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Supernumerary centrosomes promote the assembly of abnormal mitotic spindles in many human tumors. In human cells,
overexpression of the cyclin-dependent kinase (Cdk)2 partner cyclin A during a prolonged S phase produces extra
centrosomes, called centrosome reduplication. Cdk2 activity protects the Mps1 protein kinase from proteasome-mediated
degradation, and we demonstrate here that Mps1 mediates cyclin A-dependent centrosome reduplication. Overexpression
of cyclin A or a brief proteasome inhibition increases the centrosomal levels of Mps1, whereas depletion of Cdk2 leads
to the proteasome-dependent loss of Mps1 from centrosomes only. When a Cdk2 phosphorylation site within Mps1 (T468)
is mutated to alanine, Mps1 cannot accumulate at centrosomes or participate in centrosome duplication. In contrast,
phosphomimetic mutations at T468 or deletion of the region surrounding T468 prevent the proteasome-dependent
removal of Mps1 from centrosomes in the absence of Cdk2 activity. Moreover, cyclin A-dependent centrosome redupli-
cation requires Mps1, and these stabilizing Mps1 mutations cause centrosome reduplication, bypassing cyclin A.
Together, our data demonstrate that the region surrounding T468 contains a motif that regulates the accumulation of Mps1
at centrosomes. We suggest that phosphorylation of T468 attenuates the degradation of Mps1 at centrosomes and that
preventing this degradation is necessary and sufficient to cause centrosome reduplication in human cells.

INTRODUCTION

The number of centrosomes must be tightly controlled be-
cause centrosomes orchestrate the assembly of the mitotic
spindle (Lingle and Salisbury, 2000). During mitosis, centro-
somes reside at the poles of the mitotic spindle, ensuring the
transmission of a single centrosome to each daughter cell. In
the subsequent cell cycle, this single centrosome is dupli-
cated in a highly regulated manner to generate the two
centrosomes necessary to form a bipolar mitotic spindle.
Amplification of centrosome number leads to the production
of abnormal mitotic spindles that cause chromosome segre-
gation errors and can therefore generate aneuploidy (Lingle
and Salisbury, 2000). The appearance of extra centrosomes is
an early event in breast and prostate tumor progression that
is thought to drive genetic instability (Lingle et al., 1998;
Pihan et al., 2001, 2003; Lingle et al., 2002), and errors in the
control of centrosome duplication represent one possible
mechanism for the increase in centrosome number (Doxsey,

2002; Nigg, 2002). Many cells derived from human tumors,
e.g., the U2OS osteosarcoma cell line (Stucke et al., 2002; Fisk
et al., 2003) undergo centrosome reduplication, defined as
the execution of multiple rounds of centrosome duplication
within a single prolonged S phase. Centrosome reduplica-
tion in frog (Hinchcliffe et al., 1999; Lacey et al., 1999), rodent
(Matsumoto et al., 1999; Fisk and Winey, 2001), and human
(Duensing et al., 2004, 2006) systems requires cyclin-depen-
dent kinase (Cdk)2 activity. Interestingly, despite the critical
nature of the Cdk2 partner cyclin E in frogs (Hinchcliffe et al.,
1999; Lacey et al., 1999) and rodents (Matsumoto et al., 1999;
Fisk and Winey, 2001), overexpression of cyclin E is not
sufficient to cause centrosome reduplication in human cells
(Meraldi et al., 1999; Balczon, 2001). In contrast, overexpres-
sion of the other Cdk2 partner cyclin A does cause centro-
some reduplication in human cells (Meraldi et al., 1999;
Balczon, 2001). This suggests that in human cells cyclin A
directs Cdk2 to a specific subset of its substrates whose
phosphorylation promotes centrosome reduplication. Cyclin
A seems to be limiting in many human cells (Balczon, 2001),
thus precluding centrosome reduplication. However, cyclin
A is elevated in a variety of human tumors, including breast
tumors (Bukholm et al., 2001; Coletta et al., 2004) where there
is strong evidence for the involvement of centrosomes in
tumorigenesis (Lingle et al., 1998, 2002; Lingle and Salisbury,
1999).

