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Anillin, an actin-binding protein localized at the cleavage furrow,
is required for cytokinesis. Through an in vitro expression screen,
we identified anillin as a substrate of the anaphase-promoting com-
plex/cyclosome (APC/C), a ubiquitin ligase that controls mitotic
progression. We found that the levels of anillin fluctuate in the cell
cycle, peaking in mitosis and dropping drastically during mitotic
exit. Ubiquitination of anillin required a destruction-box and was
mediated by Cdh1, an activator of APC/C. Overexpression of Cdh1
reduced the levels of anillin, whereas inactivation of APC/CCdh1

increased the half-life of anillin. Functionally, anillin was required
for the completion of cytokinesis. In anillin knockdown cells, the
cleavage furrow ingressed but failed to complete the ingression. At
late cytokinesis, the cytosol and DNA in knockdown cells under-
went rapid myosin-based oscillatory movement across the furrow.
During this movement, RhoA and active myosin were absent from
the cleavage furrow, and myosin was redistributed to cortical
patches, which powers the random oscillatory movement. We con-
cluded that anillin functions to maintain the localization of active
myosin, thereby ensuring the spatial control of concerted contrac-
tion during cytokinesis.

Ubiquitin-mediated proteolysis plays key regulatory functions in
diverse biological processes, ranging from cell cycle control, cell signal-
ing, transcriptional regulation, immune response, to development. A
key ubiquitin ligase in the cell cycle is the anaphase-promoting com-
plex/cyclosome (APC/C),3 which controls several transitions in the cell
cycle (1, 2). APC/C-dependent degradation of cyclin A allows cells to
progress fromprophase tometaphase, and the degradation of securin by
the APC/C triggers the chromosome separation and anaphase onset.
Late in anaphase, the destruction of cyclin B1 leads to the inactivation of
theCdk1 kinase activity and exit frommitosis. TheAPC/Chas also been
linked to the control of DNA replication, and components of the pre-
replication complexes, such as Cdc6 and Cdt1, and an inhibitor of DNA

replication, geminin, have all been shown as substrates of the APC/C
(3–5).
The activity of the APC/C is tightly regulated in the cell cycle. The

APC/C becomes active from prometaphase until the end of G1. One of
the main regulatory mechanisms for the APC/C is through its associa-
tion with accessory activating factors, Cdc20/fizzy and Cdh1/fizzy-re-
lated (6, 7). Both Cdc20 andCdh1 directly bind to and activate the ligase
activity of the APC/C. Cdc20 associates with the APC/C from promet-
aphase to anaphase, responsible for the degradation of cyclinA, cyclin B,
securin, and Kid, whereas Cdh1 maintains the activity of the APC/C
from late anaphase through G1, targeting multiple substrates for degra-
dation (6, 7).
The APC/C recognizes two motifs in substrates: the destruction box

(D-box; RXXL, where X is any amino acid) and the KEN box (8, 9).
Although the exact biochemical mechanism for substrate recognition
remains to be characterized, it has been reported that APC/CCdc20 rec-
ognizes D-box-containing substrates and that APC/CCdh1 recognizes
both D-box- and KEN-box-containing substrates (8).
Although the functions of the APC/C in chromosome separation, in

mitotic exit, and in coordinating interphase with mitosis are well char-
acterized through identifications of various substrates required for
these processes, the potential function of the APC/C in cytokinesis is
less clear due to a lack of substrates involved in this process. Physiolog-
ical studies indicate that cytokinesis is regulated by proteolysis, possibly
by the APC/C. For example, the timing of cytokinesis inDrosophila has
been linked to the degradation of cyclin B and B3 (10). Genetic experi-
ments showed that both cyclin B and cyclin B3 inhibit the initiation of
cytokinesis. In mammalian cells, the length of cytokinesis can be
extended by the inhibition of the proteasome (11). These observations
indicate that proteolysis controls cytokinesis.
To explore a possible link between the APC/C and cytokinesis, we

used an in vitro expression screen (12) to search for substrates of the
APC/C involved in cytokinesis and identified anillin as a substrate of this
ligase. Anillin was originally identified as an actin-binding and bundling
protein (13) and was later shown to localize at the cleavage furrow
during cytokinesis (14). Anillin is required for cytokinesis as injection of
an anti-anillin antibody into monkey cells results in binucleated cells
(14). InDrosophila, RNA interference (RNAi) experiments showed that
anillin is required for the completion of cytokinesis at a post-furrowing
terminal stage (15, 16). A recent study reports that anillin can bind to
non-musclemyosin II in vitro (17), although such an interaction has not
been reported in vivo.
We have reported here that anillin is a substrate of APC/CCdh1, both

in vitro and in vivo. The levels of anillin fluctuated in the cell cycle,
peaking inmitosis, and dropped drastically as cells exited intoG1. At the
time when the levels of anillin decreased, Cdh1 became associated with
anillin. Indeed, anillin was degraded during mitotic exit in a Cdh1-de-
pendent manner as inactivation of Cdh1, either by RNAi or by overex-
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pression of a dominant-negative mutant of Cdh1, stabilized the anillin
protein. APC/CCdh1 recognized a D-box in the N-terminal region of
anillin, and mutations in this D-box abolished ubiquitination in vitro
and stabilized the mutant protein in vivo. As for the mechanism of
anillin function during cytokinesis, we found that anillin is required for
concentrating RhoA to the cleavage furrow throughout cytokinesis. In
addition, anillin was required for maintaining the active myosin at the
cleavage furrow during late cytokinesis. In the absence of anillin,myosin
became delocalized to cortical patches, which generated oscillatory
movement of cytosol and DNA between the two daughter cells. We
concluded that anillin functions to maintain the contractile ring struc-
ture at late cytokinesis, ensuring concerted contraction around the
cleavage furrow.

