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Introduction

Accurate separation of the duplicated genome is essential for cell 
survival. Faithful segregation of chromosomes during mitotic 
cell division is safeguarded by the spindle assembly checkpoint 
(SAC).1 SAC is an evolutionarily conserved mechanism that 
operates in prometaphase to prevent the onset of anaphase until 
every chromosome has successfully attached to the spindles. 
Defects in spindle assembly checkpoint are implicated in tumori-
genesis.2,3 Components of the SAC signaling pathway have been 
identified from yeast to human.1,2 The SAC signaling converges 
on Cdc20, a key activator of the ubiquitin E3 ligase anaphase 
promoting complex/cyclosome (APC/C), which targets Cyclin B 
and Securin to proteolysis. SAC inactivates Cdc20 by promot-
ing the binding of BubR1, Bub3, Mad2 and Cdc20 to APC/C, 
thereby precluding substrates recruitment of APC/CCdc20. Mps1, 
a dual-specificity protein kinase, is a core component of spindle 
assembly checkpoint and apparently acts upstream in the SAC 
signaling cascade. The activity of Mps1 is required for activation 

Spindle assembly checkpoint kinase Mps1 is spatially and temporally regulated during cell cycle progression. Mps1 is 
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of SAC in response to unoccupied kinetochores and the lack of 
tension between the sister chromatids.1 Besides its critical func-
tion in SAC, Mps1 is also required for chromosome alignment 
and cytokinesis during mitosis.4 The abundance and activity 
of Mps1 is cell cycle regulated,5,6 with both peaking in mitosis. 
Finally, Mps1 also may play a role in centrosome duplication in 
mammalian cells, as overexpression or depletion of Mps1 per-
turbs the normal centrosome duplication cycle.7

Regulated translocation and restricted subcellular localization 
of signal-transducing proteins are some of the most prevailing 
mechanisms in controlling of cell signaling pathways.8 Consistent 
with a myriad of functions of Mps1, the subcellular localization 
of Mps1 is both spatially and temporally regulated during cell 
cycle progression.9 In interphase cells, Mps1 primarily resides 
within the cytosol, centrosomes and nuclear envelope.7,13 Upon 
mitotic entry, Mps1 relocates to kinetochores, from which it is 
abruptly disassociated and diffusely redistributed throughout the 
cytosol as the metaphase plate is formed.13 The binding of Mps1 
to kinetochores is a very dynamic process, with retention t
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Mps1 moved into the nucleus at G
2
/M transition prior to nuclear 

envelope breakdown (cell on the left), which is characterized by 
ongoing segregation of the centrosomes (identified by the cen-
trosome-bound YFP-Mps1). Fifteen minutes later, YFP-Mps1 
becomes concentrated on kinetochores. In contrast, YFP-Mps1 
in the interphase cell remains predominantly in the cytoplasm 
(cell on the right). Thus, Mps1 is imported into the nucleus prior 
to nuclear envelope breakdown during unperturbed cell cycle 
progression.

Mitotic entry is primarily driven by cyclin B-Cdk1. To deter-
mine whether Mps1 nuclear import depends on the activity of 
cyclin B-Cdk1 kinase, we treated YFP-Mps1 cells with a specific 
Cdk1 inhibitor, RO-3306, which causes reversible cell cycle arrest 
at G

2
/M boundary.15 In agreement with our previous observa-

tion of wild-type SW480, SW480YFP-Mps1 cells undergo robust 
growth arrest by RO-3306 at the G

2
/M boundary, which can be 

identified by 4 N DNA content and negative staining of mitotic 
marker MPM-2 (Fig. 1D and E). As seen in the unperturbed 
G

2
/M transition, cells arrested by RO-3306 treatment exhibit 

pronounced nuclear staining of Mps1 (Fig. 1F). This result again 
suggests that Mps1 is imported into the nucleus prior to mitotic 
entry and nuclear envelope breakdown. Moreover, nuclear import 
of Mps1 is independent of the activity of cyclin B-cdk1.