The Mps1 protein kinase is a Cdk2 substrate (Fisk and
Winey, 2001) whose function has been implicated in the
control of centrosome duplication (Fisk and Winey, 2001;
Fisk et al., 2003) and the spindle assembly checkpoint
(Abrieu et al., 2001; Stucke et al., 2002; Fisk et al., 2003; Liu et
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al., 2003). Mps1 has been reported to localize to centrosomes
in mouse (Fisk and Winey, 2001) and human (Fisk et al.,
2003) cells, and its overexpression in mouse cells causes
centrosome reduplication (Fisk and Winey, 2001). Further-
more, overexpression of a catalytically inactive version of
Mps1 (Mps1KD) prevents centrosome duplication in mouse
(Fisk and Winey, 2001) and human cells (Fisk et al., 2003),
although another study did not reveal any evidence for the
localization or function of Mps1 at centrosomes in human
cells (Stucke et al., 2002). Mps1 also localizes to kinetochores
(Abrieu et al., 2001; Fisk and Winey, 2001; Stucke et al., 2002),
and its function in the spindle assembly checkpoint has
received the most attention. Mps1 is required for the mitotic
spindle checkpoint in yeast (Hardwick et al., 1996; Weiss and
Winey, 1996; Palframan et al., 2006), frogs (Abrieu et al., 2001;
Zhao and Chen, 2006), and human cells (Stucke et al., 2002;
Fisk et al., 2003; Liu et al., 2003; Schmidt et al., 2005; Leng et
al., 2006), and for the meiotic spindle checkpoint in flies
(Gilliland et al., 2005), frogs (Grimison et al., 2006), and
zebrafish (Poss et al., 2004). Mps1 is also required for mitotic
arrest in response to hypoxia (Fischer et al., 2004), and it may
also function in cytokinesis (Fisk et al., 2003).

Centrosome duplication in vertebrate cells occurs around
the G1-to-S transition, and initial studies on human Mps1
showed that its levels are 5- to 10-fold lower at the G1/S
transition than at the G2/M transition (Hogg et al., 1994).
Furthermore, although the global levels of the Mps1 protein
are low and rise only gradually during G1 and S phase, there
is a sharp peak of Mps1 kinase activity with high specific
activity at the G1/S transition (Hogg et al., 1994). We suggest
that the peak of Mps1 activity at the G1/S transition, coin-
cident with the timing of centrosome duplication in mam-
malian cells, is required for centrosome duplication. In sup-
port of this suggestion, the depletion of Mps1 with pools of
Mps1-specfic siRNAs prevents centrosome duplication in
HeLa cells (Fisk et al., 2003), and titrating Mps1 siRNAs
shows that centrosome duplication requires significantly
less Mps1 than does the spindle checkpoint (Fisk et al., 2003).
However, in contrast to our previous observations in mouse
cells (Fisk and Winey, 2001), overexpression of Mps1 is not
sufficient to cause centrosome reduplication in human cells
(Stucke et al., 2002; Fisk et al., 2003).

Although the reason for this difference between mouse
and human cells is unclear, it perhaps reflects differences in
the regulation of cyclins A and E. Cyclin E is more critical for
centrosome reduplication in mouse cells (Saavedra et al.,
2003), whereas cyclin A is more critical for centrosome re-
duplication in human cells (Meraldi et al., 1999; Balczon,
2001). Given the connection between Cdk2 activity and
Mps1 stability, we hypothesized that Mps1 does not cause
centrosome reduplication in human cells because there is
insufficient Cdk2 activity to prevent its degradation at cen-
trosomes and that overexpression of cyclin A might cause
centrosome reduplication by preventing the degradation of
Mps1. In exploring these hypotheses we have identified both
the specific Cdk2 site within Mps1 and a small region sur-
rounding this site that are responsible for regulating the
accumulation of Mps1 at centrosomes, and we hypothesize
that Cdk2 attenuates a centrosome-specific Mps1 degrada-
tion pathway that is required for the proper control of
centrosome duplication.

MATERIALS AND METHODS

Cells and Cell Culture
HeLa S3 and U2OS cells were grown in GlutaMAX DMEM supplemented
with 10% fetal bovine serum, 50 U/ml penicillin G, and 50 �g/ml strepto-

mycin (all from Invitrogen, Carlsbad CA) at 37°C in a humidified chamber in
the presence of 5% CO2. S phase arrest was achieved using a 24-h treatment
with 4 mM hydroxyurea (HU) as described previously (Fisk et al., 2003).

