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The anaphase-promoting complex/cyclosome (APC/C) controls the
onset of anaphase by targeting securin for destruction. We report
here the identification and characterization of a substrate of APC/C,
RCS1, as a mitotic regulator that controls the metaphase-to-anaphase
transition. We showed that the levels of RCS1 fluctuate in the cell
cycle, peaking in mitosis and dropping drastically as cells exit into G1.
Indeed, RCS1 is efficiently ubiquitinated by APC/C in vitro and de-
graded during mitotic exit in a Cdh1-dependent manner in vivo.
APC/C recognizes a unique D-box at the N terminus of RCS1, as
mutations of this D-box abolished ubiquitination in vitro and stabi-
lized the mutant protein in vivo. RCS1 controls the timing of the
anaphase onset, because the loss of RCS1 resulted in a faster pro-
gression from the metaphase to anaphase and accelerated degrada-
tion of securin and cyclin B. Biochemically, mitotic RCS1 associates
with the NuRD chromatin-remodeling complex, and this RCS1 com-
plex is likely involved in regulating gene expression or chromatin
structure, which in turn may control anaphase onset. Our study
uncovers a complex regulatory network for the metaphase-to-
anaphase transition.

HDAC1/2 � mitosis � ubiquitin-dependent proteolysis � Cdh1

Ubiquitin-mediated proteolysis regulates key transitions in bi-
ology. For example, the anaphase-promoting complex/

cyclosome (APC/C) is an essential ubiquitin ligase that controls the
ordered degradation of over 20 cell-cycle regulators in mitosis and
G1 (1). Degradation of securin by the APC/C at the onset of
anaphase allows activation of separase and cleavage of the cohesin
complex, leading to segregation of sister chromatids. Similarly,
APC/C-dependent destruction of cyclin B at anaphase inactivates
the cyclin B/Cdk1 kinase and results in mitotic exit. At telophase
and cytokinesis, APC/C controls the degradation of a group of
cell-cycle proteins, such as Aurora A/B, Plk1, TPX2, CKAP2 and
anillin (2–5), to ensure the ordered mitotic exit and cytokinesis.
Beyond mitosis, APC/C is also involved in the G1/S transition and
DNA replication.

The ordered destruction of APC/C substrates is at least in part
controlled by the association of APC/C with its regulators, Cdc20
and Cdh1 (1). Cdc20 binds to APC/C in mitosis and activates its
ligase activity at the anaphase onset to trigger the degradation of
securin, cyclin B, and Xkid, whereas Cdh1 is required for the
activation of APC/C during mitotic exit and in G1. Cdc20 and Cdh1
recognize two motifs in the substrates: the destruction box (D-box;
RxxL) and the KEN box.

The temporal control of APC/C activation, and hence the
anaphase onset, is under complex regulation (1). Upon mitotic
entry, APC/C is phosphorylated by mitotic kinases, such as Plk1,
which is necessary but not sufficient for its activation. On the other
hand, the spindle checkpoint, which delays the anaphase onset until
all of the chromosomes are aligned at the metaphase plate, prevents
the activation of APC/C through association of inhibitory check-
point proteins Mad2 and BubR1 with APC/C-Cdc20 (6). This
checkpoint mechanism ensures the fidelity of chromosome segre-
gation and determines the timing of anaphase onset.

Given the central role of the APC/C in mitotic regulation, it is
essential to identify its substrates to gain a mechanistic understand-

ing of its function in the cell cycle. We report here the identification
of a substrate of APC/C through a powerful functional genomic
analysis (5) and the characterization of the physiological function of
this substrate at the metaphase-to-anaphase transition.

