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Mps1 is a dual specificity protein kinase with key roles in regu-
lating the spindle assembly checkpoint andchromosome-microtu-
bule attachments. Consistent with these mitotic functions, Mps1
protein levels fluctuate during the cell cycle, peaking at earlymito-
sis and abruptly declining duringmitotic exit and progression into
the G1 phase. Although evidence in budding yeast indicates that
Mps1 is targeted fordegradationat anaphaseby the anaphase-pro-
moting complex (APC)-cCdc20 complex, little is known about the
regulatorymechanisms that governMps1 protein levels in human
cells. Here, we provide evidence for the ubiquitin ligase/proteo-
somepathway in regulatinghumanMps1 levels during latemitosis
through G1 phase. First, we showed that treatment of HEK 293T
cells with the proteosome inhibitorMG132 resulted in an increase
in both the polyubiquitination and the accumulation ofMps1 pro-
tein levels. Next, Mps1 was shown to co-precipitate with APC and
its activators Cdc20 and Cdh1 in a cell cycle-dependent manner.
Consistent with this, overexpression of Cdc20 or Cdh1 led to a
marked reduction of endogenous Mps1 levels during anaphase or
G1 phase, respectively. In contrast, depletion of Cdc20 or Cdh1 by
RNAi treatment both led to the stabilization ofMps1 protein dur-
ingmitosis or G1 phase, respectively. Finally, we identified a single
D-boxmotif in humanMps1 that is required for its ubiquitination
and degradation. Failure to appropriately degrade Mps1 is suffi-
cient to trigger centrosome amplification and mitotic abnormali-
ties in human cells. Thus, our results suggest that the sequential
actionsof theAPC-cCdc20 andAPC-cCdh1ubiquitin ligases regulate
the clearance of Mps1 levels and are critical for Mps1 functions
during the cell cycle in human cells.

Ubiquitin- and proteasome-dependent proteolysis is one
of the key mechanisms that ensure the uni-directional pro-
gression of the cell cycle. There are two main steps involved
in the proteolysis of proteins by the ubiquitin/proteosome
system as follows: the covalent attachment of multiple ubiq-
uitin molecules to the protein substrate and the degradation
of the polyubiquitinated protein by the 26 S proteosome
complex (1). Polyubiquitination of proteins is mediated by
a ubiquitin-activating enzyme (E1), a ubiquitin-conjugat-
ing enzyme (E2), and a ubiquitin ligase (E3). Substrate spec-
ificity and efficiency aremainly conferred by the E3 ubiquitin
ligase. The two main E3 ubiquitin ligases that play a critical
role in the cell cycle are the SCF (Skp1, cullin, F-box) com-
plex and the anaphase-promoting complex/cyclosome
(APC-c)3 (2). The SCF complex is active throughout the cell
cycle. The specificity of its target substrates is regulated by
their phosphorylation and by the different phosphate-bind-
ing proteins (F box proteins) that associate with SCF (3). The
APC-c complex regulates proteolysis of a number of key M
phase substrates, including the mitotic cyclins (A and B-type
cyclins) and securin, which is critical for cell cycle progres-
sion into anaphase and exits from mitosis into the subse-
quent G1 phase (4, 5). Activation of the APC-c is tightly
regulated in a cell cycle-dependent manner through its asso-
ciation with Cdc20/p55CDC/Fizzy or Cdh1/Hct1/Fizzy-re-
lated activating proteins that provide substrate specificity
and temporal control for polyubiquitination of substrates
(1).
The monopolar spindle 1 (Mps1), also called TTK, is a

conserved dual specificity protein kinase with various cell
cycle functions. In budding yeast, Mps1 controls spindle-
pole body duplication (6), spindle-kinetochore attachment
(7), and the spindle checkpoint 8). Studies in higher eu-
karyotes show that Mps1 activity is required for the spindle
checkpoint (9–11), correcting errors in spindle-chromo-
some attachment (12), and is implicated in centrosome
duplication (13, 14), although this latter role is still contro-
versial (10). Consistent with these roles, Mps1 protein local-
izes to centrosomes during G1/S phase (11, 13, 14) and kin-

* This work was supported by Program for New Century Excellent Talents
University of China Grant NCET-10-0872, National Nature Science Foun-
dation of China Grant 30872932, Scientific Research Foundation for the
Returned Overseas Chinese Scholars, State Education Ministry Grant
2009-8, Trainee Development Award from Bankhead Coley Program
Grant 30-15066-02-07 (to Y. C.), and the Department of Defense,
National Functional Genomics Center Project Award DAMD17-02-2-0051
(to T. M. G.).

□S The on-line version of this article (available at http://www.jbc.org) contains
supplemental Fig. 1.

1 To whom correspondence may be addressed: Key Laboratory of Cellular
Physiology, Ministry of Education, Shanxi Medical University, Taiyuan,
Shanxi 030001, China. Tel.: 86-351-4135852; Fax: 86-351-4135895; E-mail:
cuiy0922@yahoo.com.

