19). CDC20 is inhibited by spindle assembly
checkpoint (SAC) proteins, such as Mad2 and BubR1, until all
of the chromosomes become bipolarly attached to the mitotic
spindle in the metaphase (20 –23). Therefore, CYCLIN B deg-
radation is strictly held in check until the SAC is satisfied. The
D-box of CYCLIN B promotes proteasomal degradation in the
metaphase when it is grafted onto heterologous proteins (10,
24, 25), indicating the crucial role of the D-box in the SAC-de-
pendent protein degradation.

Although CYCLIN A has a similar D-box-like motif (26, 27),
it is degraded independently of the SAC (8, 9, 12, 16, 28, 29).
The mechanism by which CYCLIN A is degraded in the pres-
ence of SAC has long been a mystery, and it has been speculated
that CYCLIN A is recruited to the APC/C independently of the
SAC. Recently, the amino terminus of CYCLIN A, including the
D-box, was reported to directly bind to CDC20 and outcompete
the SAC proteins (30). The CYCLIN A-CDK complex associ-
ated with CDC20 is recruited to APC/C by CKS1 and -2,
thereby inducing SAC-independent degradation of CYCLIN A
(31, 32). In line with this, deletions or mutations of the amino-
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terminal sequence of CYCLIN A stabilize the CYCLIN A pro-
tein in many species (27, 33). In Drosophila, however, mutation
of the cyclin box, to which the CDKs bind, abolished the mitotic
destruction of CYCLIN A, although the mutation did not affect
CDK binding, suggesting a role for the cyclin box in the SAC-
independent degradation of CYCLIN A besides CDK binding
(34).

APPOLON is a huge protein that contains a baculoviral IAP
repeat (BIR) and a ubiquitin-conjugating enzyme (UBC)
domain (35–38). APPOLON ubiquitylates caspase-9, SMAC,
and HtrA2 and inhibits apoptosis (35, 36, 39). Targeted disrup-
tion of Appolon in mice results in embryonic and neonatal
lethality, but extensive apoptosis was not observed in these
embryos, suggesting pleiotropic activities of APPOLON in the
regulation of multiple cellular functions (36, 40). In this report,
we show that APPOLON interacts with CYCLIN A that is not
associated with CDKs. APPOLON also interacts with APC/C
and facilitates the ubiquitylation of CYCLIN A without involv-
ing its UBC domain. An in situ proximity assay showed that
APPOLON interacts with CYCLIN A in early mitotic cells. In
addition, Appolon-deficient cells in early mitosis accumulate
more CYCLIN A than do control cells, and the progression
through mitosis is delayed in the Appolon-deficient cells. We
propose APPOLON to be a novel regulator of CYCLIN A
destruction in early mitotic cells independent of the SAC.

EXPERIMENTAL PROCEDURES

Cell Culture and Synchronization—Human cervical cancer
HeLa and human embryonic kidney 293T cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% heat-inactivated fetal bovine serum (FBS) and 100
�g/ml kanamycin at 37 °C in a humidified atmosphere of 5%
CO2. Human fibrosarcoma HT-1080 cells were maintained in
RPMI 1640 medium (Nissui Co., Ltd., Tokyo, Japan) containing
10% heat-inactivated FBS and 100 �g/ml kanamycin at 37 °C.
MEFs were prepared from E13.5 embryos and cultured in
DMEM as above. The genotypes of the MEFs were examined by
PCR, as described (36). The senescent MEFs were maintained
in the growth medium twice a week, and spontaneously immor-
talized MEFs were obtained after 2–3 months. To synchronize
the cells in the G2 phase, cells were incubated in growth
medium containing 9 �M RO-3306 for 20 h. The RO-3306-
treated cells were released into fresh medium containing 5 �M

MG132 or 100 ng/ml nocodazole for 2 h. For biochemical anal-
ysis, mitotic cells were collected by mild shake off. In some
experiments, cells were treated with 1 �g/ml aphidicolin for
24 h or 100 ng/ml nocodazole for 16 h for synchronization in
the S and M phases, respectively.

Plasmids and Transfection—The cDNAs encoding human
CYCLIN A2, CYCLIN B1, CDK1, CDK2, CDK4, CDK6, and
APC11 were amplified by PCR from U937 cDNA and
cloned into pcDNA3myc, p3�FLAG-CMV10, pEGFP-N1, or
pDsRed2-N1 vectors. APPOLON cDNA was cloned as
described previously (36). All constructs generated from the
PCR products were sequenced. Cells in 60-mm dishes were
transfected with plasmid DNAs (6 �g) and siRNAs (240 pmol)
using Lipofectamine 2000 and RNAiMAX reagents, respec-
tively, according to the manufacturer’s instruction. The siRNA

oligonucleotides corresponding to the sequence of APPOLON
(APPOLON siRNA-1, 5�-CAGACCAGUGCAAGAUCAG-3�;
APPOLON siRNA-2, 5�-CUCAGGAGAGUACUGCUCA-3�),
CDC20 (CDC20 siRNA-1, 5�-GUCCCCCCGGAAACCCACC-
3�; CDC20 siRNA-2, 5�-CACAGCUGACCGCUGUAUCC-3�),
and CYCLIN A (5�-AACUACAUUGAUAGGUUCCUG-3�)
were synthesized with 3�-TT overhangs and duplexed before
transfection. The control siRNA was from Qiagen (Allstar neg-
ative control).