Two LxxLL motifs are required for mps1 nuclear local-
ization. A prevailing mechanism for importing proteins into the 
nucleus is through the importin pathway. Frequently, importin-
dependent pathways involve the binding of cargo protein to the 
NLS receptor importin-α, which interacts with the transporter, 
importin-β, to form a trimeric complex that carries the cargo 
protein through the nuclear pore.16 Classical NLSs are either 
monopartite or bipartite and are marked by clusters of basic 
amino acids.16 These types of NLSs are typically recognized by 
importin-α. Another class of NLSs directly binds importin β; 
unfortunately, there is significant diversity of this second type of 
NLS, making it difficult to predict by sequence alone. A recent 
study suggests that R/H/KX

(2–5)
PY may be a consensus NLS for a 

subtype of importin β (also known as Kapβ2).17 To identify poten-
tial NLSs for Mps1 nuclear import, we initially employed a NLS 
prediction program (NLStradamus or PredictNLS) to search for 
candidate NLSs in Mps1. The NLS prediction program identified 
a motif at the extreme C terminus of Mps1(852KKR GKK857) as 
a putative NLS. We proceeded to construct a mutant YFP-Mps1 
without the putative NLS (YFP-Mps1ΔCT), which was tested in 
SW480 cells. Removal of this putative NLS has little impact on 
Mps1 nuclear import when cells were blocked at G

2
/M boundary 

(data not shown), suggesting that there are either multiple NLSs 
in Mps1 or other types of NLSs involved in Mps1 nuclear import.

To experimentally define the NLS, we tested an array of Mps1 
deletion mutants from our previous studies in reference 6 and 9. 
Interestingly, we discovered that an N-terminal deletion mutant 
of Mps1 (M1) abrogates Mps1 nuclear import (Fig. 2A and b). 
To find the minimal fragment of Mps1 required for its nuclear 
localization, we generated a set of YFP-tagged Mps1 mutants and 
stably expressed them in SW480 cells (Fig. 2A and C). The sub-
cellular distributions of these mutants were then determined after 
arrest at the G

2
/M boundary by the treatment of RO-3306. As 

about 10 sec.10 Timely unloading of Mps1 from kinetochore in 
metaphase is required for anaphase onset.11 Although spectacular 
changes in subcellular localization of Mps1 have been observed 
during cell cycle progression, the biological significance and 
the underlying mechanism that are responsible for the dynamic 
behavior of Mps1 remain largely unknown.

We have begun to reveal the dynamic changes of Mps1 and 
how these changes are coordinated during cell cycle progression. 
Using a combined approach of live cell imaging, mutagenesis 
and chemical biology, we characterized the timing and mecha-
nisms that govern Mps1 relocation from cytosol to the nucleus. 
We found that Mps1 enters the nucleus prior to nuclear enve-
lope breakdown (NEB). Nuclear import of Mps1 requires two 
LXXLL motifs in the N terminus of Mps1. Disruption of either 
motif abolishes Mps1 nuclear accumulation without affecting 
Mps1 kinetochore localization. Perturbation of Mps1 nuclear 
import has no apparent effect on activation of spindle assembly 
checkpoint, instead, the timing of nuclear entry may affect the 
sustainability of spindle assembly checkpoint.

Results

mps1 is imported to the nucleus prior to nuclear envelope 
breakdown. During interphase, Mps1 is found predominately 
in the cytoplasm, centrosome and nuclear membrane.7,9,12,13 As 
cells move into mitosis, Mps1 is relocated to kinetochores in pro-
phase and remains there until metaphase, at which point Mps1 
is abruptly dissociated from kinetochore and redistributed in 
cytosol. Mps1 is excluded from the nucleus upon reformation of 
nuclear envelope. The dynamic subcellular localization of Mps1 
can be faithfully recapitulated with fluorescence protein-tagged 
Mps1 (e.g., YFP-Mps1) in live cells.9,13 While subcellular local-
ization of Mps1 in interphase and mitosis are well documented, 
the timing of Mps1 redistribution during G

2
/M transition is 

poorly characterized. Therefore, we choose to investigate this 
aspect of Mps1 dynamic change using a SW480 cell line that 
stably expresses YFP-Mps1. As expected, YFP-Mps1 is predom-
inantly localized to the cytoplasm (Fig. 1A). The cytoplasmic 
localization of Mps1 during interphase could be a result of the 
rate of export exceeding the rate of import. CRM1-dependent 
nuclear export is one of major exporting pathways. This path-
way can be inactivated with Leptomycin B, a specific and potent 
inhibitor of CRM1 that perturbs nuclear export by glycosylat-
ing a key cysteine residue.14 To test whether CRM1 is involved 
in Mps1 export from the nucleus, YFP-Mps1 cells were treated 
with Leptomycin B. As shown in Figure 1b, YFP-Mps1 becomes 
predominantly localized to within the nucleus upon treatment 
with Leptomcyin B. This result suggests that Mps1 can shuttle 
between nucleus, and that cytoplasm and CRM1 is involved in 
Mps1 export in interphase cells. The rate of Mps1 export exceeds 
the rate of nuclear import during interphase.