2 To whom correspondence may be addressed. E-mail: Thomas.Guadagno@
yahoo.com.

3 The abbreviations used are: APC-c, anaphase-promoting complex/cyclo-
some; SCR, scrambled; nt, nucleotide; h, human; IP, immunoprecipitation.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 285, NO. 43, pp. 32988 –32998, October 22, 2010
© 2010 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

32988 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 43 • OCTOBER 22, 2010

http://www.jbc.org/cgi/content/full/M110.140905/DC1


etochores from early prophase to metaphase (11, 15). Mps1
mutations in yeast (16), flies (17), and zebrafish (18) cause
chromosome segregation errors in meiosis, whereas overex-
pression of Mps1 has been shown in vertebrate tissue culture
cells to induce centrosome amplification and multipolar
spindles (13, 14). Therefore, Mps1 has roles in centrosome
duplication, the spindle checkpoint, and chromosome seg-
regation whose functions are exquisitely sensitive to dosage.
In human cells, the levels of Mps1 protein and kinase

activity fluctuate throughout the cell cycle, peaking at early
mitosis and dropping rapidly as cells exit mitosis and re-en-
tered the subsequent G1 phase (10, 11). It was previously
shown in budding yeast that Mps1 is degraded at anaphase
by the action of APC-cCdc20, which is critical for allowing
inactivation of the spindle checkpoint (19). WhetherMps1 is
targeted for proteolysis in human proliferating cells and, if
so, how this is regulated are currently unknown. In this
study, we show that humanMps1 is targeted for degradation
by the ubiquitin-proteasome pathway in a cell cycle-depen-
dent manner through the sequential actions of APC-cCdc20

and APC-cCdh1. In addition, we identify a single D-box
within the N-terminal region of human Mps1 that is con-
served in most mammalian species. Mutation of the D-box
(RXXL) residues to alanines (AXXA) suppresses its ubiquiti-
nation and degradation and triggers centrosome amplifica-
tion and mitotic abnormalities in vivo. Thus, we conclude
that human Mps1 is a target of the APC-c-ubiquitin-protea-
some pathway, which undergoes proteolysis during ana-
phase through G1 phase to allow for proper centrosome dupli-
cation and cell cycle progression.

EXPERIMENTAL PROCEDURES

Plasmids—pHF36-GFP-Mps1 wild type plasmid was gener-
ous gift from Dr. Mark Winey (University of Colorado). Site-
directed mutation constructs of Mps1 were generated using
site-directed mutagenesis kit as described previously. PCR
primer sets were custom ordered from Invitrogen to specif-
ically change the consensus sequence RNSL (one putative
D-box with RXXL motif within the N-terminal domain of
Mps1) to ANSA. HA-hCdh1, HA-hCdc20, and FLAG-Skp2
were generously provided by Dr. Michele Pagano (Howard
Hughes Medical Institute at New York University). All con-
structs were sequenced prior to use.
Cell Cultures—Human embryonic kidney (HEK) 293T

cells were grown in Dulbecco modified Eagle’s medium
(DMEM) (Invitrogen) supplemented with 10% fetal bovine
serum (FBS, Invitrogen) and penicillin/streptomycin (100
IU/ml and 100 �g/ml, respectively) at 37 °C and in a 5% CO2
atmosphere. To test the in vivo interaction between different
proteins with endogenous or exogenous Mps1, the protea-
some inhibitor MG132 (25 �M) was added for 6 h prior to
harvesting the cells. For experiments investigating the ability
of Cdc20 or Cdh1 to induce the degradation of Mps1, Cdc20
or Cdh1 and Mps1 were co-transfected in a 3:1 ratio; cyclo-
heximide (50 �M) was added 6 h prior to harvesting the cells.
293T cells were transfected using the calcium phosphate
method as described.

Cell Synchronization—Cells were synchronized at late G1
phase using the thymidine double-blocking method (20).
Briefly, 106 cells were plated in 60-mm Petri dishes, and thymi-
dinewas added to a final concentration of 2mM after cell adher-
ence (about 6–8 h). The cells were cultured for 16 h. After
removal of the thymidine and incubation for 10 h in the fresh
DMEM solution, thymidine was added to a final concentration
of 2 mM for an additional 16 h. After removal of thymidine
again, synchronized cells were cultured in fresh DMEM and
collected at different times for cell cycle analysis and Western
blotting. Cells were synchronized in pro-metaphase with 6–12
h of nocodazole treatment as described previously (21) and
then released into fresh medium for further incubation (2 h,
early G1 phase).
Cell Cycle Analysis Using Flow Cytometry—The thymidine-

synchronized cells were collected at different times after release
from a G1 block, and the nocodazole-synchronized cells were
collected at 2 h after release into fresh medium. After washing
twice with PBS solution, cells were fixed with chilled 70% alco-
hol at �20 °C for 24 h. The cell sediment was collected by cen-
trifugation (1000 rpm, 3 min), washed twice with PBS solution,
incubatedwith 20�l of RNaseA (20mg/ml) for 30min at 37 °C,
and stainedwith 25�g/ml propidium iodide (Sigma) for 30min
at room temperature. The cell cycle distribution was then eval-
uated using flow cytometry. All experiments were repeated
three times.
Protein Stability Experiments—To determine the effects of

proteasome inhibitors on Mps1 protein stability, cells were
preincubated with 25 �M MG132 or 10 �M clasto-lactacystin
(Peptide International, Inc., Louisville, KY) or with the corre-
sponding volume of the vehicle dimethyl sulfoxide (DMSO)
and harvested in radioimmunoprecipitation assay (RIPA)
buffer (1� PBS, 1% Nonidet P-40, 0.5% sodium deoxycholate,
0.1% SDS, 10 mg/ml phenylmethylsulfonyl fluoride, aprotinin
(2 �g/ml), and 100 mM sodium orthovanadate) at various time
intervals indicated in the figures. Western blotting was per-
formed using anti-Mps1 antibody to observe the protein accu-
mulation. Actin was used as loading control. To analyze the
stability of theMps1 protein in anaphase andG1 phase, the cells
were treated with nocodazole for 16 h. Nocodazole was then
washed out, and the cells were replated for 1 h before cyclohex-
imide (50 �M) was added to the medium. Cells were harvested
at different time points after cycloheximide addition.
Gene Silencing by Small Interfering RNA—siRNA duplexes