Immunoprecipitation and Western Blotting—Cells were
lysed with IP lysis buffer (10 mM Hepes, pH 7.4, 142.5 mM KCl,
5 mM MgCl2, 1 mM EGTA, and 1% Nonidet P-40), containing
Complete Mini Protease Inhibitors (Roche Applied Science),
rotated for 1 h at 4 °C, and centrifuged at 15,000 rpm for 10 min
at 4 °C to obtain the supernatants. The lysates that had been
precleared with naked protein G-Sepharose were immunopre-
cipitated with protein G-Sepharose conjugated with 2 �g of
antibodies for 4 h at 4 °C. The precipitates were washed four
times, and the proteins were separated by 4 –20% gradient
PAGE, transferred to PVDF membranes (Millipore), and West-
ern-blotted using the appropriate antibodies. Protein bands
were detected using the enhanced chemiluminescence detec-
tion method (ECL) or ECL Prime Western blotting detection
reagents (GE Healthcare). In some experiments, cells were
lysed in SDS lysis buffer (0.1 M Tris-HCl, pH 8.0, 10% glycerol,
1% SDS) for 10 min at 100 °C and cleared by centrifugation at
15,000 rpm for 10 min to prepare the whole cell lysate (41). The
following antibodies were used: anti-APPOLON polyclonal
antibody (pAb) prepared as described (36); anti-BRUCE mono-
clonal antibody (mAb) (BD Transduction Laboratories); anti-
CYCLIN A mAb (NeoMarkers, MS-384); anti-CYCLIN A pAb
(Santa Cruz Biotechnology, sc-751); anti-CYCLIN B mAb
(Santa Cruz Biotechnology, sc-245); anti-CYCLIN B pAb
(Pharmingen); anti-CDK1 mAb (Santa Cruz Biotechnology,
sc-54); anti-CDK2 pAb (Upstate, 06-505); anti-CDK2 mAb
(Upstate, 05-596); anti-CDC20 pAb (Santa Cruz Biotechnol-
ogy, sc-8358); anti-SMAC pAb (Chemicon, AB3609); anti-
APC3 (cdc27) mAb (Santa Cruz Biotechnology, sc-13154);
anti-APC3 (cdc27) pAb (Santa Cruz Biotechnology, sc-6392);
anti-�-tubulin pAb (Sigma, T-5192); anti-�-tubulin mAb
(Serotec, MCAP77); HRP-conjugated anti-actin mAb (Santa
Cruz Biotechnology, sc-8432 HRP); HRP-conjugated anti-
GAPDH pAb (Santa Cruz Biotechnology, sc-25778 HRP); anti-
HSP90 mAb (BD Transduction Laboratories); HRP-conjugated
anti-Myc mAb (Roche Applied Science); agarose-conjugated
anti-Myc mAb (Santa Cruz Biotechnology, sc-40AC); HRP-
and agarose-conjugated anti-FLAG mAb (Sigma, clone M2);
HRP-conjugated anti-HA mAb (Roche Applied Science), and
anti-VSV pAb (Sigma).

Ubiquitylation Assay—293T cells were transfected for 24 h
with pcDNA3myc-Appolon, pcDNA3-HA-ubiquitin, and
p3�FLAG-CMV10-cyclin A. The cells were then incubated
with MG132 (10 �M) for 4 h before being harvested and lysed in
1% Nonidet P-40 buffer. The cell lysates were heated at 100 °C
for 5 min in the presence of 1% SDS, diluted 10 times, and
immunoprecipitated with anti-FLAG. The precipitates were
Western-blotted using HRP-conjugated anti-HA mAb (Roche
Applied Science).
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Immunostaining and Proximity Ligation Assay—MEFs and
HeLa cells were fixed in 4% paraformaldehyde in PBS for 5 min
at RT or 100% methanol on ice for 10 min, washed twice with
PBS, and blocked in PBS containing 3% BSA, 0.1% Triton X-100
(PBS-TB) for 1 h at RT (42). Cells were incubated for 2 h with
anti-�-tubulin, anti-CYCLIN A, or anti-APPOLON pAb as the
first antibodies, for 1 h with Alexa Fluor 488-conjugated anti-
rabbit IgG or Alexa Fluor 568-conjugated anti-mouse IgG
(Molecular Probes) as the second antibodies, and for 3 min with
Hoechst 33342 (Molecular Probes). For the proximity ligation
assay (43), cells were fixed with methanol on ice and stained
with anti-CYCLIN A mAb and anti-APPOLON pAb using the
Duolink II fluorescence kit (Olink Biosciences) according to the
manufacturer’s user manual. The stained signal was measured
by BZ-II analyzer (KEYENCE) and statistically analyzed by Stu-
dent’s t test or �2 test.