To precisely measure Mps1 redistribution prior to or after 
mitotic entry, we performed time-lapse live cell imaging analysis 
of YFP-Mps1 subcellular localization during G

2
/M transition. As 

shown in Figure 1C, we found that Mps1 predominantly resides 
within the cytoplasm and centrosome during this transition. 
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the subcellular localization,21,22 transcriptional activity,23,24 NFκB 
signaling pathway,25 TGFβ signaling pathway26 and protein deg-
radation.27 The finding that the two LXXLL motifs in Mps1 are 
critical for nuclear import suggests these motifs likely mediate 
Mps1 interaction either directly or indirectly, with factors that 
control the cell cycle-dependent nuclear import pathway.

mps1 kinase activity is dispensable for its nuclear transloca-
tion. The binding specificity of a coactivator to nuclear recep-
tor can be also determined by the sequence flanking the LXXLL 
motif.28,29 Phosphorylation of amino acids in the flanking region 
may influence this specificity.30 Previous results have shown that 
three serines and two threonines in the N-terminal of Mps1 can 
be auto-phosphorylated.9,31 Ser 80 is localized between M8 and 
M9 (Fig. 2A). To test whether phosphorylation modification 
of this site may potentially regulate Mps1 nuclear import, we 

shown in Figure 2A and b, the fragment spanning from Q54 
to I95 is required for Mps1 nuclear import. After cross-referenc-
ing species orthologs, including human, mouse and Xenopus 
(Fig. S2), we found two LXXLL motifs (L denotes leucine and 
X represents any amino acid) arranged in tandem that appear to 
be evolutionarily conserved (Figs. 2A and S2). Replacing leu-
cine residues in either LXXLL motifs (L68L69→AA in M8 or 
L83 L84→AA in M9) abrogates nuclear import of Mps1 in G

2
/M 

(Fig. 2b). In contrast, replacing two tandem Asparagines adja-
cent to the first LXXLL motif with alanines (N60N61→AA) has 
no effect on Mps1 nuclear localization (data not shown). The 
motif LXXLL was initially found in transcriptional cofactors, 
which mediate the protein-protein interactions of cofactors with 
nuclear receptors.18-20 The interaction mediated by the LXXLL 
motif has been seen to influence a variety of processes, including 

Figure 1. Mps1 is imported into the nucleus at the G2/M boundary. (A) Subcellular localization of YFP-Mps1 in asynchronized SW480 cells. Distribution 
of YFP-Mps1 was classified into three categories. Representative images are shown. The percentage of cells in each category was determined from 
inspecting images of at least 200 cells. (B) Localization of endogenous Mps1 after Leptomycin B (LMB) treatment for 2 h. (C) Live cell imaging of SW480-
YFPMps1 cell at the G2/M boundary or in G1/S phase. Cells were incubated in an environmental chamber. Images from YFP channel or bright field were 
taken every 15 min. (D and E) Treatment of RO-3306 blocks SW480YFP-Mps1 cells at G2/M, with increased Cyclin B expression without phosphorylation 
of MPM-2, a typical mitotic marker. SW480YFP-Mps1 cells treated with DMSO or RO-3306 for 0 or 19 h were harvested and stained with propidium 
iodine (PI) prior to FACS analysis using FACScan. RO-3306-treated but not DMOS-treated cells show 4X DNA content, with G2/M arrest. (F) YFP-Mps1 is 
translocated into the nucleus in cells arrested at G2/M following RO-3306 treatment. Nuclei are identified by DAPI staining.
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similar to reversine33 but with improved selectivity and potency 
(IC

50
 < 5 nM). In agreement with the results of siRNA knock-

down of Mps112,34,35 or inhibition with other small-molecule 
inhibitors,33,36-38 cells exposed to MPI-0479605 have no spindle 
assembly checkpoint (Fig. 3D). However, we failed to observe 
any nuclear import defect in MPI-0479605-treated cells. A simi-
lar result was also obtained using a relatively non-specific Mps1 
inhibitor SP600125 (Fig. 3E and F). Further, we examined the 
localization of YFP-tagged kinase-dead Mps1 (YFPMps1KDsiR) 
in depletion of the endogenous Mps1 by siRNA at G