were transfected into cells using Oligofectamine (Invitrogen)
according to the manufacturer’s instructions and as described
previously (34, 36). G1-arrested cells by a double thymidine
exposure were transfected with siRNAs targeting hCdh1,
whereas cells transfected with siRNAs targeting hCdc20 were
synchronized in mitosis by nocodazole treatment and then
released into fresh medium for different times. The siRNA oli-
gonucleotide sequence for hCdh1 was 5�-AATGAGAAGTCT-
CCCAGTCAGTT-3� (oligo 1, corresponding to nt 199–219
of human Cdh1 cDNA) and 5�-GAAGGGTCTGTTCACGT-
ATT-3� (oligo 2, corresponding to nt 372–391 of human Cdh1
cDNA). The siRNAoligonucleotide sequences for hCdc20were
5�-AACGGCAGGACTCCGGGCCGATT-3� (oligo 1, corre-
sponding to nt 156–170 of human Cdc20 cDNA) and 5�-AAT-
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GGCCAGTGGTGGTAATGATT-3� (oligo 2, corresponding
to nt 969–989 of human Cdc20 cDNA). A 21-nt siRNA duplex
corresponding to a nonrelevant gene (lacZ) was used as control.
Cell Extraction, Immunoprecipitation, and Immunoblotting—

Cells were collected in RIPA buffer (composition given above),
allowed to lyse on ice for 5 min, vortexed, and cleared by cen-
trifugation in amicrocentrifuge at 14,000 rpm for 8min at 4 °C.
Protein was subjected to Western blot analysis as described
previously. Immunoprecipitation experiments were pursued
according to standard procedures and as described previously.
Briefly, 500 �g of soluble protein was first incubated with pri-
mary antibodies for 2 h at room temperature and further incu-
bated overnight at 4 °C after addition of 30 �l of protein A/G-
Sepharose beads (Santa Cruz Biotechnology, Santa Cruz, CA).
To pull down the immunocomplexes, the beads were washed
one timewith RIPAbuffer andwashed three timeswith 1�PBS
at 2,500 rpm for 5 min and finally suspended in 30 �l of 2�
SDS- PAGE sample buffer. The immunoprecipitated proteins
were separated by SDS-PAGE. Western blot analysis was per-
formed as described previously. The following antibodies were
used in this study: mouse monoclonal anti-Mps1 (1:1000-fold
dilution) from Abcam (Cambridge, MA); mouse monoclonal
anti-cyclin B1 (1:1000-fold dilution) and goat polyclonal anti-
actin (1:1500-fold dilution) from Santa Cruz Biotechnology;
mouse monoclonal anti-human Cdh1 (anti-hCdh1) and anti-
human Cdc20 (hCdc20) (1:1000-fold dilution) from BD Bio-
sciences; mouse monoclonal anti-Skp2 antibody from Invitro-
gen; and rabbit polyclonal anti-aurora-B antibody from Cell
Signaling (Danvers, MA).
In Vivo Ubiquitination Assay—Cells in 100-mm plates were

transfectedwith combinations of 5�g ofHis6-ubiquitin expres-
sion plasmidwith orwithout 5�g ofMps1 expression plasmids,
adding the proteasome inhibitor MG132 (25 �M) 6 h prior to
lysis. Cells were lysed in buffer A (6 M guanidinium HCl, 0.1 M

Na2HPO4/NaH2PO4, 0.01 M Tris-HCl, pH 8.0, 5 mM imidazole,
10mM �-mercaptoethanol) and incubatedwithNi2�-nitrilotri-
acetic acid beads (Qiagen, CA) for 4 h at room temperature.
The beads were washed with buffer A (8 M urea, 0.1 M Na2PO4/
NaH2PO4, 0.01 MTris-HCl, pH 8.0, 10mM �-mercaptoethanol)
and buffer B (8 M urea, 0.1 M Na2PO4/NaH2PO4, 0.01 M Tris-
HCl, pH 6.3, 10 mM �-mercaptoethanol), and bound proteins
were eluted with buffer C (200 mM imidazole, 0.15 M Tris-HCl,
pH 6.7, 30% glycerol, 0.72 M �-mercaptoethanol, 5% SDS). The
eluted proteins were analyzed byWestern blot for the presence
of conjugated Mps1 by N1 monoclonal mouse anti-Mps1 anti-
body. In some experiments, cells were transfected with His6-
ubiquitin plasmid and incubated without MG132 treatment.

RESULTS

Degradation of Mps1 Protein Is Targeted by the Ubiquitin-
Proteosome Pathway—Human Mps1 protein levels fluctuate
during the cell cycle peaking during G2/M phase and rapidly
declining thereafter (10, 11). Here, we investigated whether the
ubiquitin-proteosome system was involved in regulating Mps1
levels in human embryonic kidney (HEK) 293T cells. To do this,
HEK 293T cells incubated in the presence or absence of the
proteosome inhibitor MG132 were collected at 2-h intervals,
and Mps1 levels were assessed by immunoblot analysis. The

results showed that Mps1 levels steadily increased in the pres-
ence of MG132 compared with DMSO (vehicle control)-
treated cells (Fig. 1,A andB). Similar results were obtainedwith
the proteosome inhibitor lactacystin. Next, we determined
whether Mps1 is ubiquitinated in vivo. This was accomplished
by transfecting 293T cells with a His6-ubiquitin plasmid fol-
lowed by their incubation in the presence or absence ofMG132.
His6-ubiquitin complexes were isolated by nickel chelate chro-
matography and subjected to Western analysis for assessing
Mps1 ubiquitination. The results showed a ladder of polyubiq-
uitinated Mps1 forms above 100 kDa that were further
enhanced in the presence of MG132 (Fig. 1C). Taken together,
these results suggest that Mps1 protein levels are regulated by
the ubiquitin-proteasome pathway.
APC-c, but Not SCFSkp2, Physically Associates with Mps1—