Animals—Female C57Bl/6 mice were obtained from CLEA
Japan, Inc., and crossed with Appolon heterozygote male mice
to maintain the strain. Mouse colonies were maintained in a
certified animal facility in accordance with national guidelines
in Japan. The animal experiments were approved by the Insti-
tutional Review Board of the National Institute of Health Sci-
ences, Japan.

RESULTS

Cell Cycle Perturbation in Appolon-deficient MEFs—MEFs
were prepared from wild-type (WT) and Appolon-deficient
embryos, and they were primarily cultured in vitro. The Appo-
lon-deficient MEFs halted proliferation �10 days after cultiva-
tion, whereas the WT MEFs proliferated for �30 days (Fig. 1A).
On day 11 the Appolon-deficient MEFs exhibited a flattened
cell morphology and acid �-galactosidase activity, both of
which are typical features of cellular senescence observed in the
WT MEFs on day 34 (Fig. 1B). These observations indicate that
Appolon-deficient MEFs undergo earlier replicative senes-
cence in primary culture. This may account for the larger G1

population in Appolon-deficient MEFs than in WT MEFs
reported previously (36). We also found that cells with an
excess number of centrosomes, often coinciding with large
or multiple nuclei (Fig. 1C), were more frequently observed
in Appolon-deficient (28.6 � 1.4%) than WT primary cul-
tured MEFs (12.0 � 1.5%).

From the primary cultured MEFs, we developed a pair of
immortalized WT and Appolon-deficient MEFs. Again, centro-
some overduplication was observed in the immortalized Appo-
lon-deficient MEFs (�10%) but not in the immortalized WT

FIGURE 1. Appolon-deficient MEFs exhibit earlier replicative senescence, large nuclei with excess centrosome, and mitotic delay. A, cumulative growth
curve of Appolon-deficient MEFs. WT (open circles) and Appolon-deficient (filled circles) MEFs were passaged twice a week. B, acid �-galactosidase staining of
Appolon-deficient MEFs. C, excess number of centrosomes and a large nucleus observed in Appolon-deficient MEFs. MEFs were stained with �-tubulin (green)
and Hoechst 33342 (blue). D and E, Appolon-deficient MEFs required an extended time for mitosis. Images of the cultured MEFs were observed every 3 min. The
time for mitosis (the time from rounding to respread) was estimated from the images of more than 100 cells. Bars, 20 �m.
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MEFs. The cell division of the immortalized MEFs was
observed by time-lapse monitoring of the cells. Appolon-defi-
cient MEFs require a longer time for the completion of mitosis

than the WT MEFs (Fig. 1, D and E). Thus, Appolon deficiency
results in an earlier replicative senescence, excess number of
centrosomes, multiple nuclei, and cell cycle perturbation in

FIGURE 3. APPOLON ubiquitylates CYCLIN A. A, APPOLON ubiquitylates (Ubi) CYCLIN A. 293T cells were transfected with the indicated plasmids for 32 h and
treated with MG132 (10 �M) for 4 h. Immunoprecipitates (IP) of the anti-FLAG antibody were Western-blotted with the indicated antibodies. B, APPOLON UBC
mutant (C4638A) ubiquitylates CYCLIN A as wild-type APPOLON. 293T (left panels) or APPOLON-deficient MEFs (right panels) were transfected with Myc-tagged
WT or C4638A mutant APPOLON together with FLAG-tagged CYCLIN A and HA-tagged ubiquitin and treated with MG132 before harvesting the cells. C,
ubiquitylation of CYCLIN A by APPOLON deletion mutants. D, CDK1 and -2 inhibit the ubiquitylation of CYCLIN A mediated by APPOLON.