EXPERIMENTAL PROCEDURES

In Vitro Ubiquitination Assays—In vitro ubiquitination assays were
carried out as described previously (7). The ubiquitination reactions
were performed at room temperature, analyzed by SDS-PAGE (8–14%
gradient gels), and quantified by PhosphorImager (Amersham Bio-
sciences).
To screen for substrates of APC/C, cDNAs from a library enriched in

genes expressed inG2 andmitosis were pooled at 50 cDNAs/pool. Pools
of cDNAs were transcribed and translated in rabbit reticulocyte lysates
into 35S-labeled proteins, which were then assayed for ubiquitination by
APC/CCdh1 (12). Protein pools with putative APC/C substrates were
identified by the disappearance of a protein in a Cdh1-dependent man-
ner. Once a positive pool was confirmed, the cDNA pool was subdi-
vided, and a single clone was identified (12). Positive clones were
sequenced and analyzed for homology to known sequences.

Plasmids and Antibodies—The coding sequence for full-length anil-
lin was amplified by PCR from human fetal thymus cDNAs (Clontech)
and cloned into pCS2� and pCS2� FLAG vectors. The deletion
mutants of anillin (23–1125 and 45–1125) were generated by PCR.
Point mutations were generated using the QuikChange site-directed
mutagenesis kit (Stratagene). Full-length Cdh1 was cloned into pCS2�
HA to generate HA-Cdh1, and DNA encoding N-terminal 125 amino
acids of Cdh1 were cloned into pCS2� FLAG to generate FLAG-
Cdh1N.
His-tagged anillin amino acids 454–724 and MgcRacGAP amino

acids 191–390 were expressed in Escherichia coli, purified by nickel-
agarose, and used to immunize rabbits for production of antisera. Anti-
bodies were affinity-purified with respective antigens. The specificity of
affinity-purified antibodies was confirmed byWestern blot analysis and
by immunofluorescence staining ofwild-type versus anillin- orMgcRac-
GAP knockdown cells (see Fig. 4, A and B, for the anti-anillin antibody;
data not shown for the anti-MgcRacGAP antibody). Anti-CHO1 anti-
body is a gift from Dr. Ryoko Kuriyama. The following antibodies were
from commercial sources: anti-Aurora B (AIM-1) antibody (BD Trans-
duction Laboratories), anti-non-muscle myosin antibody (Biochemical
Technology), anti-phospho-myosin light chain 2 (Ser-19) antibody
(Cell Signaling), anti-phospho-histone H3 (Ser-10) antibody (Upstate
Biotechnology), anti-Cdh1 antibody (Lab Vision), anti-Cdc20, anti-cy-
clin A, anti-cyclin B1, anti-ECT2, anti-RhoA, anti-p38MAPK, and anti-
Hsp70 antibodies (Santa Cruz Biotechnology). Anti-�-tubulin E7
monoclonal antibody was obtained from the Developmental Studies
Hybridoma Bank.

Cell Culture and RNAi—HeLa cells and HeLa S3 cells (ATCC) were
maintained in Dulbecco’s modified Eagle’s medium (Cellgro) supple-
mented with 10% fetal bovine serum and 2 mM L-glutamine (both from
Invitrogen). HeLa S3 cells were grown in suspension and synchronized
as described previously (7).

RNA interference against Cdh1 was performed as described previ-
ously (18, 19). Single-stranded short hairpin RNA (shRNA) was synthe-
sized using the MessageMuter shRNAi production kit (Epicenter) and
transfected into HeLa cells using Oligofectamine (Invitrogen). For
RNAi of anillin, DNA-based pSUPER constructs (20) were transfected
into HeLa cells using Lipofectamine 2000 (Invitrogen). RNAi target
sequences are (in the sense orientation): GFP, 5�-GCAAGCTGACCC-
TGAAGTTC-3�; Cdh1, 5�-GGATTAACGAGAATGAGAAGT-3�, 5�-
CAAGCTGCTGGTCTGGAAT-3�; and anillin, 5�-CGCTGTTCTGA-
CAACACTG-3� and 5� GGAGAAGAGCCAAGAGGAG3�. For Cdh1
and anillin, two independent siRNA sequences gave similar degree of
knockdown and similar phenotypes, confirming the specificity of
knockdown.

Immunoprecipitation—Antibodies against anillin were covalently
coupled to Affi-Prep protein A beads (Bio-Rad) at a concentration of 0.3
mg/ml. HeLa S3 cells from various cell cycle stages were lysed in Non-
idet P-40 lysis buffer (50 mM Tris-HCl, pH 8.0, 140 mM NaCl, 1% Non-
idet P-40, 10% glycerol, 0.1 mM EDTA, 1 mM dithiothreitol, 0.5 �M

microcystin, 10 �g/ml each of leupeptin, pepstatin, and chymostatin).
Lysates were centrifuged, and supernatants were precleared at 4 °C for
1 h with protein A beads that had been coupled with preimmune rabbit
IgG. The precleared lysates were then incubated at 4 °C overnight with
protein A beads that had been coupled to anti-anillin or Cdh1 antibody.
Beads were recovered by centrifugation, washed five times with lysis
buffer, and analyzed by immunoblotting with appropriate antibodies.