Protein ubiquitination is generally mediated by the SCFSkp2 or
APC-c complexes (22). Both function as E3 ligases that facili-
tate the transfer of ubiquitin from the active site of an E2
enzyme to a substrate that is marked for destruction by the

FIGURE 1. Mps1 protein accumulates and is polyubiquitinated in the
presence of a proteasome inhibitor. A, Western blot analysis of Mps1 pro-
tein levels at specific times following treatment with a proteosome inhibitor.
293T cells were treated with DMSO (vehicle control), MG132 (20 �M), or lacta-
cystin (10 �M). �-Actin was blotted as a loading control. B, quantitation of
Mps1 levels from Western blots normalized to �-actin. C, assessment of Mps1
ubiquitination. 293T cells were transiently transfected with His6-ubiquitin
plasmids and incubated with or without the proteasome inhibitor, MG132 (25
�M), for 6 h prior to lysis. 24 h post-transfection, His6-ubiquitin pulldowns
were performed, and isolated ubiquitinated complexes were subjected to
Western analysis with an Mps1 antibody. Polyubiquitinated Mps1 appears as
a ladder of higher molecular weight for Mps1 forms greater than 100 kDa. All
results shown are representative of three independent experiments.

Mechanism of Human Mps1 Degradation

32990 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 43 • OCTOBER 22, 2010



proteasome. To determine whether either of these ubiquitin
ligases is involved in the regulation of Mps1 degradation, pro-
tein lysates prepared fromM phase- or late G1 phase-synchro-
nized cells were subjected to co-immunoprecipitation (IP)
assays using antibodies to Mps1, Cdc27 subunit of APC-c, or

Skp2. Endogenous Mps1 and Cdc27 were readily detected in
co-IP complexes isolated fromM phase-arrested cells (Fig. 2A)
and to a much lesser extent at late G1 phase (Fig. 2B) due to the
lower levels of Mps1 present during this stage of the cell cycle
(10). Similar results were observed for exogenous and endoge-

FIGURE 2. Mps1 associates with the APC-c, but not the SCFSkp2, complex in vivo. Co-IP assays of Mps1 and Cdc27 in nocodazole-arrested (A) and G1-syn-
chronized 293T cells (B). Note that a longer film exposure was required to detect Mps1-Cdc27 complexes in G1-synchronized cells due to the lower levels of
Mps1 present. Cells were incubated with nocodazole (40 ng/ml) for 16 h prior to arrest in G2/M. A double thymidine protocol was used for G1 synchronization.
The protein expression levels are shown at the bottom. During the last 6 h before harvesting, cells were treated with MG132 (25 �M). C, co-IP assays of
endogenous Mps1 and Skp2 (component of SCF) performed with asynchronous and nocodazole-arrested 293T cell lysates. Mps1 did not co-precipitate with
endogenous Skp2. D, GFP-Mps1 and FLAG-Skp2 proteins do not associate with each other in vivo following transient expression in 293T cells. Co-IP assays were
performed using anti-Mp1 and anti-Skp2 antibodies. IPs using normal mouse IgG were performed as negative controls in all experiments. Cell cycle distribution
for asynchronous, G1-synchronized, and nocodazole-arrested cells was assessed by flow cytometry.
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nous interaction in asynchronous cells (supplemental Fig. 1). In
contrast, IP complexes of endogenous (Fig. 2C) or exogenously
(Fig. 2D) expressed Skp2 andMps1 failed to detect any physical
association between the two proteins in lysates prepared for
either asynchronous or synchronous cells (Fig. 2, C and D).
Thus, we conclude that the APC-c E3 ligase, but not SCFSkp2

complex, is associated in vivo with Mps1 implying a role in
regulating its degradation.
Mps1 Is Associated with Cdc20 and Cdh1 in a Cell Cycle-de-

pendent Manner—As cells proceed through mitosis, APC is
activated through phosphorylation of its subunits and interac-
tion with the regulatory activating protein Cdc20 (5). Upon

FIGURE 3. Human Mps1 associates with Cdc20 and Cdh1 in a cell cycle-dependent manner. 293T cells were transiently co-transfected with GFP-Mps1 and
HA-Cdc20 or HA-Cdh1 plasmids, synchronized at mitosis with nocodazole treatment for 16 h or G1 phase by a double thymidine exposure protocol, and
incubated in the presence of MG132 (20 �M) for 6 h prior to cell lysis. Co-IPs on cell lysates were performed with anti-Mps1, anti-Cdc20, or anti-Cdh1 antibodies
followed by immunoblot analysis. GFP tag was used as a negative control for IPs. A, GFP-Mps1 and endogenous Mps1 co-precipitate with HA-Cdc20 IP
complexes isolated from nocodazole-arrested cell lysates. Lysates were collected from 293T cells co-transfected with GFP-Mps1 and HA-Cdc20 plasmids before
synchronization. B, GFP-Mps1 and endogenous Mps1 proteins co-precipitate with HA-Cdh1 IP complexes isolated from G1-synchronized cell lysates. Lysates
were collected from 293T cells co-transfected with GFP-Mps1 and HA-Cdh1 plasmids before synchronization. C, endogenous Mps1 and Cdc20 proteins are
associated with each other at mitosis. D, endogenous Mps1 and Cdh1 proteins are associated with each other at G1 phase. Cell cycle phases were monitored
by flow cytometry. Results shown are representative of three experiments.
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exitingmitosis, APC remains active but switches fromCdc20 to
Cdh1/Hct1 for its activity throughout the G1 phase (4). To
determine which of the APC regulators (Cdc20 or Cdh1) are
involved in mediating Mps1 degradation, co-IP assays were
performed on cell lysates from 293T cells synchronized at the
M or G1 phase. 293T cells co-transfected with Mps1 and HA-
tagged Cdc20 or Cdh1 plasmids were subjected to immunoblot
analysis to verify expression of recombinant proteins (Fig. 3, A
and B). As shown in Fig. 3A, anti-Cdc20 IgG co-precipitated
Mps1 at theMphase but not at the G1 phase. Equivalent results
were obtained from Mps1 IPs (Fig. 3A, lower panel). On the
other hand, our analysis for Mps1-Cdh1 associations in vivo
showed thatMps1 co-precipitatedwithCdh1 IP complexes iso-
lated from G1 phase lysates and, to a much lesser extent, M
phase lysates (Fig. 3B). Importantly, Mps1 interactions with
Cdc20 and Cdh1 in vivo were also detected for endogenous
proteins in nontransfected cells (Fig. 3,C andD). Thus, our data
indicate that APC-cCdc20 associates with Mps1 during mitosis,