FIGURE 2. APPOLON binds CYCLIN A. A, APPOLON binds CYCLIN A but not CYCLIN B. HT-1080 cells were transfected with Myc-tagged APPOLON and
FLAG-tagged cyclins for 36 h. Cell lysates were immunoprecipitated (IP) with anti-Myc antibody and Western-blotted using the indicated antibodies. B,
endogenous APPOLON binds endogenous CYCLIN A. Lysates from HeLa cells were immunoprecipitated with anti-APPOLON or control antibodies and
Western-blotted with the indicated antibodies. MG132 (10 �M) was added 4 h before harvesting the cells. C, domain structure of APPOLON and CYCLIN A. D and
E, co-immunoprecipitation of CYCLIN A with APPOLON mutants. 293T cells were transfected with FLAG-tagged CYCLIN A and mutants of Myc-tagged
APPOLON for 30 h and treated with MG132 (10 �M) for 4 h. Immunoprecipitates of anti-Myc antibody were Western-blotted with the indicated antibodies. F,
co-immunoprecipitation of APPOLON with CYCLIN A mutants. 293T cells were transfected with FLAG-tagged APPOLON and deletion mutants of Myc-tagged
CYCLIN A. Immunoprecipitates of anti-Myc antibody were Western-blotted with the indicated antibodies. G, expression of CDK1 and CDK2 inhibits the
interaction of APPOLON and CYCLIN A. 293T cells were transfected with FLAG-tagged APPOLON, HA-tagged CYCLIN A, and Myc-tagged CDKs. Immunopre-
cipitates of anti-HA antibody were Western-blotted with the indicated antibodies.
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MEFs, suggesting that APPOLON plays a key role in the regu-
lation of cell cycle.

APPOLON Interacts with CYCLIN A—To study the mecha-
nism by which APPOLON regulates the cell cycle, we screened
for APPOLON-interacting proteins using an antibody array,
and we found that CYCLIN A, but not CYCLIN B, strongly
interacts with APPOLON (data not shown). Co-immunopre-
cipitation experiments confirmed that APPOLON strongly
binds to CYCLIN A but only marginally to CYCLIN B (Fig. 2A).
Endogenous APPOLON binds to endogenous CYCLIN A,
especially when cells were treated with MG132, a proteasome
inhibitor (Fig. 2B). Deletion analysis indicated that the carbox-
yl-terminal deletion down to an APPOLON(1–2690) fragment
efficiently bound CYCLIN A, but further deletion seriously
affected the binding adversely (Fig. 2, C and D). Mutations in
the BIR or UBC domains did not affect the binding to CYCLIN
A, although BIR mutation completely abolished the binding to
SMAC (Fig. 2E), indicating that CYCLIN A and SMAC bind to
APPOLON at different sites. We also examined the CYCLIN A
domain responsible for binding to APPOLON, and we found
that the cyclin-box1, to which CDK1 and CDK2 bind (44),
interacts with APPOLON (Fig. 2, C and F). Consistent with this,
expression of CDK1 and -2 strongly, and CDK4 and -6 weakly,
competed with APPOLON for binding to CYCLIN A (Fig. 2G).
Collectively, these results indicate that APPOLON binds to the
CYCLIN A that is not associated with the CDKs.

APPOLON Ubiquitylates CYCLIN A in Collaboration with
APC/C—Because APPOLON contains a UBC domain and
ubiquitylates SMAC and caspase9 (35, 36), we examined the
ubiquitylation of CYCLIN A by APPOLON. When cells were

co-expressed with FLAG-CYCLIN A and HA-ubiquitin,
APPOLON, but not survivin or UBC3, enhanced the ubiquity-
lation of CYCLIN A (Fig. 3A). Unexpectedly, however, the
APPOLON C4638A mutant, in which a conserved cysteine res-
idue in the UBC domain was substituted to alanine, enhanced
the ubiquitylation of CYCLIN A as well as WT APPOLON (Fig.
3B, left panels). Because a homophilic interaction of APPOLON
was observed (35), we carried out similar experiments with
Appolon-deficient MEFs to rule out the possible involvement of
endogenous wild-type APPOLON in the C4638A mutant-ex-
pressing cells. The C4638A mutant APPOLON again stimu-
lated the ubiquitylation of CYCLIN A in the Appolon-deficient
MEFs as well as the WT APPOLON (Fig. 3B, right panels). In
accord with this, the APPOLON(1–2690) fragment lacking the
UBC domain also stimulated CYCLIN A ubiquitylation (Fig.
3C). However, the APPOLON(1–2427) and APPOLON(1–
1648) fragments only weakly stimulated CYCLIN A ubiquity-
lation (Fig. 3C), consistent with the reduced interaction with
CYCLIN A (Fig. 2D). These results indicate that the ability to
bind CYCLIN A is crucial, whereas the UBC domain of
APPOLON is not, for the ubiquitylation of CYCLIN A in cells,
implying a role for APPOLON as an E3 ubiquitin ligase rather
than an E2 UBC for CYCLIN A ubiquitylation. The expression
of CDK1 and -2 inhibited the ubiquitylation of CYCLIN A by
APPOLON (Fig. 3D), which is consistent with the inhibition of
APPOLON-CYCLIN A binding (Fig. 2G). Collectively, these
results indicate that APPOLON ubiquitylates the CYCLIN A
that is not associated with the CDKs, and the APPOLON UBC
domain is not essential for CYCLIN A ubiquitylation.