Results
Functional Genomic Analyses Identified Substrates of APC/C. To
develop a systematic approach for the identification of APC/C
substrates (5), we analyzed 16 known substrates of the APC/C that
have been characterized at the onset of this study. These substrates
included cyclin A, cyclin B, Plk1, Aurora A, Aurora B, Nek2, Cdc20,
UbcH10, securin, GTSE1, anillin, TPX2, Cdc6, geminin, ribonu-
cleotide reductase M2, and SnoN (1–4, 7, 8). The first 15 substrates
are cell-cycle regulators (1), whereas the last one, SnoN, acts in cell
signaling (7). Genes involved in cell cycle regulation have been
shown to covary transcriptionally during tumorigenesis, as these
regulators are under selective pressures to act coordinately as one
module for cell proliferation (9, 10). Indeed, the expression of the
first 15 cell-cycle substrates of the APC/C covaries transcriptionally
across hundreds of tumor tissues/cell lines (10), whereas the ex-
pression of SnoN does not (9, 10). Furthermore, of the 15 cell cycle
substrates, the first 12 act in mitosis and cytokinesis (1–4, 7), and all
12 genes are transcriptionally induced in G2 or in mitosis (11). We
concluded that a common theme for cell cycle substrates is their
transcriptional covariation with each other across hundreds of
tumor tissues. Substrates that only function in mitosis and cytoki-
nesis are likely to be induced in G2 or in mitosis. Thus, we searched
published microarray databases for genes that fulfill these two
criteria (10, 11) and then tested the corresponding proteins for their
ability to be ubiquitinated by the active APC/C-Cdh1 in a recon-
stituted assay (4, 12). From these experiments, we identified eight
new substrates of the APC/C: ECT2, KIF2C/MCAK, KIFC1/
HSET, MELK, MKLP2, Par-1a/MARK3, and two proteins,
FLJ20354 and FLJ10156, all of which are efficiently ubiquitinated
by the APC/C in a Cdh1-dependent manner [Fig. 1 and supporting
information (SI) Fig. S1]. We named FLJ10156 as a regulator of
chromosome segregation (RCS1) and reported here the charac-
terization of FLJ10156 as a substrate of APC/C that controls the
metaphase-to-anaphase transition.

RCS1 Is a Substrate of the APC/C in Vitro. Two activators, Cdc20 and
Cdh1, control the activity of APC/C in anaphase and from
mitotic exit to G1, respectively (1, 7). In vitro ubiquitination assay
indicated that RCS1 was ubiquitinated by both APC/C-Cdc20
and APC/C-Cdh1 (Fig. 2A), similar to securin and cyclin B (data
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not shown), whereas substrates degraded at the M-to-G1 tran-
sition, such as Plk1, were efficiently ubiquitinated by APC/C-
Cdh1, but weakly by APC/C-Cdc20 (Fig. 2 A).

RCS1 contains two putative D-boxes at amino acids 14–17 and
53–56, but no KEN box (Fig. 2B). The second D-box is conserved
among human, mouse, and Xenopus RCS1, whereas the first one is
not. Mutation of the first D-box (DB1) (RxxL to AxxA) did not or
only weakly affected the ubiquitination efficiency, whereas muta-
tion of the second D-box (DB2) greatly reduced its ubiquitination
by the APC/C-Cdh1 (Fig. 2C). Mutations of both D-boxes (DB1/2)
abolished the ubiquitination of RCS1. Thus, APC/C-Cdh1 predom-
inantly recognizes RCS1 through DB2, although DB1 also contrib-
utes to this recognition.

RCS1 Is a Substrate of the APC/C-Cdh1 in Vivo. To determine whether
RCS1 is a substrate of the APC/C-Cdh1 in vivo, we first analyzed
the levels of the RCS1 protein in the cell cycle. HeLa S3 cells were
arrested at the G1/S transition by a double-thymidine block and
then released to allow synchronous progression through S, G2, and
M. The cell cycle profile was determined by FACS, and the mitotic
time points were identified by the presence of phospho-histone H3
(Fig. 3A and Fig. S2A). The levels of RCS1 accumulated in S and
G2 peaked in mitosis and then dropped drastically as cells exited
from mitosis into G1 (Fig. 3A). This profile of RCS1 in the cell cycle
is similar to those of known substrates of the APC/C, such as cyclin
B, securin, Plk1, and Cdc20 (Fig. 3A), suggesting a regulation of

RCS1 protein stability during mitotic exit. The level of RCS1 was
reduced before that of Cdh1 (Fig. 3A), which occurs in G1. To
determine the exact cell-cycle stage for RCS1 destruction, HeLa S3
cells were synchronized at prometaphase by a thymidine-
nocodazole block and then released into fresh media (Fig. 3B and
Fig. S2B). As expected, RCS1 levels were down-regulated during
mitotic exit, and the bulk of RCS1 was degraded after the destruc-
tion of securin at anaphase but before the degradation of Plk1 in G1.