whereas APC-cCdh1 preferentially associates with Mps1 at the
G1 phase of the cell cycle.
Overexpression of Cdc20 or Cdh1 Induces Mps1 Degradation—

The co-IP results in Fig. 3 implicate a potential role for Cdc20
and Cdh1 in regulating APC-c-mediated degradation of Mps1.
To examine this further, HA-tagged Cdc20 or Cdh1 were over-
expressed in HEK 293T cells to assess their potential effects on
Mps1 degradation. In contrast to vector control cells, overex-
pression of HA-Cdc20 resulted in a dose-dependent reduction
ofMps1 levels in nocodazole-released HEK 293T cells (Fig. 4A)
that was blocked in the presence of MG132 (Fig. 4C). Likewise,
HA-Cdh1 overexpression in asynchronous growing HEK 293T
cellswassufficienttoreduceMps1levels(Fig.4B)inaproteosome-
dependent manner (Fig. 4C). Furthermore, overexpression of
either HA-tagged Cdh1 or Cdc20 greatly enhanced poly-ubi-
qitination of Mps1 (Fig. 4D). Thus, we conclude that both
Cdc20 and Cdh1 stimulate APC-c-mediated ubiquitination
and degradation of Mps1.

FIGURE 4. Overexpression of Cdc20 or Cdh1 induces Mps1 proteolysis. 293T cells were transiently transfected with 0, 1, or 3 �g of HA-hCdc20 or HA-hCdh1
plasmid DNA, arrested at mitosis with nocodazole, and then released into fresh medium for the indicated times. A, Western analysis of Mps1 levels in cells
transfected with HA-hCdc20 or empty vector. Cells arrested in mitosis with nocodazole were released into fresh media for 30 min to allow entry into anaphase
prior to cell lysis. Progression into anaphase was confirmed by Western analysis of cyclin B levels showing a precipitous drop after 30 min. B, Western analysis
of Mps1 levels in 293T cells transfected with HA-hCdh1 or empty vector. Nocodazole-arrested cells were released into fresh medium for 2 h to allow progression
into the G1 phase prior to cell lysis. Progression into the G1 phase was monitored by flow cytometry. C, drop in Mps1 by Cdc20 or Cdh1 overexpression is blocked
by the proteosome inhibitor MG132 confirming that Mps1 is degraded. Nocodazole-arrested 293T cells were released into fresh media in the absence or
presence of MG132 and subjected to cell lysis for either 30 min (Cdc20) or 2 h (Cdh1) later. D, overexpression of Cdc20 or Cdh1 promotes ubiquitination of Mps1
in vivo. 293T cells co-transfected with His6-ubiquitin and HA-Cdc20 or HA-Cdh1 plasmids were incubated in the presence of MG132 (25 �M) for 6 h prior to cell
lysis. 24 h post-transfection, His6-ubiquitin pulldowns were performed followed by immunoblotting with a Mps1 antibody (left panel). Exogenous expression
of HA-Cdc20 or HA-Cdh1 was assessed by immunoblot analysis of cell lysates (right panel). Actin levels were assessed as a loading for all immunoblots. All data
shown are representative of three independent experiments.
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Silencing of Cdh1 or Cdc20 Suppresses Cell Cycle-regulated
Mps1 Degradation—To address whether Cdh1 and Cdc20 are
required for the degradation of Mps1 in vivo, we used small
interfering RNAs (siRNAs) to selectively reduce their expres-
sion. Because Cdh1 functions primarily during late mitosis and
G1 phase, 293T cells were synchronized in G1 with a double
thymidine block and transfected with scrambled (SCR) or

Cdh1-specific siRNA. Interestingly,
steady-state levels of Mps1 were
significantly elevated in Cdh1 siRNA-
treated cells compared with SCR
controls (Fig. 5A) suggesting that
APC-cCdh1 is critical for the deg-
radation of Mps1 protein at the G1
phase. Enrichment of G1 phase cells
(�85%) by double thymidine block
was verified by FACS analysis of
SCR and Cdh1 siRNA-treated cells.
Therefore, our data are consistent
with the notion that APC-cCdh1
mediates the degradation of Mps1
during the G1 phase.
Next, 293T cells were transfected

with siRNA oligonucleotides corre-
sponding to Cdc20 or a scramble
control (SCR) and arrested at a
prometaphase-like state with
nocodazole. Following the removal
of nocodazole, SCR or Cdc20
siRNA-treated cells were collected
at selected time points to assess for
Mps1 protein levels prior to and
after anaphase initiation. Cyclin B
degradation was assessed in parallel
by immunoblot analysis as a marker
for anaphase initiation. In SCR con-
trol-treated cells, Mps1 levels pre-
cipitously dropped by 0.5 h follow-
ing nocodazole removal, which
corresponded to anaphase entry
(see Fig. 5, B and C). In contrast,
Mps1 levels remained elevated up to
1 h post-nocodazole removal in
Cdc20 siRNA-treated cells (Fig. 5, B
andC, right panel). This appeared to
result in a delay into anaphase as
supported by the persistence of
high cyclin B levels. Between 1 and
1.5 h post-nocodazole removal,
Mps1 levels decreased markedly,
which corresponded to the Cdc20-
depleted cells progressing into
anaphase as evidenced by the pre-
cipitous drop in cyclin B (Fig. 5, B
and C). Thus, our data suggest that
Cdc20 is important for regulating
degradation of humanMps1 during
the metaphase-anaphase transition.