Immunofluorescence and Time-lapse Video Microscopy—To deter-
mine the localization of RhoA, cells growing on glass coverslips were
fixed with ice-cold 10% trichloroacetic acid for 15 min (21). For immu-
nofluorescence staining with other antibodies, cells were fixed with 4%
paraformaldehyde at room temperature for 15 min. After fixation, cells
were permeabilized and blocked with phosphate-buffered saline-BT
(1� phosphate-buffered saline, 0.1% Triton X-100, 3% bovine serum
albumin) at room temperature for 30 min. Coverslips were subse-
quently incubated in primary and secondary antibodies diluted in phos-
phate-buffered saline-BT. Images were acquired with Openlab 4.0.2
(Improvision) under a Zeiss Axiovert 200Mmicroscope using a�63 oil
immersion lens with a �1.6 Optovar.
For time-lapse microscopy, HeLa cells stably expressing GFP-His-

tone H2B were cultured in Leibovitz’s L-15 medium (Invitrogen) sup-
plemented with 10% fetal bovine serum (Invitrogen) and 2 mM L-gluta-
mine (Invitrogen). Cells were placed on a microscope stage heated to
37 °C and observed under a differential interference contrast (DIC) and
green fluorescence channel on a Zeiss Axiovert 200Mmicroscope with
a �20 lens plus a �1.6 Optovar. Images were acquired every 15 s with
Openlab 4.0.2 software (Improvision).

RESULTS

Anillin Is a Substrate of the APC/CCdh1 in Vitro—To identify novel
substrates of theAPC/C involved in cytokinesis, we adapted a small pool
expression screen strategy described previously (12) to screen a library
of cDNAs enriched in genes transcribed at G2/M. We used an in vitro
ubiquitination assay to screen for potential substrates (7) instead of the
degradation assay reported previously (5) as the ubiquitination assay is
more sensitive than the degradation assay (data not shown). One of the
positive clones isolated encoded the N-terminal 496 amino acids of
anillin, an actin-binding and bundling protein (Fig. 1A) (13). Full-length
anillin cDNA was subsequently cloned, and the encoded protein was
found to be efficiently ubiquitinated by the APC/CCdh1 (Fig. 1B), and to
a much lesser extent, by the APC/CCdc20 (data not shown). —The
APC/C recognizes the destruction box (D-box) and the KEN box in
substrates (8, 9). The first 496 amino acids of anillin contain three puta-
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tive D-boxes at amino acids 16–19, 41–44, and 199–202 but no KEN
box (Fig. 1A). The first two D-boxes are conserved among human,
mouse, and Xenopus anillin, and the third one is conserved only
between human and mouse anillin. Deletion of the first 22 amino acids
only partially reduced the ubiquitination efficiency, whereas deletion of
the N-terminal 45 amino acids completely abolished the ubiquitination
by the APC/CCdh1 (Fig. 1B), suggesting that the second D-box is
required for the recognition by the APC/C, whereas the first D-box
contributes to efficient recognition. Consistent with this, mutation of
the second D-box (DB2) (RXXL to AXXA) in the full-length protein
reduced the extent of ubiquitination to only weakmono-ubiquitination,
and mutations of the first two D-boxes (DB1/2) reduced the level of
ubiquitination to a similar extent (Fig. 1B). Thus, the loss of DB2 alone is
sufficient to disrupt the recognition by the APC/C.

Anillin Is a Substrate of the APC/CCdh1 in Vivo—To determine
whether anillin is a substrate of the APC/C in vivo, we first analyzed the
levels of the anillin protein in the cell cycle. HeLa S3 cells were synchro-
nized at the G1/S transition by a double thymidine block, released into
freshmedia, and harvested every hour after release. The cell cycle profile
of released samples was determined by fluorescence-activated cell
sorter (FACS), and the time points corresponding to mitosis were iden-
tified by the presence of phospho-histoneH3 as assayed byWestern blot
analysis (Fig. 2A). Analysis of total cell lysates byWestern blotting indi-
cated that the levels of anillin accumulated in S andG2 phases, peaked in
mitosis, and then dropped drastically as cells exited frommitosis intoG1
(Fig. 2A). This profile of anillin in the cell cycle is similar to those of
known substrates of APC/C such as cyclin B, geminin, and Cdc20 (Fig.
2A), suggesting a possibility for an active protein destruction mecha-
nism for anillin during mitotic exit. Kinetic analysis indicated that the
degradation of anillin occurred after that of cyclin A (Fig. 2A), which
happens at prometaphase. To determine the exact cell cycle stage for
anillin destruction, HeLa S3 cells were synchronized at prometaphase
by a thymidine-nocodazole block and then released into fresh media
(Fig. 2B). Anillin levels were also down-regulated upon release from
prometaphase arrest, and the bulk of anillin was degraded when cells
reached late mitosis and exited into G1. Careful kinetic analysis indi-