To confirm that the APC/C-Cdh1 is required for the destruction
of RCS1, we inhibited the activity of the APC/C-Cdh1 by RNAi.
HeLa cells were transfected with an siRNA targeted against Cdh1
or control-transfected. Transfection of Cdh1-siRNA but not con-
trol-transfection reduced the Cdh1 protein levels and resulted in an
increase in endogenous RCS1 and anillin, a known APC/C sub-
strate (Fig. 3C) (4). To demonstrate that this increase is directly
because of the stabilization of the RCS1 protein rather than
indirectly through modulating RCS1 synthesis, we measured the
half-life of RCS1 in knockdown cells. Transfected cells were
arrested at prometaphase by nocodazole and then released into
fresh media in the presence of cycloheximide, an inhibitor of
protein synthesis. The kinetics of RCS1 degradation were much
faster in mock-transfected cells than that in Cdh1-depleted cells
(Fig. 3D). Similarly, the half-life of anillin was also increased in
Cdh1-knockdown cells. Thus, Cdh1 controls the half-life of the
RCS1 protein during mitotic exit. Even though RCS1 is ubiquiti-
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Fig. 1. Substrates are specifically ubiquitinated by
APC/C-Cdh1 in vitro. iAPC/C was immunopurified from
Xenopus interphase extracts and activated by in vitro
translated Cdh1. APC/C-dependent ubiquitination of
35S-labeled substrates was analyzed in the presence of
E1, E2, ubiquitin, ubiquitin-aldehyde, and ATP at indi-
cated times. The arrow points to the input substrates,
and the bracket indicates the position of ubiquitin
conjugates. The extent of ubiquitination can be
judged by the disappearance of the input substrates
and by the formation of ubiquitin conjugates migrat-
ing slower than the input substrates.
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Fig. 2. RCS1 is specifically ubiquitinated
by APC/C-Cdh1 and APC/C-Cdc20 in a D-
box-dependent manner. (A) Ubiquitina-
tion assay for Plk1 and RCS1 by APC/C-Cdh1
and APC/C-Cdc20 as described in Fig. 1. (B)
Schematic representation of RCS1 depict-
ing two D-box sequences. (C) Ubiquitina-
tion assay for wild-type and mutant RCS1
by APC/C-Cdh1 as described in Fig. 1.
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nated by APC/C-Cdc20 in vitro, this form of APC/C is not sufficient
for complete degradation of RCS1 in vivo.

Because the second D-box is required for in vitro ubiquitination
of RCS1 by the APC/C (Fig. 2C), we determined whether this
D-box is recognized during the degradation of RCS1 in vivo.
FLAG-tagged wild-type or DB2 RCS1 were cotransfected with a
vector or HA-Cdh1 into HeLa cells. Overexpression of Cdh1, which
hyperactivated the APC/C, reduced the levels of the wild-type
RCS1 (Fig. 3E), confirming the degradation of RCS1 by the APC/C
pathway in vivo. Interestingly, overexpression of Cdh1 did not affect
the level of RCS1-DB2 or RCS1-DB1/2, indicating that the DB2 is
important for RCS1 turnover in vivo, consistent with the in vitro
ubiquitination results (Fig. 2C).

RCS1 Controls the Metaphase-to-Anaphase Transition. The cell cycle
profile of the RCS1 protein suggests a function in mitosis. Thus, we
tested whether the depletion of RCS1 leads to defects in mitosis.
Three siRNAs targeting to different regions of the RCS1 gene all
resulted in efficient depletion of the endogenous RCS1 protein
(Fig. 4A), and yet no global defects in mitosis were observable: The
mitotic index was not altered in knockdown cells, and spindle
assembly, chromosome congression/segregation, and cytokinesis all
proceeded normally as analyzed by immunofluorescence staining
of various cellular markers as well as by time lapse imaging (data not
shown).