2
/M bound-

ary. As shown in Figure 3G–I, the nuclear accumulation of 
YFPMps1KDsiR was not affected by Mps1 siRNA treatment. 

analyzed the nuclear entry of YFP-Mps1 with five non-phospho-
mimicing amino acids (NTOP), single mutant YFP-Mps1S80A, 
YFP-Mps1T33S37AA and YFP-Mps1T12S15AA. As shown in 
Figure 3b and C, the mutants YFP fused NTOP, S80A and 
T33S37AA showed impaired Mps1 nuclear entry, and the effect 
of YFP-Mps1S80A is most dramatic. These results suggest the 
phosphorylation of S80, at least in part, affects Mps1 nuclear 
localization.

Since some of these autophosphorylation sites may also be 
transphosphorylated by other kinases, we next tested whether 
Mps1 activity is required for Mps1 nuclear translocation using 
MPI-0479605 (Myrexis),32 a small-molecule inhibitor of Mps1 

Figure 2. Determining the requirement of Mps1 nuclear entry. (A) Schematic map of Mps1 mutants. The sequence elements that are responsible for 
Mps1 nuclear localization include two LXXLL motifs. (B) Representative images of YFP-tagged wild-type Mps1 and Mps1 mutants after incubation 
with 9 μM RO-3306 for 19 h. Nuclei were identified by DAPI staining. (C) Immunoblot analysis of the expression of ecotopically expressed YFP-tagged 
wild-type and mutant Mps1 along with the endogenous Mps1 using an anti-Mps1 (Millipore) raised against the N terminus of Mps1. (D) Quantifica-
tion of Mps1 nuclear translocation upon RO-3306 treatment. About 50–70 cells for each Mps1 mutant were counted and quantified using the scheme 
described in Figure S1.
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occurs shortly after Mps1 translocation to the nucleus. To address 
the potential importance of timely nuclear import of Mps1, we 
investigated the impact of LXXLL motifs on Mps1 function 
in mitosis. First, we examined whether inactivation of LXXLL 
motif impedes kinetochore localization of Mps1 upon triggering 
of spindle assembly checkpoint by treatment with nocodazole. As 
shown in Figure 4A, kinetochore localization of YFP-tagged M8 
and M9 is indistinguishable from wild-type or N60N61 mutant, 

Taken together, these results suggest that, while Mps1 phosphor-
ylation at certain sites may regulate Mps1 nuclear import, the 
kinase activity of Mps1, per se, is not essential for its transloca-
tion into the nucleus during G

2
/M transition.

Integrity of LxxLL motifs is essential for sustaining spindle 
assembly checkpoint arrest. Perturbation of Mps1 nuclear import 
should only cause a short delay in Mps1’s access to components 
in the nuclear compartment as the nuclear envelope breakdown 

Figure 3. The kinase activity of Mps1 is not required for Mps1 nuclear entry. (A) The relevant phosphorylation sites in the N terminus of Mps1 are 
shown. (B) Subcellular localization YFP-tagged Mps1 and Mps1 mutants in SW480 cells were imaged after RO-3306 treatment for 19 h. Shown were 
representative images for each mutant. At least 50–70 cells were inspected. (C) A scatter plot of the distribution of results obtained in (B). The average 
distribution for each sample is shown as a horizontal bar. Using SNK grouping and the Kruskal-Wallis test, the difference of nuclear localization index 
between YFPMps1T33S37AA and NTOP is not identified as significant (p > 0.05), while the difference between S80 and NTOP is significant (p < 0.0001). 
There is no statistical difference between WT and T12S15 (p > 0.05). (D) MPI-0479605(MPI), a specific inhibitor of Mps1 kinase activity abolishes the 
spindle assembly checkpoint arrest induced by nocodazole (100 ng/ml). (E) Nuclear accumulation of YFP-Mps1 is unaffected by co-treatment with 
MPI-0479605 (10 μM or SP600125 (10 μM) and RO-3306 for 12 h after released from double thymidine treatment. (F) A scatter plot of the distribution of 
YFP-Mps1 treated with control, MPI-0479605 or SP600125. About 50–70 cells for each treatment were counted and quantified. (G) Subcellular localiza-
tion of YFP-Mps1KD upon treatment with RO-3306 in the presence or absence of the endogenous Mps1. SW480 cells stably expressing YFP-Mps1KDsiR 
were transfected with either control or Mps1 siRNA. (H) Depletion of the endogenous Mps1 is verified by immunoblotting with an anti-Mps1 antibody 
(Millipore). b-actin was blotted as loading control. Cyclin B expression is indicative of G2/M arrest. (I) Quantitation plot of subcellular localization of YFP-
Mps1KDsiR treated with control or Mps1 siRNA. There is no significant statistical difference among DMSO, SP and MPI compound groups or between 
control and Mps1 siRNA groups (p > 0.05) in (F and I).
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cells with ectopically expressed Mps1 or Mps1 mutants to regu-
late mitosis. Immunofluorescence studies confirm that the sub-
cellular localization profiles of wild-type and mutant Mps1 are 
identical to their YFP counterparts, indicating that the effect of 
LXXLL mutation on Mps1 nuclear import is independent of the 
endogenous Mps1 (Fig. S3).