A Single D Box in Human Mps1 Is Critical for Regulating Its
Degradation—Two important destruction signals have been
identified in substrates targeted for proteolysis by the APC-c as
follows: the destruction box (D-box, RXXL, where X � any
amino acid) and the KEN box (KEN). D-box-containing sub-
strates are recognized by either APC-cCdc20 or APC-cCdh1,
whereas KEN box-containing substrates are only ubiquitinated

FIGURE 5. Silencing of Cdh1 or Cdc20 by RNAi results in a cell cycle-dependent stabilization of Mps1
protein. A, Mps1 levels accumulate in G1/S-synchronized cells transfected with Cdh1 siRNA compared with
SCR control. 293T cells synchronized at G1/S with a double thymidine block were treated with SCR or Cdh1
siRNA in the presence of thymidine keeping the cells at G1/S for the duration of the experiment. Whole-cell
extracts were Western-blotted with the indicated antibodies at indicated times post siRNA treatment. Cell
cycle phases were monitored by flow cytometry. B, Mps1 degradation and progression into anaphase is
delayed in Cdc20-depleted 293T cells. 293T cells transfected with SCR or Cdc20 siRNAs were incubated with
nocodazole (Noc) for 16 h. Round, prometaphase-like cells were then collected by gentle shake off, replated
into fresh medium, and collected at the indicated times for immunoblotting or FACS analysis. C, left panel, delay
of mitotic exit in Cdc20-depleted cells. Results from flow cytometry show the percent of mitotic cells at the
indicated times following nocodazole release. Right panel, graph of Mps1 protein levels (normalized to �-actin)
in SCR and Cdc20 siRNA cells at indicated times following nocodazole release. Results shown are representative
of at least three independent experiments.
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byAPC-cCdh1 (23, 24). In addition, a unique sequence inAurora
A, termed the A-box (RXLXPSN), is also required for its effi-
cient ubiquitination by APC-cCdh1 (25). Sequence analysis of
the humanMps1 protein reveals a single D box (RNSL) located
in its N-terminal region, which is conserved in most mamma-
lian species, including chimpanzee, rhesus monkey, dog, cow,
rat, and opossum (see Fig. 6A).
To directly test whether the putative D-box sequence in

human Mps1 played a role in regulating its degradation, we
substituted alanine at the arginine and leucine residues by site-
directed mutagenesis (Fig. 6B) and assessed whether the D-box
Mps1mutant (ANSA)was resistant to APC-mediated degrada-
tion at anaphase. GFP fusions of wild type or D-box mutant
Mps1 proteins were expressed in 293T cells and synchronized
inmitosis with nocodazole. Next, the nocodazole-arrested cells
were released into anaphase and collected at the indicated time
points for up to 2 h for assessing degradation of the wild type
and D-box mutant GFP-Mps1 proteins by Western analysis.
Cells expressingwild type orD-boxmutantMps1 both initiated
anaphase by 20 min, as suggested by cyclin B degradation, and
cycled into G1 phase at 60–120 min. Similar to endogenous
Mps1, shown in Fig. 5C, wild type GFP-Mps1 was efficiently
degraded by 30 min after nocodazole release into anaphase
and remained undetectable throughout the remainder of the

time course (Fig. 6C, left panel).
In contrast, the Mps1 D-box mu-
tant remained stable throughout
anaphase and progression into the
subsequent G1 phase (Fig. 6C, right
panel), indicating that the putative
D-box motif is important for regu-
lating degradation of Mps1.
To further evaluate the role of the

D-box in regulating Mps1 degrada-
tion, we asked whether the D-box
mutant was capable of associating
with either of the APC activators
Cdc20 and Cdh1 in vivo. Compared
with recombinant GFP-tagged wild
type (WT)Mps1, the D-box mutant
did not co-precipitate with Cdc20
IP complexes isolated from 293T
cells enriched in mitosis with
nocodazole (Fig. 7A). Likewise, the
association of Cdh1 with the D-box
mutant was greatly reduced in G1
phase-enriched cells comparedwith
co-precipitation of GFP-taggedWT
Mps1 (Fig. 7B). In agreement with
these results, polyubiquitination of
the D-box mutant was greatly
diminished compared with WT
Mps1 protein (Fig. 7C, left panel). In
addition, Western analysis con-
firmed higher steady-state levels of
the Mps1 D-box mutant compared
with recombinant WT Mps1 (Fig.
7C, right panel). Collectively, we

conclude that the D-box sequence (RNSL) in human Mps1
serves a critical role in regulating its polyubiquitination and
degradation by the APC-ubiquitin-proteosome pathway.
Preventing Mps1 Degradation Is Sufficient to Trigger Centro-

some Amplification and the Mitotic Abnormalities in 293T
Cells—To address whether the D-box mutant has any effect
on Mps1 functions on centrosome duplication and mitotic
spindle checkpoint, we depleted the endogenous Mps1 from
293T cells by using pSUPER.retro siRNA as described before
and compared the ability of ectopically expressed Mps1-WT
and D-box mutant in centrosome duplication and mitotic
spindle checkpoint. As expected, immunofluorescence
staining of �-tubulin and �-tubulin revealed that overex-
pression of Mps1-WT is not sufficient to cause centrosome
reduplication and the resultant multipolar spindles in 293T
cells, which is consist with the Fisk report (34). However,
overexpression of Mps1-D-box mutant causes supernumer-
ary centrosomes and multipolar spindles in 293T cells. This
suggests that preventing the degradation of Mps1 is suffi-
cient to trigger centrosome amplification (Fig. 8A) and
resultant multipolar spindles in 293T cells (Fig. 8B).
A similar approachwas used to determine the effect of D-box

mutant on mitotic spindle checkpoint. We found that the
majority of the wild type and D-box mutant expression mitotic