Interestingly, time lapse analysis of mitotic progression in HeLa
cells stably expressing GFP-histone H2B indicated that knockdown
of RCS1 resulted in a faster metaphase-to-anaphase transition, a
phenotype consistently generated by all three siRNAs, thereby
confirming the specificity of phenotype (Fig. 4B). Whereas control
cells stayed at metaphase for an average of 23.5 � 2 min between
the congression of the last chromosome and the onset of anaphase,
knockdown of RCS1 by three siRNAs resulted in an average
duration of metaphase for 12.9 � 1.4 min, 13.5 � 0.7 min, and 9.5 �
0.4 min, respectively. This shortened mitosis in knockdown cells is
specific to metaphase, as the average duration from the nuclear
envelop breakdown to metaphase remained statistically unchanged
between control- and RCS1-knockdown cells (10.1 � 2.7 min for
control cells and 10.1 � 1.9 min, 9.9 � 2.1 min, and 10.7 � 2.7 min
for three siRNAs, respectively). Although the metaphase is short-
ened in knockdown cells, anaphase initiated only after the success-

ful congression of all chromosomes (Fig. 4C and data not shown).
Furthermore, once chromosomes were segregated at anaphase in
knockdown cells, two sets of chromosomes migrating synchronously
toward opposite spindle poles and no lagging chromosome were
detected in knockdown cells (Fig. 4C). This faster metaphase-to-
anaphase transition is not because of the inactivation of the spindle
checkpoint, as RCS1-depleted cells remained stably arrested at
mitosis in the presence of either nocodazole or taxol, even after
prolonged drug treatment (Fig. 4D and data not shown), indicating
that both the attachment and the tension branches of the spindle
checkpoint are functional in knockdown cells. Furthermore, control
and RCS1-depleted cells responded similarly to monastrol, an
inhibitor of Eg5, and to nocodazole at doses that partially activated
the spindle checkpoint (Fig. S3 A–D), indicating that the shorter
duration of metaphase in RCS1-depleted cells did not result from
a weakened checkpoint response.

Biochemical experiments in knockdown cells independently con-
firmed the results from live cell analysis. Depletion of RCS1
resulted in a faster anaphase initiation as indicated by an acceler-
ated kinetics for the degradation of APC/C substrates, such as
securin and cyclin B, on release from a prometaphase arrest
generated by nocodazole (Fig. 4E). Interestingly, the acceleration
of anaphase onset in RCS1-depleted cells was greater on release
from nocodazole (Fig. 4E) than that in unperturbed mitosis (Fig.
4B), suggesting that RCS1 plays a more important role in deter-
mining the kinetics of mitotic progression when microtubules are
polymerized de novo in mitosis.

One possible explanation for the RCS1 knockdown phenotype is
that the loss of RCS1, an APC/C-Cdc20 substrate, may accelerate
the kinetics for the degradation of other substrates such as securin
and cyclin B because of a lack of substrate competition, leading to
an earlier anaphase onset. However, in an in vitro APC/C-Cdc20
ubiquitination assay, the presence of an equal molar amount of
recombinant securin greatly reduced the levels of RCS1 ubiquiti-
nation, but not vice versa, indicating that APC/C-Cdc20 preferen-
tially ubiquitinates securin (Fig. S3E). Thus, the accelerated an-
aphase onset in RCS1-knockdown cells does not simply result from
RCS1 acting as a competitive inhibitor of APC/C in the wild-type
cells. We conclude that RCS1 controls the metaphase-to-anaphase
transition.
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Fig. 3. RCS1 is degraded in a Cdh1-dependent man-
ner in vivo. (A and B) HeLa S3 cells were synchronized
at the G1/S boundary by a double-thymidine arrest (A)
or at prometaphase by a thymidine-nocodazole arrest
(B). Cells were then released into fresh media and
harvested at the indicated times. Levels of RCS1, se-
curin, cyclin B, Plk1, Cdc20, Cdh1, Cdc27, phospho-
histone H3 (Ser-10) (p-H3), p38MAPK (a loading con-
trol), and Hsp70 (a loading control) were analyzed by
Western blotting. A, asynchronous cells. (C) HeLa cells
were control-transfected or transfected with an siRNA
against Cdh1 and harvested at the indicated times
after transfection. Levels of anillin, Cdh1, RCS1, and
p38MAPK were determined by Western blot analysis
of total cell lysates. (D) HeLa cells were control-
transfected or transfected with an siRNA against Cdh1
and arrested at prometaphase by incubating with no-
codazole for 20 h. Cells were then released into fresh
media in the presence of 100 �g/ml cycloheximide and
harvested at the indicated times after release. Levels of
anillin, Plk1, Cdh1, RCS1, and p38MAPK were deter-
mined by Western blot analysis. (E) FLAG-RCS1, FLAG-
RCS1-DB2, or FLAG-RCS1-DB1/2 were transfected into
HeLa cells with HA or HA-Cdh1. Levels of FLAG-RCS1,
HA-Cdh1, and p38MAKP were determined by Western
blot analysis.
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Expression of a Nondegradable RCS1 Does Not Affect M-Phase Pro-
gression. To analyze the functional requirement for degradation of
RCS1 in mitosis, we expressed RCS1-DB1/2 mutant in HeLa cells
at five times above the endogenous RCS1 level (Fig. 5). Expression
of RCS1-DB1/2 did not affect the kinetics of prometaphase or
metaphase progression, nor did it alter the rate of chromosome
segregation at anaphase. Furthermore, the presence of RCS1-
DB1/2 did not affect cytokinesis based on live cell imaging under
DIC (data not shown). Similar, expression of wild-type RCS1 in a
range from 0.3- (low) to over 100-fold (high) of the endogenous
RCS1 did not change the kinetics of mitotic progression (Fig. 5). We
conclude that degradation of RCS1 is not essential for normal
mitotic progression within a single cell cycle.