cated that the degradation of anillin occurred slightly later than the
degradation of cyclin B (Fig. 2B). At 1.5 h after release, about 50% of
cyclin B was degraded, whereas anillin remained stable at this time
point. Biochemical analysis of the fluctuation of anillin in the cell cycle is
confirmed at the cellular level. Asynchronous HeLa cells were
co-stainedwith antibodies against cyclin B and anillin. The fluorescence
intensity of anillin co-varied with that of cyclin B at individual cell level,
high in G2 and mitotic cells and low in G1 cells (Fig. 2C), indicating that
at the cellular level, anillin abundance is regulated in a fashion similar to
that of cyclin B, a known substrate of the APC/C.
Next, we analyzed the interaction between anillin and Cdh1. Anillin

was immunoprecipitated from cells released from the double thymidine
arrest, and the immune complexes were analyzed by blotting with anti-
anillin and Cdh1 antibodies. In S, G2, and early mitotic cells, no associ-
ation between anillin and Cdh1 was detectable, although Cdh1 in total
cell lysates accumulated in G2 and peaked in mitosis (Fig. 3A). Interest-
ingly, Cdh1 associated with anillin in early G1 when APC/CCdh1 became
active, and this association disappeared 3 h after cells exited frommito-
sis (Fig. 3A). The kinetics of the association between anillin and Cdh1
coincided with the kinetics of anillin degradation, suggestive of a role of
Cdh1 in the destruction of anillin.
To confirm that the APC/CCdh1 is required for the destruction of

anillin, we inhibited the activity of the APC/CCdh1 by RNAi. HeLa cells
were transfected with an shRNA targeted against Cdh1 or GFP. Trans-
fection of Cdh1-shRNA, but not GFP-shRNA, reduced the Cdh1 pro-
tein levels and resulted in an increase in endogenous anillin and Plk1, a
known APC/C substrate (Fig. 3B) (7, 22, 23). FACS analysis and quan-
tification of mitotic index indicated that partial knockdown of Cdh1 at
the level shown in Fig. 3B did not alter the cell cycle profile of transfected
cells (data not shown). To demonstrate that this increase is directly due
to the stabilization of the anillin protein rather than indirectly through
modulating anillin synthesis, we measured the half-life of anillin in
knockdown cells. Transfected cells were arrested at prometaphase by
nocodazole and then released into fresh media in the presence of cyclo-
heximide, an inhibitor of protein synthesis. In cells transfected with the
control shRNA, anillin levels started to decrease 2 h after release. In

FIGURE 1. Anillin is specifically ubiquitinated by
APC/CCdh1 in vitro. A, a schematic representation
of anillin amino acids (aa) 1– 496 depicting three
destruction boxes. B, immunopurified APC/C was
first incubated with or without recombinant Cdh1
to activate APC/C. 35S-labeled anillin and various
mutants were then incubated with APC/C in the
presence of ubiquitin-activating enzyme (E1),
UbcH10, ubiquitin, and ATP for indicated times.
The arrow in each panel points to the input sub-
strate, and the bracket indicates the position of
ubiquitin conjugates. The extent of ubiquitination
was judged by the disappearance of the input sub-
strate and by the formation of a ubiquitination lad-
der migrating slower than the input substrate.
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contrast, in cells transfected with Cdh1-shRNA, anillin remained at
high levels even 4 h after release (Fig. 3C). Similarly, Plk1 was also sta-
bilized in Cdh1 knockdown cells. Quantification, by FACS analysis, of
the kinetics of mitotic exit upon release from the nocodazole arrest
showed that partial knockdown of Cdh1 at the level shown in Fig. 3C did
not alter the rate of mitotic exit, indicating that the stabilization of
anillin in knockdown cells was not due to a delay in transition into G1.

It has been reported that the amino-terminal 125 amino acids of
Cdh1 (Cdh1N) are a dominant-negative mutant for Cdh1 that inhibit
the proteolysis of the APC/CCdh1 substrates in vivo (24). Thus, HeLa
cells were transfected with FLAG-tagged Cdh1N, arrested at promet-
aphase by nocodazole, and then released into freshmedia. In cells trans-
fected with the control vector, the anillin level decreased substantially
2 h after release. In contrast, in cells transfected with FLAG-Cdh1N,
anillin remained at high levels at 2 h after release (Fig. 3D). Furthermore,
anillin remained higher in cells transfectedwith FLAG-Cdh1N even at 4
and 5 h after release. FACS analysis indicated that control- and FLAG-
Cdh1N-transfected cells had similar cell cycle profiles at 4 and 5 h
after release (Fig. 3D). In addition, cyclin B levels were stabilized upon
the overexpression of Cdh1N, consistent with the inhibition of the
APC/CCdh1 by Cdh1N.