FIGURE 4. APPOLON interacts with subunits of APC/C. A, endogenous APPOLON physically interacts with endogenous APC3. Lysates from HeLa cells were
immunoprecipitated with anti-APPOLON antibody, and the precipitates were Western-blotted with the indicated antibodies. Anti-myc antibody was used as
a control antibody. B, APPOLON interacts with APC11. 293T cells were transfected with the indicated plasmids, and cell lysates were prepared. Immunopre-
cipitates of anti-Myc antibody were Western-blotted with the indicated antibodies. C, APPOLON increased the interaction of CYCLIN A and APC/C. 293T cells
were transfected with Myc-tagged APPOLON, FLAG-tagged APC11, and HA-tagged CYCLIN A. Cell lysates were immunoprecipitated (IP) with an anti-FLAG
antibody, and the precipitates were Western blotted with the indicated antibodies.
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We next examined how APPOLON ubiquitylates CYCLIN A
without involving its UBC domain. Because CYCLIN A ubiqui-
tylation was mostly mediated by APC/C (5–9), we examined
the interaction of APPOLON with APC3, a core component of
APC/C. A co-immunoprecipitation experiment showed that
endogenous APPOLON interacts with endogenous APC3 (Fig.
4A). APPOLON also interacts with APC11, a RING-containing
subunit in APC/C recruiting E2-UBC (Fig. 4B). In line with this,
co-precipitation of CYCLIN A with APC11 was enhanced by
the full-length and the 1–2690-residue fragment of APPOLON
to which CYCLIN A binds, but not by the APPOLON frag-
ments (residues 1–1648 and 1– 677) to which CYCLIN A does
not bind (Fig. 4C). These results strongly suggest that APPOLON
recruits CYCLIN A to APC/C for ubiquitylation.

APPOLON Interacts with CYCLIN A in Early Mitotic Cells—
Immunostaining of WT MEFs with rabbit anti-APPOLON pAb
showed that APPOLON predominantly localizes in cytoplasm
in the interphase cells. When WT MEFs were arrested at the
G2/M boundary with a CDK inhibitor RO-3306 (45) and
released in fresh medium containing MG132, a substantial
number of the cells entered into early mitosis, although
CYCLIN A degradation was inhibited. Double staining of
APPOLON and CYCLIN A showed the presence of both pro-
teins in the mitotic cells (Fig. 5A, upper panels). When MEFs
were released in the medium containing nocodazole after the
RO-3306 treatment, CYCLIN A was reduced in the mitotic cells
(Fig. 5A, lower panels), showing the degradation of CYCLIN A
independent of the SAC.

To investigate the possible interaction between APPOLON
and CYCLIN A in the mitotic cells, we employed an in situ
proximity ligation assay, which is highly specific and sensitive in
detecting the close proximity of cellular molecules (43). Robust
interaction signals were observed in the mitotic but not the
interphase WT MEFs released in the presence of MG132 (Fig.
5B, left panel). The interaction signal was greatly reduced in the
mitotic cells released with nocodazole (Fig. 5B, middle panel),
which is consistent with the reduction of CYCLIN A (Fig. 5A,
lower panels). No interaction signals were detected in mitotic
Appolon-deficient MEFs released with MG132 (Fig. 5B, right
panel). We also carried out the in situ proximity ligation assay
in HeLa cells. The interaction signals were similarly detected in
the mitotic HeLa cells released with MG132, but no signals
were observed when either one of the two primary antibodies
was omitted (data not shown). Fig. 5C shows that WT but not
Appolon-deficient MEFs were stained with anti-APPOLON
antibody, indicating the specificity of this antibody. Taken
together, these results indicate that APPOLON interacts with
CYCLIN A in early mitotic cells.

Appolon-deficient Cells Accumulate More CYCLIN A and
Exhibit a Delayed Progression of Mitosis—We next examined
the role of APPOLON in the stability of CYCLIN A. Because
CYCLIN A is degraded independent of SAC, mitotic cells con-
taining large amounts of CYCLIN A were hardly observed in
normal culture conditions. However, when HeLa cells were
treated with siRNA against APPOLON, mitotic cells with
strong staining of CYCLIN A were observed (Fig. 6A). To fur-
ther study the role of APPOLON in CYCLIN A stability in
mitosis, WT and Appolon-deficient MEFs were treated with

nocodazole. Nocodazole activates SAC and arrests the cells in
early mitosis, but CYCLIN A is degraded in the nocodazole-
treated cells independent of SAC (12). Immunocytochemical
analysis shows that cells with strong CYCLIN A staining were
found in the mitotic APPOLON-deficient MEFs, but not in WT
MEFs (Fig. 6B). These results indicate a role of APPOLON in
the regulation of CYCLIN A stability in mitosis.