Plasmids
The following expression plasmids were used for this study: previously
described plasmids, pHF7 (GFP), pHF36 (GFP-hMps1), pHF56 (GFP-
hMps1KD), and PHF65 (GST-hMps1KD) (Fisk and Winey, 2001; Fisk et al.,
2003); plasmids created for this study, pHF60 (GFP-Mps1�12/13), pHF61 (GFP-
e12/13STT), pHF63 (GST-e12/13STT), pHF76 (GST-e12/13AAA), pHF81 (GFP-
e12/13AAA), pHF87 (GFP-cyclin A1), pHF96 (GST-Mps1KDAAA), pHF97
(GFP-Mps1AAA), pHF98 (GFP-Mps1KDAAA), pHF134 (GFP-Mps1ATT),
pHF135 (GFP-Mps1SAT), pHF136 (GFP-Mps1STA), pHF137 (GFP-Mps1AAT),
pHF140 (GFP-Mps1STD), pHF141 (GFP-Mps1STE), pHF142 (GFP-Mps1-
PACT), pHF145 (GFP-Mps1�12/13-PACT), pHF148 (GFP-PACT), pHF149
(GFP-sirMps1), and pHF150 (GFP-sirMps1AAA). Cyclin A1 was isolated by
polymerase chain reaction (PCR) from pCDNA3.1-cyclin A1 (the gift from Dr.
Heide Forde, University of Colorado Health Sciences Center, Denver, CO).
Although we have presented data for cyclin A1, similar results were obtained
using cyclin A2 in all experiments. S436, T453, and T468 were mutated singly
or in combination to alanine, aspartic acid, or glutamic acid by using either
the USE (United States Biological, Swampscott, MA) or GeneTailor (Invitro-
gen) site-directed mutagenesis kits. The Mps1 and Mps1AAA cDNAs in pHF36
and pHF97 were rendered resistant to an Mps1 Stealth small interfering RNA
(siRNA) (see below) by using the GeneTailor kit to introduce multiple silent
mutations at the siRNA binding site. Precise cloning details and primer
sequences are available upon request. Green fluorescent protein (GFP)-tagged
constructs are expressed from the simian virus 40 promoter and glutathione
S-transferase (GST)-tagged constructs are expressed from the pGEX-6P-1
vector (GE Healthcare, Piscataway, NJ) as described previously (Fisk and
Winey, 2001; Fisk et al., 2003). To modify the Mps1 C terminus with the
Pericentrin and AKAP450 centrosomal targeting (PACT) domain, we ob-
tained a cDNA containing the AKAP450 C terminus (Open Biosystems,
Huntsville, AL). Briefly, we generated two PCR products: AKAP450 nucleo-
tides (nt) 11,149–11,646 flanked 5� by Mps1 nt 2561–2571 and 3� by a stop
codon and NotI site; and Mps1 nt 2325–2571 flanked 3� by AKAP450 nt
11,149–11,161. A fusion of these PCR products was generated in a PCR
reaction containing the Mps1 forward and PACT reverse primers, digested
with SacI and NotI to cut the unique SacI site at Mps1 nt 2350 and the
introduced NotI site, and used to replace the SacI–NotI fragment in pHF36.
The resulting plasmid (pHF142) was sequenced to verify the removal of the
Mps1 stop codon (nt 2572-2574) and in frame fusion of the PACT domain at
the Mps1 C terminus.

Transfection
GFP and GFP-tagged constructs were expressed by transient transfection
using Effectine (QIAGEN, Valencia CA), and the following siRNAs were
transfected at 0.2 �M using Oligofectamine (Invitrogen): Mps1 Stealth siRNA
(Mps1 nucleotides 1360-1384) and scrambled Mps1 Stealth siRNA (Invitro-
gen); Cdk2, and cyclin A2 SMARTPool, siGLO Lamin A/C, and siGLO
RISC-free control (Dharmacon RNA Technologies, Lafayette, CO). GFP-cyclin
A was expressed in Mps1-depleted cells by removing Mps1-siRNA reagents
24 h after transfection and transfecting with GFP-cyclin A for a further 24 h in
the presence of 4 mM HU. GFP-Mps1 wild-type and mutant constructs were
expressed in Cdk2- and cyclin A-depleted cells in a similar manner. For
centrosomal accumulation assays, the correlation between the localization of
GFP-Mps1 and centrosomes was analyzed 24 h after completion of the second
transfection. For centrosome reduplication assays, cells were examined 48 h
after completion of the second transfection. For cDNA rescue of siRNA-
mediated Mps1 depletion, we used the same procedure using Mps1 siRNA
(1360–1384) and siRNA-resistant GFP-sirMps1 or GFP-sirMps1AAA, but we
omitted HU and analyzed centrosome number in asynchronous cells 72 h
after siRNA transfection.