RCS1 Associates with the NuRD Complex During Mitosis. To under-
stand the biochemical mechanisms underlying the mitotic functions
of RCS1, we identified cell-cycle regulators that function in the

same pathway. A HeLa S3 cell line stably expressing tandem-tagged
RCS1 was established. Proteins associated with RCS1 were tandem
affinity-purified from cells arrested at prometaphase and analyzed
by mass spectrometry (13) (Fig. S4A). RCS1 was found to associate
with the subunits of the NuRD complex, an ATP-dependent
chromatin-remodeling complex implicated in transcriptional regu-
lation (14). The NuRD complex consists of Mi2, histone deacety-
lases 1 and 2 (HDAC1/2), RbAp46/48, MBP3, and MTA2. We
identified by mass spectrometry MTA2, HDAC1/2, and
RbAp46/48 as RCS1-interacting proteins, all with high percentages
of sequence coverage (Fig. S4B).

We next investigated whether endogenous RCS1 interacts with
the subunits of the NuRD complex in mitosis. HeLa S3 cells were
synchronized by a thymidine-nocodazole block and then released
from prometaphase into G1 (12). The levels of MTA2 and HDAC2
were constant from mitosis to early G1 (Fig. S4C). Next, RCS1 was
immunoprecipitated and the immunocomplexes analyzed by West-
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Fig. 4. RCS1 controls the metaphase-to-anaphase transition. (A) Immunoblot analysis of RCS1-knockdown cells. HeLa cells were control-transfected or
transfected with three siRNAs (A–C) against RCS1, synchronized by a thymidine-nocodazole arrest, and harvested as prometaphase cells at 36 h after transfection.
Levels of RCS1 and p38MAPK were determined by Western blot analysis. (B) The duration (min) of metaphase in control and RCS1 knockdown cells was
determined by analysis of timelapse imaging. Data represent the average duration from the time when all of the chromosomes were aligned at the metaphase
plate to the onset of anaphase. Number of cells in each experiment is indicated. Error bars represent SEM. (C) Selected frames from timelapse movies of
representative HeLa/GFP-Histone H2B cells control-transfected or transfected with siRCS1-B and siRCS1-C. GFP-H2B images are shown. (Scale bar, 5 �m.) (D) HeLa
cells were either mock-transfected or transfected with siRCS1-C, followed by a thymidine-nocodazole or thymidine-taxol arrest. Mitotic index was determined
by FACS analysis using a monoclonal antibody (MPM2) specific for mitotic phospho-proteins. (E) HeLa S3 cells were transfected with siControl, siRCS1-B, or
siRCS1-C and synchronized at prometaphase by a thymidine-nocodazole arrest. Mitotic cells were collected by shake-off, released into fresh media, and then
harvested at the indicated times after release. Levels of cyclin B, securin, and p38MAPK were determined by Western blot analysis.
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ern blotting. Both MTA2 and HDAC2 coprecipitated with RCS1
in mitosis, even though they did not form a stoichiometric complex
with RCS1 (Fig. S4C and data not shown). This association was
strongest at prometaphase (0 h after release), decreased as the cell
progressed through metaphase and anaphase (1–1.5 h after re-
lease), and was not detectable in G1 cells and in asynchronous cells.
Thus, endogenous RCS1 forms a complex with MTA2 and HDAC2
in mitosis.