Next, we compared the level of CYCLIN A before and after
the entry into mitosis. The siRNA-treated HeLa cells were syn-
chronized with RO-3306 and released with nocodazole for 2 h,
and then mitotic cells were harvested by a mild shake off.
APPOLON depletion increased the level of mitotic CYCLIN A
as well as CDC20 depletion (Fig. 6C, lanes 4 – 6), confirming the
role of APPOLON on mitotic degradation of CYCLIN A.

FIGURE 5. APPOLON interacts with CYCLIN A in early mitotic cells. A,
immunostaining of APPOLON and CYCLIN A in early mitotic cells. WT MEFs
were arrested at the G2 phase by RO-3306, released into fresh medium con-
taining MG132 or nocodazole for 2 h, and then immunostained with the indi-
cated antibodies. The white arrows in merged upper panel indicate mitotic
cells expressing a large amount of CYCLIN A, which appear yellow. The white
arrowheads in merged lower panel indicate mitotic cells expressing a reduced
amount of CYCLIN A that appear greenish. B, close proximity of APPOLON and
CYCLIN A in early mitotic cells. WT and Appolon-deficient MEFs were treated
as above, and close proximity ligation assay was performed with antibodies
against APPOLON and CYCLIN A. Nuclei were stained with Hoechst 33342.
The white arrows in the left panel indicate a robust signal of close proximity
(244,635 � 69,311, n � 17), and the white arrowheads in the middle panel
indicate a reduced interaction signal (154,047 � 36,545, n � 19; p � 0.001, t
test) that is consistent with reduced CYCLIN A in the early mitotic cells. The
yellow arrowheads in the right panel indicate that there are no signals in the
early mitotic Appolon-deficient MEFs. Representative data of two indepen-
dent experiments are shown. C, specificity of the anti-APPOLON antibodies.
Wild-type and Appolon-deficient MEFs were immunostained with rabbit pAb
against APPOLON, and nuclei were stained with Hoechst 33342. Bars, 20 �m.
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Because APPOLON binds the CYCLIN A that is not associ-
ated with the CDKs, we also examined the effect of APPOLON
depletion on the amount of CDK-bound CYCLIN A in mitotic
cells. APPOLON depletion increased the total amount of
CYCLIN A as well as CDC20 depletion (Fig. 6D, lanes 5–7).
However, APPOLON depletion did not increase the CYCLIN A
co-precipitated with CDK, although CDC20 depletion elevated
the level of CDK-bound CYCLIN A (Fig. 6D, lanes 2– 4). These
observations strongly suggest that the depletion of APPOLON
increases the CYCLIN A that is not associated with CDKs in
early mitotic cells.

To monitor the CYCLIN A degradation in living mitotic
cells, 293T cells were co-transfected with CYCLIN A-GFP,
CYCLIN B-DsRed, and an siRNA against APPOLON. After
synchronization with aphidicolin, cells were released and mon-
itored for the degradation of CYCLIN A-GFP. In the G2 phase,
CYCLIN A-GFP localized in the nucleus and CYCLIN B-DsRed
in the cytoplasm (Fig. 7A, �90 min). The CYCLIN B-DsRed
then translocated to the nucleus, giving a yellow/orange signal
(Fig. 7A, 0 min), after which the CYCLIN A-GFP was degraded
within 30 min in the control siRNA-treated cells. In the APPO-

LON siRNA-treated cells, however, CYCLIN B-DsRed translo-
cated to the nucleus at time 0, but the degradation of CYCLIN
A-GFP was delayed to 210 min (Fig. 7A). Thus, APPOLON
depletion delays the degradation of CYCLIN A in early mitotic
cells.

We then examined the role of the APPOLON-CYCLIN A
axis in the regulation of mitotic progression. Cells were treated
with an siRNA against APPOLON for 48 h, and the cell division
was monitored using time-lapse microscopy with 5-min inter-
vals. Depletion of APPOLON delayed mitotic progression and
greatly increased the number of cells that require more than
100 min (Fig. 7B and supplemental Movies 1–3). This coincided
with an increased accumulation of CYCLIN A (Fig. 7C).
When the increased CYCLIN A level was reduced to the
normal level in the APPOLON-depleted cells by co-trans-
fecting one-eighth the amount of siRNA against CYCLIN A,
the population that requires more than 100 min for mitosis
was reverted to normal levels, and the delayed progression of
mitosis was partially corrected. These results indicate that
CYCLIN A regulation by APPOLON plays a significant role
in mitotic progression.