Wild-type or mutant Mps1 cells treated with or without Mps1 
siRNA were first synchronized with double thymidine treatment 

suggesting that either mutations alone are unlikely to affect kinet-
ochore recruitment of Mps1. Next, we assessed whether LXXLL 
motif affects spindle assembly checkpoint activation by Mps1. In 
order to compare wild-type and mutant Mps1 in the absence of 
endogenous Mps1, we created SW480 cell lines stably expressing 
untagged wild-type and mutant Mps1 that are siRNA-insensitive 
(Mps1R) through scrambling the coding sequence. Upon trans-
fection of siRNA, the endogenous Mps1 will be depleted, leaving 

Figure 4. The two LXXLL motifs in the N terminus of Mps1 were essential for Mps1 stability and sustained spindle assembly checkpoint arrest. (A) The 
LXXLL motifs in the Mps1 N terminus were dispensable for Mps1 kinetochore localization. YFP-tagged wild-type and Mps1 mutants were treated 
with nocodazole (100 ng/ml) for 12 h after released from a double thymidine treatment protocol. Representative images of prometaphase arrest cells 
are shown. (B) The LXXLL motifs are critical for sustained spindle assembly checkpoint maintenance. Codon scrambled wild-type and mutant Mps1 
immune to siRNA targeting were stably expressed in SW480 cells. The spindle assembly checkpoint responses were measured after the endogenous 
Mps1 was depleted by treatment with the Mps1 siRNA at indicated time points. The efficiency of siRNA knockdown was determined by western 
blotting. (C–E) Mutation of the LXXLL motifs does not significantly affect the kinase activity of Mps1. Flag-tagged wild-type and mutant Mps1 were 
expressed in 293T cells via transient transfection. Forty-eight h after transfection, cells are harvested and lyzed. Flag-tagged wild-type and mutant 
Mps1 proteins were immunoprecipitated from cell lysates and subjected to in vitro kinase assay using Mps1NTD as a substrate as described previously 
in reference 6. (F) Precocious degradation of Mps1 mutants defective in the LXXLL motifs in the checkpoint arrested cells. Stable cell lines express-
ing wild-type and mutant Mps1 were synchronized by double thymidine treatment and then released into medium in the presence of nocodazole 
(100 ng/ml) for 12 h. The levels of Mps1 at indicated time points were measured by immunoblotting.
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accumulation in the nucleus could be important for maintaining 
robust spindle assembly checkpoint responses.

Nuclear accumulation of Mps1 at the G
2
/M boundary, in 

theory, could also be a result of a decreasing rate of Mps1 nuclear 
export. Indeed, the two LXXLL motifs appear to bear more 
resemblance to the classical nuclear export signal than nuclear 
import signal. However, this notion is unlikely to be true, as 
the removal of the two LXXLL motifs does not lead to Mps1 
nuclear accumulation (Fig. 5A and b). Furthermore, nuclear 
accumulation of Mps1 upon treatment with Leptomycin B is 
unaffected by the removal of the two LXXLL motifs (Fig. 5A 
and b). Thus, these data are inconsistent with notion that these 
motifs are nuclear export signals. Future studies are necessary 
to identify the bona fide CRM1-dependent nuclear export sig-
nal in Mps1.