Antibodies, Cytology, and Immunoblot Analysis
Indirect immunofluorescence (IIF) was performed as described previously
(Fisk and Winey, 2001; Fisk et al., 2003) by using GTU-88 mouse anti-�-tubulin
(Sigma-Aldrich, St. Louis, MO), Ag3 rabbit anti-hMps1 (Fisk et al., 2003; Liu et
al., 2003), rabbit H-40 anti-centrin (Santa Cruz Biotechnology, Santa Cruz,
CA), and 20H5 mouse anti-centrin (Sanders and Salisbury, 1994). Secondary
antibodies were Alexa 488-, 594-, or 750-conjugated donkey anti-rabbit and
donkey anti-mouse (Invitrogen), and DNA was stained with Hoechst 33342
(Sigma-Aldrich). All images were acquired at ambient temperature using an
Olympus IX-81 microscope, with a 63� Plan Apo oil immersion objective (1.4
numerical aperture) and a QCAM Retiga Exi FAST 1394 camera, and they
were analyzed using the Slidebook software package (Intelligent Imaging
Innovations, Denver, CO).

For the analysis of centrosomal Mps1 levels, we used a background cor-
rection method similar to that described by Howell et al. (2000). HeLa cells
transfected with GFP-cyclin A or GFP-cyclin E were arrested in S phase with
a 24-h HU treatment, then we analyzed by IIF with antibodies against Mps1
and �-tubulin. Preimaging visualization was minimized, and the number and
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timing of exposures were held constant for all images. Background-corrected
fluorescence intensity of the Mps1 signal at centrosomes, FM, was determined
for centrosomes in pairs of adjacent transfected and untransfected cells that
were imaged at the same time as follows: Z-series were deconvoluted using
the No Neighbors algorithm, and then they were projected along the z-axis.
Using Slidebook we determined the integrated fluorescence intensities of the
Mps1 signal in a small 15 � 15 pixel box (FS) surrounding each centrosome
and of a large 20 � 20 pixel box (FL) surrounding the first box, and the area
of each box (AS and AL). FM was then calculated using the formula described
by Howell et al. (2000): FM � (FL � FS) � (AS � (AL � AS)). We then
determined FM for centrosomes in 10 cells each for GFP-cyclin A and GFP-
cyclin E.

For the analysis of centrosomal accumulation of Mps1, we correlated the
localization of GFP-Mps1 with the position of centrosomes as follows. HeLa
cells were sequentially transfected with control or Cdk2-specific siRNAs
followed by various GFP-Mps1 constructs, arrested in S phase with a 24-h HU
treatment, treated with dimethyl sulfoxide DMSO or 5 �M MG115 for 4 h, and
then analyzed by IIF with antibodies against �-tubulin. Preimaging visual-
ization was minimized, and the number and timing of exposures were held
constant for all images. Z-series were deconvoluted using the No Neighbors
algorithm, and then they were projected along the z-axis. Using Slidebook, we
determined the fluorescence intensity of the GFP and �-tubulin signals along
a line drawn through the center of the two centrosomes. The raw fluorescence
intensities were then normalized to the maximum intensities along the line.
We then examined the normalized intensities to determine the number and
position of GFP maxima with respect to �-tubulin maxima, and the number of
cells that satisfied the criteria for centrosome localization described in Results.

For centrosome reduplication assays, centrosome number was determined
using �-tubulin staining as described previously (Fisk et al., 2003). Centro-
some number was verified for all experiments using the 20H5 antibody
against centrin (Sanders and Salisbury, 1994), which was the generous gift
from Dr. Jeffrey Salisbury (Mayo Clinic, Rochester, MN). Values represent the
mean � SD of duplicate samples from three independent experiments. Be-
tween 50 and 100 cells were counted for each duplicate sample.

Immunoblot analysis was performed on the Odyssey imaging system
(Li-Cor, Lincoln, NE) as described previously (Fisk et al., 2003) by using
SCB540 rabbit anti-hMps1 (Santa Cruz Biotechnology), mouse anti-cyclin A,
mouse anti-Cdk2, and DM1A mouse anti �-tubulin (Sigma-Aldrich). Second-
ary antibodies were Alexa 680-conjugated donkey anti-mouse (Invitrogen)
and IRDye800-conjugated donkey anti-rabbit (Rockland, Gilbertsville, PA).
Efficiency of siRNA knockdown was determined as described previously
(Fisk et al., 2003).

Kinase Assays
Kinase assays were performed as described previously (Hartley et al., 1997;
Fisk and Winey, 2001) using 1 �g of recombinant protein and 1 unit of human
Cdk2/A or Cdk2/E (both from Upstate Biotechnology, Charlottesville, VA).
For the mobility shift assay in Figure 1, kinase assays containing 2 mM ATP
were subjected to anti-Mps1 immunoblot (using the Ag3 antibody). For the
radiographic assays in Figure 4, kinase assays containing 10 �M ATP and 10
�Ci of [�32P]ATP (GE Healthcare) were analyzed by SDS-polyacrylamide gel
electrophoresis (PAGE) followed by autoradiography of dried gels. The rel-
ative phosphorylation levels presented in Figure 4 were estimated as follows.
The background corrected pixel intensity of each band from scanned images
of autoradiographs was used as a surrogate for the relative incorporation of
radioactivity. The relative amount of protein present in each band was de-
termined from Coomassie Blue stained gels using the LI-COR Odyssey scan-
ner. Relative radioactivity was normalized to relative protein. For Figure 4B,
the radioactivity-to-protein ratio was normalized both to GST alone and to the
difference in molecular weight between GST and GST-e12/13. For Figure 4C,
the radioactivity to protein ratio was normalized to the maximal signal.