FIGURE 6. Human Mps1 contains a single destruction D-box that confers instability. A, D-box sequence
(RNSLRQTN) located at the N terminus of human Mps1 is conserved in most mammalian species. Conserved
amino acids are indicated in black bars. B, schematic representation of full-length human Mps1 wild type
denoting its putative D-box (RNSL) versus a Mps1 D-box mutant (ANSA) created by site-directed mutagenesis.
C, mutation of the D-box confers resistance to Mps1 degradation at anaphase in human 293T cells. GFP-Mps1
(WT) and (D-box mutant) DNA constructs were transiently transfected into 293T cells and arrested at promet-
aphase with nocodazole (40 ng/ml) treatment for 16 h. Cells were synchronously released into anaphase by
washing twice in fresh media minus nocodazole. At the indicated times, cells were collected for Western
analysis of recombinant Mps1 levels using a GFP antibody. Cyclin B degradation was monitored as a marker for
anaphase. Actin was used as a loading control. Mitotic synchrony by nocodazole and exit into G1 phase were
monitored in parallel by flow cytometry. Results shown are representative of three independent experiments.
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cells were arrested at prometaphase/metaphase, and only a very
small fraction of cells proceeded into anaphase. This is in sharp
contrast to GFP control cells, in which cells proceeded into
anaphase normally (Fig. 8C).We conclude that overexpressions
of Mps1-WT and D-box mutant lead to a prometaphase/met-
aphase arrest. Together, the D-box mutant could prevent the
degradation of Mps1 protein and is sufficient to trigger centro-
some amplification and mitotic abnormalities.

DISCUSSION

In this study, the regulatory mechanisms associated with the
degradation of human Mps1 were investigated. Our results
indicate that human Mps1 is targeted for degradation by the
sequential actions of APC-cCdc20 and APC-cCdh1 during
anaphase through the G1 phase of the cell cycle. In addition, we

identified a single conserved D-box
sequence (RXXL) in the N-terminal
region of human Mps1 that upon
mutation conveys resistance to the
polyubquitination and subsequent
proteolysis of Mps1. Thus, we pro-
pose that Mps1 protein levels in
human cells are down-regulated
in a cell cycle-dependent manner
through the APC-ubiquitin-proteo-
some system.
Mps1 Is a Substrate of the APC/

Ubiquitin/Proteosome Pathway in
Human Cells—The Mps1 homo-
logue in S. cerevisiae (budding yeast)
was previously shown to be targeted
for degradation at anaphase by APC
(19). Prior to our study, it was not
known how Mps1 levels were regu-
lated in human proliferating cells.
Here, we showed that human Mps1
undergoes proteolysis by the APC/
ubiquitin/proteosome pathway.
This was supported by our data in
human HEK 293T cells treated with
the proteosome inhibitor MG132
(or lactacystin), which showed the
accumulation and increased poly-
ubiquitination of Mps1 compared
with nontreated cells (Fig. 1). In
addition, we showed that human
Mps1 physically associates with
the APC-c in vivo during mitosis
and, to a lesser extent, at G1 phase
confirming similar results previ-
ously reported (11). Importantly,
our functional data in Figs. 4 and 5
indicate that proteolysis of human
Mps1 is regulated by the interac-
tions of the APC-cCdc20 and APC-
cCdh1 complexes. Thus, similar to
other mitotic substrates of APC-c,
including cyclins A and B, securin,

Aurora A, and Aurora B (26), the APC/ubiquitin/proteo-
some system targets human Mps1 for degradation.
The RXXL motif represents the minimal sequence for a

“destruction” D box that is recognized by APC-cCdc20 or
APC-cCdh1 complexes (23). Unlike Mps1 of budding yeast,
which contains three D boxes (19), human Mps1 contains a
single RNSLmotif (256–259) in its N-terminal region that is
conserved in most mammalian species (Fig. 6, A and B).
Mutation of the D box rendered the Mps1 protein stable
during anaphase and G1 compared with the wild type Mps1
protein (Fig. 6C). Similar results have been reported for
mutations made in the D box of mitotic cyclins (27). Hence,
we propose that the single RNSL motif in human Mps1 is
critical for regulating its proteolysis during anaphase
through early G1 phase.