Regulated subcellular localization of master mitotic regulators 
such as cyclin B and Cdk1 have been shown to play an important 
role in controlling the timing and robustness of mitotic events.39 
Orderly progression through mitosis relies not only on oscillating 
activity of master regulators, but also on a series of peripheral 
oscillators controlling individual events entrained by the master 
regulator.40,41 Perhaps the spindle assembly checkpoint timer is 
entrained with the master regulator, such as the right protein 

followed by incubation with nocodazole and 
were harvested at the indicated time after 
release into nocodazole-containing growth 
medium. The mitotic index was then deter-
mined. As shown in Figure 4b, SW480 cells 
treated with the control siRNA undergo 
mitotic arrest for more than 15 h. Mitotic arrest 
is abolished in parental SW480 cells when the 
endogenous Mps1 is depleted by Mps1 siRNA. 
As expected, ectopic expression of siRNA-
resistant Mps1 in SW480 cells rescues the 
defect caused by siRNA depletion. In contrast, 
SW480 cells expressing siRNA-resistant M8 
(M8R) and M9 (M9R) fail to sustain robust 
mitotic arrest upon treatment with nocodazole, 
while the control mutant N60N61R is simi-
lar to the wild-type Mps1 (WTR). In addi-
tion, Both M8R and M9R show significant 
spindle assembly checkpoint slippage pheno-
type. Furthermore, the M9R mutant seems to 
have additional defects in activation of spindle 
assembly checkpoint. Defects of M8 and M9 in 
spindle checkpoint function could be a result 
of compromised Mps1 kinase activity or abun-
dance. The former possibility is unlikely to be 
the case as the kinase activity of M8 and M9 
is very similar to wild type in IP-kinase assay 
(Fig. 4C–E). To measure the abundance of 
wild-type and mutant Mps1 at different time 
points of nocodazole treatment, we blotted 
cell extracts for Mps1, Cyclin B and Actin. 
Remarkably, the steady-state levels of wild-
type and mutant Mps1 are similar at 10 h post 
nocodazole treatment. However, M8R and M9R levels decline 
drastically to undetectable levels after 10 h compared with the 
level of cyclin B (Fig. 4F). This observation suggests that defects 
in Mps1 mutants in sustaining spindle assembly checkpoint can 
probably be attributed to decreased protein levels due to pre-
cocious degradation of the mutant proteins. Thus, the LXXLL 
motifs of Mps1 appear to be important for both nuclear import 
and sustaining spindle assembly checkpoint arrest.

Discussion

The activity and subcellular localization of Mps1 is dynami-
cally regulated during cell cycle progression. The precise timing 
of Mps1 redistribution during the G

2
/M transition is unknown. 

We show that Mps1 enters the nucleus at the G
2
/M boundary 

prior to nuclear envelope breakdown (NEB) and nuclear import 
of Mps1 requires two tandem LXXLL motifs in the N terminus 
of Mps1. The kinase activity of Mps1 appears to be dispensable 
for its nuclear translocation; however, phosphorylation of Mps1 
may regulate the efficiency of Mps1 nuclear entry. Furthermore, 
we demonstrated that Mps1 mutants that are deficient in 
nuclear import at the G

2
/M transition cannot sustain spindle 

assembly checkpoint responses, suggesting that timing of Mps1 

Figure 5. The region including two LXXLL motifs is not involved in CRM1-dependent 
nuclear export of Mps1. (A) YFP-tagged wild-type and mutant Mps1 loss two LXXLL motifs 
(M1) or phosphorylation at S821 are treated with DMSO or Leptomycin B (200 ng/ml) for  
2 h prior to imaging. (B) Quantitation of subcellular localization of wild-type, LXXLL deletion 
and S821 Mps1 upon treatment with Leptomycin B.
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Immunoblotting analysis. For protein gel blot analysis, 
cells were washed with cold D-PBS twice and lyzed in buffer 
[20 mM Tris-Cl (pH 8.0), 0.2 M NaCl, 0.5% NP40, 1 mM 
EDTA, 1 mM PMSF, 20 mM NaF, 0.1 mM Na

3
VO

4
, 1x prote-

ase inhibitors(Roche)] for 5 min prior to scraping. Cell extracts 
were clarified by spinning at 13,000 rpm for 10 min. The protein 
concentrations were determined by BSA assay. Equal amounts of 
total proteins were resolved in 8% or 10% SDS-PAGE gel and 
transferred to nitrocellulose membrane. Primary and secondary 
antibodies were applied sequentially. The blots were developed 
in Super Signal WesternDura (Pierce) according to manufacture 
instruction.