It has been reported that the histones H3 and H4 are globally
hypoacetylated during mitosis and that their acetylation becomes
increased as cells exit from mitosis (15). Furthermore, treatments
with HDAC inhibitors lead to mitotic defects such as chromosome
bridges, breaks, and mis-segregation (16). Our finding on the role
of RCS1 in the metaphase-to-anaphase transition and on its
association with the HDAC1/2 complex during mitosis prompted us
to investigate a potential role for RCS1 in mitotic chromatin
structure by determining the levels of histone acetylation during
mitosis in RCS1-depleted cells. Consistent with previous findings,
histones H3 and H4 were only hypoacetylated in nocodazole-
treated cells when analyzed with antibodies against histone H3
acetylated on Lys 9 and 14 and against histone H4 acetylated on Lys
5, 8, 12, and 16 (Fig. S4D). However, we did not observe an obvious
change in the levels of global histone deacetylation in RCS1-
depleted mitotic cells vs. control mitotic cells (Fig. S4D). Thus,
RCS1 does not seem to regulate the global acetylation levels for
Histone H3 and H4 during mitosis, although we cannot exclude the
possibility that RCS1 only controls the histone deacetylation on a
particular lysine residue in the histone octomer complex associated
with local chromatin structures, such as centromeres.

The RCS1-NuRD complex may be involved in regulating the
expression of cell cycle genes, which in turn control the kinetics of
mitotic progression. Western blot analysis in synchronized cells
indicated that depletion of RCS1 did not alter the expression of
spindle checkpoint proteins, such as Bub1, Mps1, BubR1, Bub3,
Mad1, and Mad2 or G2/M regulators, such as Plk1, Aurora A, cyclin
B, and Wee1 (Fig. S5). Similarly, overexpression of RCS1, either the
wild-type protein or the DB1/2 mutant, did not altered the levels of
cell-cycle or checkpoint proteins, such as Mps1, Mad1, Bub3, and
Wee1 (unpublished results).

Discussion
Through an analysis of the gene expression profile common for
substrates of APC/C, we identified a transcriptional covariation
pattern for known cell cycle substrates during tumorigenesis (5).
Furthermore, we found that M-phase substrates are usually induced
in G2 or early mitosis before its function and that subsequent
degradation of these proteins by APC/C at the M-to-G1 transition
restricts their function to M-phase. Thus, we searched for potential
mitotic substrates of APC/C that fulfill these two criteria and
identified eight previously unrecognized substrates. These sub-
strates have diverse function in M-phase, ranging from mitotic entry
(MELK), spindle dynamics and function (MCAK and HSET), and
cytokinesis (ECT2 and MKLP2) to cell polarity and neurodegen-
eration (Par-1a/MARK3). We also identified two functionally
uncharacterized proteins, FLJ20354 and RCS1. FLJ20354, a pro-
tein of unknown function with a DEP-domain and a RhoGAP-like
domain, is a spindle-pole-associated protein (unpublished data).
We reported here that RCS1 is a substrate of APC/C involved in
regulating the metaphase-to-anaphase transition. RCS1 is de-
graded during mitotic exit and destruction of RCS1 depends on its
D-box 2 (DB2), both in vitro and in vivo.