Since the second D-box at the N-terminal region is required for in
vitro ubiquitination of anillin by the APC/CCdh1 (Fig. 1B), we deter-
mined whether this D-box is recognized during the degradation of anil-
lin in vivo. FLAG-tagged wild-type or DB2 anillin were co-transfected
with a vector or HA-Cdh1 into HeLa cells. Overexpression of Cdh1,
which hyper-activated the APC/CCdh1, reduced the levels of wild-type
anillin (Fig. 3E), confirming the degradation of anillin by the APC/C
pathway in vivo. Interestingly, overexpression of Cdh1 did not affect the
level of anillin DB2. Overexpression of DB1/2 anillin gave similar results

(Fig. 3E). Thus, DB2 was necessary for the degradation of anillin in vivo,
consistent with the in vitro ubiquitination results (Fig. 1B). FACS anal-
ysis indicated that overexpression of Cdh1 reduced the G2/M and S
population (Fig. 3E), likely due to the inhibition of the cyclin A accumu-
lation at theG1/S transition. However, co-expression of the three anillin
constructs withCdh1 gave very similar cell cycle profiles, indicating that
the stabilization of the D-box mutants were not due to a change in the
cell cycle states.

Anillin Controls Spatial Contractility during Late Cytokinesis—We
next analyzed the function of anillin during cytokinesis. Given that anil-
lin is localized to the presumptive cleavage furrow at anaphase, we
investigated whether anillin acts to trigger initiation of cytokinesis or is
only required for the progression or completion of cytokinesis. HeLa
cells were transfected with pSUPER-anillin, which expressed an
shRNA-targeting anillin transcript. At 24 h after transfection, the levels
of anillin were reduced by at least 80% in pSUPER-anillin transfected
cells (Fig. 4A). The efficiency of knockdown increased over time and
lasted up to 96 h after transfection. When analyzed by immunofluores-
cence antibody staining, anillin was localized at the contractile ring in
control-transfected cells undergoing anaphase B and cytokinesis (Fig.
4B), consistent with an earlier report (14). In pSUPER-anillin trans-
fected cells (�80% transfection efficiency), anillin was absent from the
cleavage furrow in 80% of randomly selected cells undergoing anaphase
B and early cytokinesis (n � 35) (Fig. 4B), indicating an efficient knock-
down at the cellular level.
Anillin is required for cytokinesis; at 36 h after transfection, 43% of

knockdown cells were binucleated, whereas less than 4% cells were
binucleated in control transfection, consistent with a previous report
(14). To characterize the nature of the defect, transfected cells were
imaged in time-lapse images under DIC starting from 30 h after trans-

FIGURE 2. Anillin levels fluctuate during the cell
cycle. A, HeLa S3 cells were arrested at G1/S by a
double thymidine arrest and then released into
fresh media to allow progression through the cell
cycle. The levels of anillin, cyclin A, cyclin B, Cdc20,
geminin, phospho-histone H3 (Ser-10) (p-H3), and
Hsp70 were analyzed by Western blotting of total
cell lysates. Cell cycle profile was determined by
FACS analysis (right panel). B, the levels of anillin
during mitotic exit. HeLa S3 cells were synchro-
nized at prometaphase by a thymidine-nocoda-
zole arrest and then released into fresh media. The
levels of anillin, cyclin B, and p38MAPK were deter-
mined by Western blot analysis. Lane A, asynchro-
nous cells. C, asynchronous HeLa cells were
stained with anti-cyclin B and anti-anillin antibod-
ies. DNA was stained with 4�,6-diamidino-2-phe-
nylindole. Bar, 20 �m.
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fection. Although cells transfected with pSUPER initiated and pro-
gressed through cytokinesis with normal kinetics (Fig. 4C, and see Sup-
plementalMaterials,Movie 1), 21 out of 25 randomly recorded cells that
had been transfectedwith pSUPER-anillin displayed a cytokinesis defect
and generated binucleation (Fig. 4D, and see Supplemental Materials,
Movie 2). In cells depleted of anillin, anaphase and the initiation of
cytokinesis were normal. When the cleavage furrow ingressed to about
40% of the cell diameter, the furrow was held at this constant size for
about 10 min before the furrow eventually regressed (Fig. 4D, red
arrow). Interestingly, during this 10-min window, the cytosol and DNA
of the two daughter cells rapidly moved back and forth across the cleav-
age furrow, similar to an independent observation published during the
preparation of this report (17). This phenotype was confirmed by a
second knockdown construct and therefore is specific to the loss of
anillin function (data not shown). Thus, anillin was required for the
completion of furrow ingression.
The oscillatory movement observed in anillin knockdown cells sug-

gested that anillin is involved in regulating the intracellular contractility.
Thus, understanding the molecular basis of this oscillatory movement
will provide insights on the cellular function of anillin. This movement
could be powered either by microtubule-associated kinesins or by the
actin-based myosin motor. To differentiate these two possibilities, we

used chemical inhibitors specific to microtubules and to actin cytoskel-
eton. Cells with anillin knockdown were imaged during anaphase and
cytokinesis by time lapse images. As soon as the oscillatory movement
was initiated, chemical inhibitors were added to the culture media, and
the progression of cytokinesis followed. The addition of nocodazole, a
microtubule-depolymerizing drug, did not interfere with the oscillatory
movement (Fig. 5A, and see Supplemental Materials, Movie 3). Control
experiments showed that the concentration of nocodazole used (8 �M)
here was sufficient to depolymerize microtubules in vivo (data not
shown). Thus, microtubule-based kinesin motor activities are unlikely
responsible for this oscillatory movement. On the other hand, the addi-
tion of cytochalasin B, an inhibitor of actin polymerization, led to an
immediate cessation of the oscillation, indicating that this movement is
actin-based (Fig. 5B, and see Supplemental Materials, Movie 4). Con-
sistent with this, the addition of blebbistatin, a specific inhibitor of non-
muscle myosin II (11), also abolished the movement between the two
daughter cells (Fig. 5C, and see Supplemental Materials, Movie 5). We
concluded that in anillin knockdown cells, myosin is activated, but the
motor activity is misregulated spatially.