FIGURE 6. Accumulation of CYCLIN A in Appolon-deficient cells. A, immunostaining of CYCLIN A and APPOLON in HeLa cells treated with APPOLON siRNA.
Arrows indicate mitotic cells. The signal intensities of CYCLIN A were 67,328 � 48,264 (n � 35) and 163,219 � 139,467 (n � 92) (p � 0.001, t test) in control and
APPOLON siRNA-treated cells, respectively. The signal intensities of APPOLON were 172,178 � 39,865 (n � 35) and 77,933 � 25,181 (n � 92) (p � 0.001, t test)
in control and APPOLON siRNA-treated cells, respectively. B, immunostaining of CYCLIN A in MEFs. MEFs were treated with 100 ng/ml nocodazole for 16 h and
then stained with anti-CYCLIN A and Hoechst 33342. The numbers of mitotic cells strongly stained with CYCLIN A (larger than average signal 	 2
 in WT-MEFs)
were 0/31 and 4/28 in WT and Appolon-deficient MEFs, respectively (p � 0.05, �2 test). Bars, 20 �m. C, CYCLIN A levels before and after cells enter into mitosis.
HeLa cells were treated with the indicated siRNA, arrested at G2 by RO-3306 (RO) and released into the medium containing nocodazole for 2 h. Mitotic cells were
collected by mild shake off, and the cell lysates were analyzed by Western blot. D, depletion of APPOLON increases the total but not the CDK-bound CYCLIN A
in early mitotic cells. HeLa cells were treated as above, and the cell lysates were prepared. The total CYCLIN A in the whole cell lysates and the CDK-bound
CYCLIN A co-precipitated with anti-CDK2 antibody were evaluated. Representative data of three independent experiments are shown.
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DISCUSSION

Mitotic regulators such as CYCLIN A, Nek2A, CYCLIN B,
and securin are degraded by the ubiquitin-proteasome system
during the course of mitosis. The ubiquitin ligase APC/C plays
a major role in the ubiquitylation of the mitotic regulator pro-
teins (5–9, 11, 13, 46, 47). For the ubiquitylation of CYCLIN B
and securin, a WD40 family protein CDC20 recruits the sub-
strate proteins to APC/C to activate ubiquitylation (48, 49).
Later in mitosis, another WD40 member, CDH1, replaces

CDC20 in the ubiquitylation of many proteins (50). Thus, the
activity of APC/C is regulated by CDC20 in early mitosis, and by
CDH1 in late mitosis and G1 phase. In early mitosis, SAC pro-
teins inactivate CDC20 until all of the chromosomes are bipo-
larly attached on the metaphase plate (50 –56). Therefore, the
SAC prevents the degradation of CYCLIN B and securin until
metaphase, which ensures the precise distribution of each chro-
mosome into two daughter cells.

In contrast to CYCLIN B and securin, CYCLIN A and Nek2A
are degraded independently of the SAC (12, 16, 57). SAC-inde-
pendent Nek2A degradation requires the carboxyl-terminal di-
peptide of Nek2A (Met-Arg), and the di-peptide mediates the
recruitment of Nek2A to APC/C to activate ubiquitylation (58,
59). Thus, Nek2A is degraded independently of the SAC.
Recently, it was reported that CYCLIN A is recruited to APC/C
by CDC20 and CKS proteins independently of the SAC (30 –
32). In this process, significant amounts of CDC20 bind to
CYCLIN A even in the presence of SAC proteins, although CKS
proteins interact with CDKs, and thus the CYCLIN A-CDK
complex was efficiently recruited to APC/C and degraded inde-
pendently of the SAC.

In this study, we showed that APPOLON binds and ubiqui-
tylates CYCLIN A that is not associated with CDKs (Figs. 2 and
3). The UBC domain of APPOLON is not required for CYCLIN
A ubiquitylation, but APPOLON appeared to recruit CYCLIN
A to APC/C (Figs. 3 and 4). In addition, depletion of APPOLON
increases CYCLIN A in mitotic cells. Although not formally
proven, the available data are consistent with a model in which
APC/C in conjunction with APPOLON, even in the absence of
its UBC domain, promotes CYCLIN A ubiquitylation for
mitotic degradation.