RCS1 controls the kinetics of the metaphase-to-anaphase tran-
sition, as depletion of RCS1 shortened the duration of metaphase
by 40–50%. Cell biological studies with specific anti-RCS1 anti-
bodies as well as with RCS1-GFP-stable cell lines indicated that
RCS1 is diffusively distributed throughout mitotic cells without
specific association with chromosomes, kinetochores, spindle, or
centrosomes (unpublished results), indicating that RCS1 acts in
cytosol to control the anaphase onset. Biochemically, the timing of
the metaphase-to-anaphase transition is controlled by a series of
reactions. At prometaphase, the spindle checkpoint proteins
BubR1 and Mad2 specifically bind to and inhibit APC/C-Cdc20 to
prevent premature separation of sister chromatids. Upon the
attachment of microtubules to every kinetochore and the estab-
lishment of tension across sister kinetochores, the checkpoint signal
is off and active APC/C degrades securin, leading to the activation
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Fig. 5. Expression of a nondegradable RCS1 mutant does not affect M-phase
progression. (A) Determination of the levels of ectopically expressed RCS1 and
RCS1-DB1/2. HeLa cells were transfected with siRCS1-C to deplete endogenous
RCS1 and then transfected with RCS1 or RCS1-DB1/2. Levels of RCS1 and Hsp70
were assayed by Western blotting. The pBabe vector drives the expression of
RCS1 and RCS1-DB1/2 at relatively low levels with a weak LTR promoter,
whereas pCS2 drives the expression of RCS1 at a high level with a strong CMV
promoter. An anti-RCS1 antibody different from the one in Figs. 3 and 4 was
used here, and bands above RCS1 correspond to cross-reacting bands. The
vertical lines in the figure indicate where intervening (irrelevant) lanes had
been removed from the gel images. (B and C) The pBabe vector, RCS1-DB1/2
in pBabe, RCS1 in pBabe, and RCS1 in pCS2 were cotransfected with a RFP
vector into HeLa/GFP-H2B cells, and GFP-H2B was imaged at 44 h after trans-
fection. As fusion of a GFP tag to either the N or C terminus of RCS1 interferes
with its degradation (data not shown), cotransfection of RFP, which accounts
for 5% of transfected DNA, was used here to identify transfected cells. The
durations (min) of prometaphase and metaphase (B) as well as the rate of
chromosome segregation at anaphase (C) in transfected RFP-positive cells
were determined by analysis of timelapse images. The number of cells in each
experiment is indicated. As depletion of RCS1 affects the kinetics of the
metaphase-to-anaphase transition, experiments described here were done in
the presence of endogenous wild-type RCS1. Error bars, SEM.
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of separase, which then cleaves the cohesin complex in inner
centrosomeres and initiates anaphase (1). In addition, complete
chromosome separation also requires active topoisomerase II to
resolve DNA catenation between sister chromatin, a process reg-
ulated by an unknown mechanism (17). RCS1 may control one of
these biochemical steps. We noted that the RCS1 regulatory circuit
is unique to somatic cells, as Xenopus RCS1 is not expressed in egg
extracts (H. Du and G.F., unpublished results).

In contrast to the checkpoint proteins BubR1 and Mad2, RCS1
neither functions as a stoichiometric inhibitor of APC/C nor is
required for the inhibition of APC/C by checkpoint proteins
(unpublished results). Furthermore, RCS1 does not affect the
kinetochore localization of the spindle-checkpoint proteins, such as
BubR1 and Mad2 (unpublished results). Indeed, the spindle check-
point is fully established and maintained in the absence of RCS1,
and depletion of RCS1 does not cause a slippage of the checkpoint.
As RCS1-depleted cells degraded securin faster than control cells
on release from nocodazole, RCS1, either directly or indirectly,
regulates the kinetics of APC/C activation after the disappearance
of spindle-checkpoint signals. Although RCS1 is a substrate of
APC/C, endogenous RCS1 does not act as a competitive inhibitor
against degradation of securin, as securin competitively inhibits the
ubiquitination of RCS1, but not vice versa, in the in vitro ubiquiti-
nation assay. Consistent with this, RCS1 is degraded during mitotic
exit, whereas securin is degraded at the onset of anaphase in vivo.
The exact molecular mechanism of RCS1 function in regulating the
kinetics of APC/C activation remains to be determined.

Because RCS1 specifically interacts with the NuRD complex
during mitosis, RCS1 may control the anaphase onset through
regulating gene expression, although the targets of this regulation
remain to be characterized. As the kinetics of anaphase onset are
determined by the spindle checkpoint, checkpoint proteins are
logical targets. However, we did not observe any detectable change
in the steady-state levels of Mad1, Mad2, BubR1, Bub1, Bub3, and
Mps1 in RCS1-depleted cells. Alternatively, RCS1 may control the
chromatin structure through the NuRD complex, but the exact
nature of this regulation remains to be determined. The identifi-
cation of RCS1 as a regulator of sister-chromatid segregation and
the demonstration of its association with the HDAC1/2 complex
uncover a complex regulatory network that controls the anaphase
onset, a process essential for the mitotic fidelity and genomic
stability.