Immunofluorescence. Cells for immunofluorescence were 
grown on cover glasses. Prior to staining, cells were washed three 
times with D-PBS and fixed for 10 min in D-PBS plus 1% para-
formaldehyde. Anti-Mps1 and Anti-Mad2 were prepared at a 
1:100 dilution. Kinetochores were identified by staining with the 
CREST antisera (Antibody Inc.). Secondary antibodies conju-
gated with Alexa Fluor 488-conjugated goat anti-mice second-
ary antibodies or Alexa Fluor 596-conjugated goat anti-human 
secondary antibodies (Invitrogen, Eugene, OR) were used 
depending on the source of primary antibodies. After staining, 
the coverglasses were mounted onto precleaned microscope slides 
with D-PBS plus 1.5 μg/ml DAPI and 50% glycerol and sealed 
with nail oil. Images were acquired on a Nikon TE2000 micro-
scope equipped with a 63x oil objective lens and Metamorph 
software (Molecular Device).

Time-lapse fluorescence imaging. SW480 cells stably express-
ing YFP-Mps1 were seeded in a DT 0.15 mm dish (Bioptechs) in 
DMEM at 50% confluence. Twelve hours prior to imaging, the 
fresh medium was added, and the DT dish was transferred to an 
environmental chamber mounted on the microscope.
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is degraded at the right time.42 Delayed nuclear entry of Mps1 
caused by disruption of the LXXLL motif may very well per-
turb the correct coupling of the checkpoint timer with the master 
regulator.

The mechanism underlying destabilization of Mps1 in check-
point-arrested cells is unclear. We can only speculate that dis-
ruption of  the LXXLL motifs may disengage a normal binding 
partner of Mps1 that mediates Mps1 nuclear import and pro-
tects Mps1 from being recognized by the proteolytic degrada-
tion machinery, although we cannot rule out that the LXXLL 
motifs are recognized by different binding partners in G

2
/M vs. 

prometaphase-arrested cells. A likely candidate responsible for 
precocious degradation of mutant Mps1 is APC/C. In budding 
yeast, Mps1 is degraded by APC/CCdc20 at the onset of anaphase.43 
Ubiquitination of Mps1 by APC/CCdc20 and APC/CCdh1 has been 
demonstrated in human cells and proposed as a mechanism for 
clearance of Mps1 in late mitosis and interphase.44 In this vein, 
Mps1 interaction with its partners via the LXXLL motifs may 
obstruct recognition of the D-box by Cdc20 or Cdh1 in a cell 
cycle-dependent manner. Regardless of the exact mechanism of 
destabilization of Mps1 as a result of disruption of LXXLL motif, 
dynamic changes in Mps1 subcellular localization and abun-
dance are important for its cellular function.

Materials and Methods

DnA constructs and stable cell lines generation. Retroviral 
expression vector YFP-Mps1 and YFP-Mps1R in the pRex back-
ground have been described previously in reference 9. The dele-
tion mutants of YFP-Mps1 were generated using the Quikchange 
mutagenesis kit (Agilent). All mutations were confirmed by DNA 
sequencing. The procedure for generation of SW480 stable cell 
lines expressing various Mps1 mutants is described in reference 9.

Cell synchronization. Synchronization of cells at G
1
/S phase 

was accomplished by double thymidine treatment as described by 
Stucke et al.12 To synchronized cells at the G

2
/M boundary, cells 

were incubated with 9 μM RO-3306 (Alexis Chemicals) for 19 
h. In some experiments, the double thymidine synchronization 
protocol was used to obtain S phase-arrested cells, followed by 
release into growth medium containing 9 μM RO-3306 for 12 h. 
The latter method was found to be more efficient in synchroniz-
ing cells at the G

2
/M boundary with fewer apoptotic cells.

siRnA transfection. Control and Mps1 siRNA were pur-
chased from Dharmacon. The sequences of control and Mps1 
siRNA were described previously in reference 9. Briefly, cells were 
split into a 12-well plate and transfected at 20% confluence using 
Transfectin (Bio-Rad).
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