Anillin Is Required for the Localization of the Cleavage Furrow Com-
ponents during Late Cytokinesis—We investigated the localization of
several cleavage furrow components in anillin knockdown cells. Non-

FIGURE 3. Anillin is degraded in a Cdh1-depend-
ent manner in vivo. A, association between anillin
and Cdh1. HeLa S3 cells were released from a dou-
ble thymidine block for the times indicated.
Lysates of synchronized HeLa S3 cells were immu-
noprecipitated (IP) with an anti-anillin antibody
and followed by immunoblotting. B, HeLa cells
were transfected with GFP- or Cdh1-shRNAs and
harvested at the indicated times after transfection.
The levels of anillin, Plk1, Cdh1, and p38MAPK
were determined by Western blot analysis of total
cell lysates. C, HeLa cells were transfected with
GFP- or Cdh1-shRNAs and arrested at promet-
aphase by incubating with nocodazole for 20 h.
Cells were then released into fresh medium in the
presence of 10 �g/ml cycloheximide and har-
vested at the indicated times after release. The lev-
els of anillin, Plk1, Cdh1, and p38MAPK were deter-
mined by Western blot analysis. D, HeLa cells were
transfected with FLAG or FLAG-Cdh1N and
arrested at prometaphase by incubating with
nocodazole for 20 h. Cells were then released into
fresh media and harvested at the indicated times
after release. The levels of anillin, FLAG-Cdh1N,
cyclin B, and Hsp70 were determined by Western
blot analysis. The kinetics of mitotic exit was mon-
itored by FACS analysis and showed as a percent-
age of cells at each cell cycle stage for the release
time points (C and D). E, FLAG-anillin, FLAG-anillin
DB2, or FLAG-anillin DB1/2 was transfected into
HeLa cells with HA or HA-Cdh1. The levels of FLAG-
anillin, HA-Cdh1, and p38MAKP were determined
by Western blot analysis. Cell cycle profile was
determined by FACS analysis. WT, wild type.
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muscle myosin II A heavy chain, NMHC II-A, is a component of the
actomyosin ring and was concentrated at the cleavage furrow through-
out cytokinesis (Fig. 6A) (11, 25). In anillin knockdown cells, NMHC
II-A localized to the cleavage furrow during early cytokinesis when the
furrow ingressed normally (Fig. 6A). However, NMHC II-A was absent
from the furrow during late cytokinesis and was mislocalized to the
cortical regions during the oscillatory movement (Fig. 6A), consistent
with the observed random cortical contraction and the lack of furrow
ingression.

We next examined the activity state of the myosin motor in anillin
knockdown cells. The myosin regulatory light chain (MRLC) is phos-
phorylated on threonine 18 and serine 19, and the phosphorylation is
required for the myosin II motor activity (26, 27). Staining with an
antibody specific to MRLC phosphorylated at Ser-19 (p-MRLC)
revealed that p-MRLC localized to both the cleavage furrow and the
central spindle throughout cytokinesis in control-transfected cells (Fig.
6B). In anillin knockdown cells, the localization of p-MRLCwas normal
during early cytokinesis but defective during late cytokinesis when the
oscillatory movement occurred.
During cytokinesis, the phosphorylation of MRLC is controlled by

the small GTPase RhoA, which itself also localizes to the cleavage fur-
row from late anaphase through cytokinesis (28, 29). Staining with an
anti-RhoA antibody revealed that the RhoA signal at the cleavage fur-
rowwas reduced by 80% in anillin knockdown cells (n� 23) (Fig. 6C). In
contrast to NMHC II-A and p-MRLC, the reduction of RhoA signal at
the cleavage furrow occurred from early cytokinesis, at a time when the
furrow ingression appeared normal, and the low The levels of RhoA
signal were maintained throughout cytokinesis. Thus, anillin contrib-
uted to the efficient accumulation of RhoA at the cleavage furrow.

Assembly of the Central Spindle Is Independent of Anillin—The cen-
tral spindle plays an important role in the initiation and completion of
cytokinesis (30). To determinewhether anillin controls the central spin-
dle structure, we examined the localization of MgcRacGAP, MKLP1,
ECT2, and Aurora B kinase, all of which localize to the spindle midzone
during cytokinesis (Fig. 7) and are required for cytokinesis (31–35). In
anillin knockdown cells, the localization of these proteins was not
affected (Fig. 7). The central spindle structure was normal at early cyto-
kinesis and persisted during the oscillatory movement (Fig. 7, A and C).
Therefore, a loss of anillin does not affect the central spindle structure.