Materials and Methods
Recombinant Proteins and Antibodies. Recombinant RCS1-His6 was expressed in
Sf9 cells and recombinant His6-securin was expressed in Escherichia coli. Recom-
binant RCS1 protein fragments were expressed in E. coli and used for the

production of anti-RCS1 sera in rabbits. Anti-anillin and anti-Mad2 antibodies
were described (4, 18). The following antibodies were from commercial sources:
anti-FLAG antibody (Sigma), anti-HA antibody (Covance), anti-securin (Zymed),
anti-Cdh1 (Lab Vision), anti-phospho-Ser/Thr-Pro (MPM-2), anti-Histone H3, anti-
phospho-Histone H3 (Ser-10), anti-acetyl-Histone H3, anti-Histone H4 and anti-
acetyl-HistoneH4(Upstate),anti-Bub1,BubR1,andMps1(Chemicon),anti-Cdc20,
anti-Cdc27, anti-cyclin B1, anti-Aurora A, anti-HDAC2, anti-MTA2, anti-Plk1, anti-
Hsp70, and anti-p38MAPK antibodies (Santa Cruz Biotechnology).

In Vitro Ubiquitination Assays. Interphase extracts were made from Xenopus
eggs as described in ref. 12. Extracts were immunoprecipitated with anti-Cdc27
antibody/protein A beads for 2 h at 4°C to purify interphase APC/C (iAPC/C). The
iAPC/C beads were collected by centrifugation and washed five times in the XB
buffer [10 mM Hepes-KOH (pH 7.8) 100 mM KCl, 1 mM MgCl2, 0.1 mM CaCl2, and
50 mM sucrose] containing 500 mM KCl and 0.5% Nonidet P-40 and two times in
XB buffer. Purified iAPC/C beads were then incubated with in vitro translated
Cdh1 or Cdc20 for 1 h at 25°C and washed twice with XB buffer. Ubiquitination
reactions were initiated by mixing 35S-labeled substrate with E1 (50 �g/ml), E2 (50
�g/ml), ubiquitin (1.25 mg/ml), ubiquitin aldehyde (1 �M), and an energy regen-
eration mix (4, 12). Reactions were performed at 25°C and stopped at various
times by the addition of the SDS sample buffer. Samples from each time point
were then analyzed by SDS/PAGE and a PhosphorImager (Molecular Dynamics).

Cell Culture, Transfection, and Time Lapse Microscopy. To determine the levels
of the RCS1 protein across the cell cycle, cells were synchronized at the G1/S
boundary by a double-thymidine treatment (an 18-h thymidine arrest and a 9-h
release, followed by an 18-h thymidine arrest) and then released (12). Alterna-
tively, cells were synchronized at prometaphase by a thymidine-nocodazole
arrest (an 18-h thymidine arrest and a 5-h release, followed a 14-h nocodazole
arrest) (12).

DNA transfection in Figs. 3E and 5 was carried out with Lipofectamine 2000
(Invitrogen) and Effectene (Qiagen), respectively. siRNAs against RCS1 and Cdh1
weresynthesizedbyDharmacon, Inc.ThreeRNAstargetingRCS1allgaveefficient
knockdown and similar phenotypes. The target sequences against RCS1 are (in
the sense orientation): 5�-CATGTGACTTTCCTAGATA-3� (sequence A), 5�-
CTTAGAAACTCATCGTACA-3� (sequence B), and 5�-ACACTGCTTTCTCATAATA-3�
(sequence C), and the target sequence against Cdh1 is 5�-GCAACGATGTGTCTC-
CCTA-3�. Control RNA is the nontargeting siRNA #1 (cat no.: D-001210-01, Dhar-
macon). RNAs were transfected into HeLa cells by using DharmaFECT 1 reagent
(Dharmacon).

HeLa cells stably expressing GFP-histone H2B were cultured in Leibovitz’s L-15
medium (Invitrogen) supplemented with 10% FBS (Invitrogen) and 2 mM L-
glutamine (Invitrogen). Cells were placed in a 37°C heated microscope chamber
and observed under green fluorescence channel on a Zeiss Axiovert 200M mi-
croscope with a X20 lens. Images were acquired every 2 minutes. The duration of
prometaphase and metaphase was determined by morphology and positioning
of chromosomes in mitotic cells.

For additional methods, please see SI Materials and Methods.
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