FIGURE 7. D-box mutation suppresses human Mps1 interactions with Cdc20 or Cdh1 and inhibits poly-
ubiquitination of Mps1. GFP-tagged Mps1 proteins (wild type or D-box mutant) were ectopically expressed in
293T cells and subsequently arrested at mitosis by nocodazole treatment or synchronized at late G1 phase as
described under “Experimental Procedures.” Cell cycle synchronization was confirmed by flow cytometry.
Co-IP assays were performed with antibodies to Cdc20 or Cdh1 proteins to assess whether either protein
associates with the Mps1 D-box mutant. A, Mps1 D-box mutant fails to co-precipitate with Cdc20 at mitosis.
B, Mps1 D-box mutant fails to co-precipitate with Cdh1 at G1 phase. C, mutation of the D-box inhibits poly-
ubiquitination of Mps1. 293T cells were transiently co-transfected with equal amounts of wild type GFP-Mps1
or D-box-mut-Mps1 plasmids together with HA-tagged Cdc20 or Cdh1 and His6-ubiquitin-containing plas-
mids. Expression levels of GFP-Mps1 WT or D-box mut and HA-tagged Cdc20 and Cdh1 proteins are shown in
the right panel. Polyubiquitination of Mps1 wild type or D-box mutant proteins was assessed as described
under “Experimental Procedures.” WB, Western blot.
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Proteolysis of Human Mps1 Is
Cell Cycle-regulated by APC-cCdc20
and APC-cCdh1—APC-c-dependent
proteolysis is controlled by its con-
served activators Cdc20 and Cdh1.
Both of these activating proteins
contain WD40 repeats that bind to
the APC-c in a cell cycle-dependent
manner (1, 5). Our results indicate
that APC-cCdc20 and APC-cCdh1 act
sequentially during anaphase and
G1 phase, respectively, to promote
the proteolysis of human Mps1.
This is supported in part by our data
that show Mps1 co-precipitates
with Cdc20 (in addition to APC)
during mitosis and with Cdh1 dur-
ing G1 phase (see Fig. 3). Loss-of-
function studies that silenced
Cdc20 or Cdh1 expression by RNAi
resulted in a cell cycle-dependent
stabilization of Mps1 that is consis-
tent with their distinct roles at
anaphase (Cdc20) and G1 phase
(Cdh1) (see Fig. 5). Indeed, other
mitotic substrates such as mitotic
cyclins A and B1, securin, and
Nek2A are also targeted for degra-
dation by APC-cCdc20 and APC-
cCdh1 (4, 28, 29).
Biological Importance of APC-

mediated Mps1 Proteolysis—Our
data show that Mps1 interacts with
Cdc20 in nocodazole-treated cells,
and overexpression Cdc20 pro-
motesMps1 degradation in nocoda-
zole-released cells. How can Mps1
be a target of the APC-c when APC-
cCdc20 is normally inhibited by the
checkpoint at prometaphase? It is
conceivable that a low level of deg-
radation of Mps1 by Cdc20 takes
place during early mitosis, leaving
an adequate concentration of Mps1
to execute late mitotic functions.
There are several examples that
APC(Cdc20) is able to interact with
in nocodazole-treated cells, such as
p21 (30), Aurora-B (24), cyclin A
(32), Nek2A (33), and HOXC10 (5).
Also, APC(Cdc20) is inactive/active
in prometaphase cells in the pres-
ence of nocodazole (5, 30–33).
However, the reason for a subpopu-
lation of APC(Cdc20) to remain
active in the presence of spindle
checkpoint activity is not well
understood. It is possible that the

FIGURE 8. D-box mutant preventing Mps1 degradation causes centrosome amplification and mitotic
abnormalities. 293T cells were depleted from the endogenous Mps1 by using pSUPER.retro siRNA as
described before and then transfected with GFP-tagged Mps1 wild type or D-box mutant constructs.
72–96 h post-transfection, cells were subjected to immunofluorescence by using anti-� or anti-� anti-
body. A, representative images and bar graph shows that quantitation of frequency of cells with more than
two centrosomes. �200 interphase cells were assessed at each treatment. Three independent experi-
ments were performed. B, representative images and bar graph show the frequency of cells with abnormal
spindles. �200 mitotic cells were assessed at each treatment. Three independent experiments were
performed. C, curve graph shows the cell cycle distribution. Three independent experiments were per-
formed. P, prophase; P-M/M, prometaphase/metaphase.
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major degradation of Mps1 by Cdc20 occurs in late mitosis.
Once the chromosomes are aligned, the activity of the check-
point is reduced, allowing APC to associate with its activator
Cdc20 and target the degradation of mitotic regulators, includ-
ing Mps1.
The expression of a nondegradable D-box Mps1 mutant in

293T cells was shown to sustain activation of the spindle check-
point during anaphase indicating that Mps1 degradation at
anaphase is critical for preventing reactivation of the check-
point (Fig. 8C). Furthermore, degradation of Mps1 during late
anaphase and G1 phase by the actions of APC-cCdh1 is impor-
tant for preventing centrosome overduplication that can be
associated with high Mps1 expression in some cell types (13,
14). Our data show that the expression of nondegradableD-box
Mps1 mutant in 293T cells leads to centrosome amplification
and resultant multipolar spindles suggesting that preventing
the degradation of Mps1 at centrosomes is sufficient to cause
centrosome re-duplication (Fig. 8, A and B). Consistent with
this, the constitutively active B-RafV600E mutant was previously
shown to stabilize Mps1 protein levels in human melanoma
cells, which resulted in supernumerary centrosomes, multipo-
lar spindles, and hyper-activity of the spindle checkpoint dur-
ing anaphase (31, 35). Substitution of a phospho-mimetic resi-
due at a Cdk2 phosphorylation site (Thr-468) protects Mps1
from degradation at centrosomes (36). Thus, phosphorylation
of Mps1 may be an important mechanism to suppress its pro-
teolysis when its functions are required during the cell cycle.
In summary, our study shows that the decline in human

Mps1 levels following entry into anaphase is regulated, at least
in part, by the APC-ubiquitin-proteosome pathway during late
mitosis and G1 phase. Preventing Mps1 degradation is suffi-
cient to trigger centrosome amplification and mitotic abnor-
malities in human cells. In the future, it will be interesting to
examine whether phosphorylation or other modifications of
Mps1 play a role in regulating its stability throughout the cell
cycle. Indeed, stabilization of Mps1 may contribute to deregu-
lation of the spindle checkpoint or centrosome duplication in
human tumor cells.
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