Depletion of APPOLON increases the total amount of
CYCLIN A in early mitotic cells without increasing CDK-
bound CYCLIN A, whereas CDC20 depletion increases both
the total and the CDK-bound CYCLIN A (Fig. 6). This suggests
that the CDC20-CKS pathway targets CDK-bound CYCLIN A,
although APPOLON targets free CYCLIN A, for proteasomal
degradation. These two pathways probably constitute comple-
mentary mechanisms for SAC-independent CYCLIN A degra-
dation. The mechanism by which APPOLON binds CYCLIN A
in the presence of CDKs is currently unclear. A possible expla-
nation is that APPOLON may outcompete the CDKs in early
mitosis. However, we speculate that a subset of CYCLIN A dis-
sociates from the CDKs during mitosis, and then APPOLON
recognizes the free CYCLIN A. The increase in the total amount
of CYCLIN A, but not the CDK-bound form, in APPOLON-
depleted cells (Fig. 6D) suggests the presence of free CYCLIN A
in early mitosis. The dissociation of CYCLIN A could be a
mechanism to inactivate CDKs prior to the degradation of
CYCLIN A.

Although APPOLON has a functionally active UBC domain
(35, 36), it is not essential for CYCLIN A ubiquitylation (Fig. 3).
Instead, APPOLON facilitates the ubiquitylation of CYCLIN A,
probably by recruiting it to APC/C (Fig. 4), suggesting a role as
a substrate recognition subunit in a complex of ubiquitin ligase.
The role of APPOLON as an E3 ligase was suggested by the way
its overall structure resembles the HECT-type E3 ligase bearing
a long amino-terminal extension from the HECT domain at the

FIGURE 7. CYCLIN A degradation and progression through mitosis were
delayed in APPOLON-depleted cells. A, delayed degradation of CYCLIN A in
APPOLON-depleted mitotic cells. Cells transfected with CYCLIN A-GFP and
CYCLIN B-DsRed2 were synchronized by aphidicolin and released into fresh
medium. Live cell imaging was obtained every 10 min under fluorescent
microscopy equipped with a time-lapse recording system. Time 0 was
assigned when CYCLIN B-DsRed2 translocated into the nuclei. B, mitotic delay
due to depletion of APPOLON was partially corrected by the down-regulation
of CYCLIN A. HeLa cells were transfected with siRNA against control (white),
APPOLON (black), or APPOLON plus CYCLIN A (red) for 48 h, and then the cell
division was monitored. The time from nuclear envelope breakdown to telo-
phase was estimated for more than 100 cells in each group. C, down-regula-
tion of APPOLON and CYCLIN A by siRNA. Cells were treated as above, and the
cell lysates were analyzed by Western blot. The down-regulation of APPOLON
increased CYCLIN A, which was corrected by adding one-eighth the amount
of CYCLIN A siRNA.
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carboxyl terminus (38). In addition, in vitro ubiquitylation
experiments suggest a role for APPOLON as an E3 ligase as well
as an E2 UBC in the ubiquitylation of SMAC (35, 36). Thus,
APPOLON appears to play a double role as an E2 UBC and an
E3 ligase for ubiquitylation.

The UBC domain of APPOLON is highly conserved in
humans, mice, and Drosophila. Gene-trap mouse strains
expressing truncated APPOLON proteins lacking the UBC
domain are homozygously lethal and display impaired placental
and embryonic development as Appolon null mice (60, 61). In
Drosophila, however, homozygous mutant strains of dBRUCE
lacking the UBC domain are viable but the male are sterile,
exhibiting nuclear hyper-condensation and degeneration of the
spermatids (62, 63). The genetic evidence suggests that the E2
function operated by the UBC domain of APPOLON plays an
indispensable role in embryonic development in mammals and
spermatogenesis in Drosophila. It is not known at this point
whether the E3 ligase function of APPOLON is conserved in
Drosophila.

Appolon-deficient MEFs are vulnerable to the cell death
induced by various stimuli (36), and they also exhibit earlier
replicative senescence, large and multiple nuclei, centrosome
overduplication, and delay in mitosis (Fig. 1). Among these
abnormalities, CYCLIN A regulation by APPOLON could be,
at least in part, instrumental in the mitotic delay, because the
delay due to the depletion of APPOLON was partially corrected
by the reduction of CYCLIN A (Fig. 7B). The vulnerability to
cell death is likely to involve the regulation of caspase9, SMAC,
and HtrA2, for the binding of which the BIR domain of
APPOLON is required, as reported previously (35, 36, 39).
With respect to the large and multiple nuclei with excess cen-
trosomes, APPOLON localizes in the midbody of the cells,
where ubiquitylated proteins and de-ubiquitylating enzymes
accumulate during the cytokinesis in late mitosis (64). Down-
regulation of APPOLON in U2OS cells results in cytokinesis
failure and an increase in polynucleic cells. These observations
indicate a critical role of APPOLON in the regulation of cyto-
kinesis, although the substrate protein ubiquitylated by
APPOLON remains to be identified. Because of its huge molec-
ular size, APPOLON interacts with many proteins. Further
studies will be needed to uncover the pleiotropic functions of
APPOLON, which could link the E2 and E3 activity to the
abnormality found in the Appolon-deficient cells.
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