DISCUSSION

APC/C is a key ubiquitin ligase that controls sister chromatid sepa-
ration,mitotic exit, andG1/S transition (1, 2).We have identified anillin,
a component of the cleavage furrow, as a substrate ofAPC/C, suggesting
a possible role of APC/C in cytokinesis. Although anillin is not required
for the initial assembly of the cleavage furrow structure, it is required for
the maintenance of the cleavage furrow structure and for the comple-
tion of furrow ingression. In the absence of anillin, the accumulation of
RhoA at the cleavage furrow was impaired. At early cytokinesis, the
assembly of myosin II subunits to the contractile ring was not affected,
and the furrow ingression occurred normally in anillin knockdown cells.
However, at late cytokinesis, the furrow ingression failed to complete,
and the cytosol and DNA from two daughter cells rapidly moved back

FIGURE 4. Anillin is required for the completion of cytokinesis. A, immunoblot anal-
ysis of anillin knockdown cells. HeLa cells were transfected with pSUPER or pSUPER-
anillin (pS-Anillin) and harvested at the times indicated. The levels of anillin and Hsp70
were determined by Western blot analysis of total cell lysates. B, cells transfected with
pSUPER or pSUPER-anillin were stained for anillin (green), �-tubulin (red), and DNA (blue).
Merged images are shown. Bar, 5 �m. C and D, selected frames from time-lapse movies of
HeLa cells transfected with either pSUPER (panel C and Movie 1) or pSUPER-anillin (panel
D and Movie 2). Cells were imaged every 15 s starting from 30 h after transfection, and
images of DIC are shown. Bar, 10 �m.

FIGURE 5. Anillin controls the contractility of the
actomyosin ring. Selected frames from time-
lapse movies of HeLa cells stably expressing GFP-
histone H2B are shown. Cells were transfected
with pSUPER-anillin and imaged every 15 s start-
ing from 30 h after transfection. Nocodazole (8 �M)
(A), cytochalasin (13 �M) B (B), and blebbistatin (50
�M) (C) were added (at the times indicated by the
arrows) as soon as the oscillatory movement
began. Both DIC and green fluorescence images
were recorded, and merged images are shown.
The arrowhead in panel B points to the cell under-
going cytokinesis. Bar, 10 �m.
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FIGURE 6. Anillin is required for the localization
of the cleavage furrow components. A–C, cells
were transfected with pSUPER and pSUPER-anillin
(pS-anillin) and immunostained for the indicated
antigens. The color of the antigen is labeled in
each panel. Early and Late represent cells in early
and late cytokinesis, respectively. Bar, 5 �m.

FIGURE 7. Anillin is not required for the localization of the spindle midzone components. A–D, cells were transfected with pSUPER or pSUPER-anillin (pS-anillin) and immuno-
stained for the indicated antigens. The color of the antigen is labeled in each panel. Early and Late represent cells in early and late cytokinesis, respectively. Bar, 5 �m.
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and forth across the cleavage furrow, whereas the size of the furrowwas
held constant. During this movement, both myosin II heavy chain and
the active p-MRLC were redistributed from the cleavage furrow to cor-
tical patches. In fact, this oscillatory movement was powered by the
mislocalized active myosin as the addition of blebbistatin led to an
immediate cessation of the movement. We concluded that anillin func-
tions to maintain the localization of active myosin at the cleavage fur-
row, thereby ensuring the spatial control of concerted contraction dur-
ing cytokinesis.

Anillin Is a Substrate of APC/C—The following evidence indicates
that anillin is a physiological substrate of the APC/C. First, the full-
length anillin is efficiently ubiquitinated by APC/CCdh1 in vitro (Fig. 1).
Second, both Western blotting and immunofluorescence experiments
showed that, similar to cyclin B, the levels of anillin fluctuate in the cell
cycle, peaking in mitosis and dropping drastically as cells exit into G1

(Fig. 2). Third, anillin directly associates with Cdh1 during mitotic exit
in vivo, at a timewhen anillin is rapidly degraded (Fig. 3). Fourth, knock-
down of Cdh1 or overexpression of the dominant-negative form of
Cdh1 leads to an increase in anillin, and this increase is directly due to
the stabilization of the anillin protein during mitotic exit (Fig. 3). Fifth,
overexpression of Cdh1 results in a decrease in wild-type anillin levels
(Fig. 3). Finally, APC/C specifically recognizes a D-box in the N-termi-
nal region of anillin, andmutations of this D-box prevent ubiquitination
in vitro and lead to stabilization of the mutant protein in vivo (Figs. 1
and 3).
What is the physiological role of anillin degradation? Cytokinesis

requires active protein degradation through the ubiquitin-dependent
pathway as the length of cytokinesis can be extended by inhibition of the
proteasome activity (11). Although the exact substrates responsible for
this lengthening of cytokinesis are not known, anillin may provide a
possible link between proteolysis and cytokinesis. In fact, a fission yeast
anillin-like protein,Mid2p, is also degraded by the ubiquitin-dependent
pathway, albeit mediated by the Skp1/Cdc53/F-box (SCF) ligase (36). It
has been proposed that timely destruction of Mid2p is linked to the
disassembly of septin rings at the end of each cell cycle, which may be
important for normal cell cycle progression (36). Although destruction
of anillinmay serve a similar function inmammalian cells, we found that
partial knockdown of Cdh1 stabilizes anillin without affecting the kinet-
ics of mitotic exit and cytokinesis (Fig. 3C), suggesting that degradation
of anillin is not an essential mechanism for control of cytokinesis.
Beyond cytokinesis, the degradation of anillin may be important for

cell physiology in G1. Actin has been proposed to have multiple func-
tions in the nucleus of interphase cells, ranging from chromatin remod-
eling to RNA transcription and transport and the organization of nucle-
oskeleton (37). Interestingly, when ectopically expressed, anillin is
sequestered in the nucleus in interphase cells. As an actin-binding and
bundling protein, untimely accumulation of anillin in G1 and S phase
cells may interfere with the nuclear function of actin. Thus, the degra-
dation of anillin at early G1 by the APC/C provides a mechanism for the
clearance of anillin in interphase cells. Indeed, we found that expression
of anillin, even the wild-type protein at a low level, is extremely toxic to
the cells and leads to massive cell death (data not shown), underscoring
the importance of tight regulation of the anillin levels in the cell cycle.
We propose that APC/C-dependent proteolysis is an intrinsic mecha-
nism for this regulation. However, despite our extensive efforts in con-
trolling the levels of transfected anillin, we were not able to alleviate the
high toxicity of ectopically expressed wild-type anillin (data not shown).
Thus, wewere not able to test the physiological consequence of express-
ing a non-degradable anillin mutant.

Anillin Controls Concerted Contraction at the Cleavage Furrow—We
have reported here that anillin is required for the proper localization of

myosin II and RhoA to the cleavage furrow. The timing of these require-
ments is different between RhoA and myosin. The effect on the local-
ization of myosin and only detectable at late cytokinesis. In the absence
of anillin, the localization of myosin II subunits was not affected during
early cytokinesis, and myosin only became delocalized at late cytokine-
sis. However, anillin is required to concentrate RhoA to the cleavage
furrow starting from anaphase B. Anillin may maintain the RhoA local-
ization through direct association since we observed a weak interaction
between anillin and RhoA in our in vitro direct binding assay (data not
shown). Thus, although anillin knockdown cells failed cytokinesis at a
late stage, our results indicated that the contractile ring structure was
defective at the molecular level long before any morphological defects
became observable.
Why does cytokinesis only fail at a late stage in anillin knockdown

cells? Although we cannot exclude the possibility that this late pheno-
type is due to an incomplete knockdown by RNAi, this is unlikely since
the knockdown efficiency reached greater than 90% by the time of our
analysis (at 36 h after transfection; Fig. 4; data not shown) and since
injection of an anti-anillin antibody gave a similar late phenotype (14).
Cytokinesis fails at a timewhenmyosin becomes delocalized from the

cleavage furrow, although the causal relationship between these two
remains to be established. Biochemically, it has been reported that anil-
lin binds to myosin II in vitro (17), but no association between myosin
and anillin was detectable in anaphase cells or in cells undergoing cyto-
kinesis (data not shown). In addition, myosin is localized to the cleavage
furrownormally during anaphase and early cytokinesis in the absence of
anillin, indicating that a direct interaction between anillin andmyosin is
not required for targeting myosin to the cleavage furrow, at least during
early cytokinesis.
We propose two possible models, which are not mutually exclusive,

to explain the failure in completing cytokinesis in anillin knockdown
cells. First, a lack of the RhoA concentration at the cleavage furrowmay
lead to the incomplete furrow ingression since RhoA is the crucial
upstream activator for the phosphorylation of MRLC (30). A recent
fluorescence resonance energy transfer study showed that inHeLa cells,
the levels of RhoA-GTP decrease rapidly upon entry into mitosis, reach
the lowest at anaphase, and then increase gradually during cytokinesis
(38), suggesting that the requirement for the RhoA activitymay increase
as cytokinesis progresses. Thus, the residual RhoA protein at the cleav-
age furrow may be sufficient for the initial ingression of the cleavage
furrow in anillin knockdown cells but is not sufficient for the comple-
tion of the furrow ingression.
Alternatively, the lack of myosin at the cleavage furrow during late

cytokinesis may simply result from a defect in the mechanical structure
of the furrow. The contractile ring has to be able to maintain the struc-
tural integrity towithstand themechanical force exerted on the cleavage
furrow. On the other hand, the contractile ring is not a static structure
but has to undergo constant remodeling (through actin polymerization
and depolymerization) during furrow ingression. Thus, the actomyosin
ring at the furrow is expected to be dynamic and yet stable, and anillin,
an actin-binding and bundling protein, may be important for maintain-
ing this dynamic stability of the actomyosin contractile ring structure.
The effect of anillin on the stability of the contractile ringmay be similar
to the effect of microtubule-associated proteins to the dynamic stability
of the mitotic spindle (39). It is likely that as cytokinesis progresses, the
extent of the mechanical force exerted on the contractile ring increases.
In the absence of anillin, the contractile ring is less stable and fails to
withstand themechanical forcewhen cytokinesis progresses to a certain
point, leading to the collapse of the cleavage furrow structure and the
redistribution of active myosin.
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Online Supplemental Materials—Time-lapse movies of HeLa cells
are available in the Supplemental Materials. Cells were transfected with
pSUPER (Movie 1) or pSUPER-anillin (Movies 2–5) and imaged every
15 s starting from 30 h after transfection. DIC images were shown in
Movies 1 and 2. In Movies 3–5, HeLa cells stably expressing GFP-his-
tone 2B were used, and images merged between DIC and green fluores-
cence channel were shown. In these movies, nocodazole (Movie 3),
cytochalasin B (Movie 4), or blebbistatin (Movie 5) were added at the
indicated concentrations as soon as the oscillatory movement began.
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