RESULTS

Cdk2 Modulates the Degradation of Mps1 at Centrosomes
The human Mps1 protein is a Cdk2 substrate in vitro (Figure
1A), and the Cdk2 inhibitor roscovitine leads to the protea-
some-mediated degradation of the Mps1 protein during S
phase arrest in a variety of human cells, including HeLa
(Figure 1B), 293, RPE1, MCF7, and 16N cells (data not
shown), as expected from our previous data in mouse cells
(Fisk and Winey, 2001). Roscovitine does not cause S phase-
arrested cells to progress through the cell cycle (Fisk and
Winey, 2001), and as in mouse cells (Fisk and Winey, 2001),
the decrease in Mps1 in human cells is proteasome depen-
dent (data not shown). However, a brief, 4-h treatment with
the proteasome inhibitor MG115 had a comparatively modest
effect on the whole cell levels of Mps1, resulting in at most a

10% increase in Mps1 levels on immunoblots (Figure 1C).
Similarly, although roscovitine causes the near-complete loss of
Mps1, depletion of Cdk2 activity using cyclin A-specific (Fig-
ure 1D) or Cdk2-specific (Figure 1E) siRNA molecules had little
effect on the whole cell levels of Mps1. After normalization to
the �-tubulin loading control, we found that Mps1 levels were
unchanged in cells transfected with cyclin A-specific siRNAs
and reduced by only 25% in cells transfected with Cdk2-spe-
cific siRNAs, despite the 80 and 90% reduction of cyclin A and
Cdk2, respectively. Although the reason for this difference
between roscovitine and siRNAs is unknown, we speculate
that roscovitine may mimic a dominant-negative Cdk2 muta-
tion, whereas siRNA-mediated depletion might allow a second
kinase to compensate for Cdk2. Regardless, because it is also
possible that roscovitine might inhibit other protein kinases,
we limited our studies to the siRNA-mediated depletion of
Cdk2 activity.

In addition to having little effect on the whole-cell levels of
Mps1, the siRNA-mediated depletion of Cdk2 activity had
no obvious effect on the nuclear pore-associated pool of
Mps1 reported by Liu et al. (2003) (Figure 2, A and B).
However, the centrosomal pool of Mps1 was undetectable in
roughly 90% of HeLa cells transfected with either cyclin
A-specific (Figure 2A) or Cdk2-specific (Figure 2B) siRNAs,
matching well with the roughly 90% transfection efficiency
we observed with siRNAs. Therefore, the siRNA-mediated
depletion of Cdk2 activity leads to the loss of Mps1 from
centrosomes, but not from other locations in the cell. A 4-h
MG115 treatment restored the accumulation of Mps1 at
centrosomes in Cdk2-siRNA–transfected cells (Figure 2B),
consistent with our previous demonstration that Cdk2 ac-

Figure 1. Depletion of Cdk2 or proteasome activity has little effect
on the whole-cell levels of Mps1. (A) Cdk2/A and Cdk2/E phos-
phorylate GST-Mps1 kinase dead as judged by phosphorylation-
dependent mobility shift revealed by immunoblot analysis of kinase
assays with the Ag3 anti-Mps1 antibody. (B and C) HeLa cells were
arrested in S phase with a 24-h HU treatment, treated with the Cdk2
inhibitor roscovitine (Rosc.), the proteasome inhibitor MG115, or
DMSO in the continued presence of HU, and Mps1 levels were
analyzed by immunoblot and compared with the �-tubulin loading
control. (B) Whole-cell Mps1 levels are depleted by a 24-h treatment
with Rosc. (C) Whole-cell Mps1 levels only increased 10% after a 4 h
treatment with MG115 (5 �M). (D and E) HeLa cells transfected with
control (siCon.), cyclin A- (siCycA), or Cdk2-specific (siCdk2) siR-
NAs were arrested in S phase with a 24-h HU treatment, and protein
levels were analyzed by immunoblot and compared with the �-tu-
bulin loading control. The siRNA transfection efficiency was
roughly 90% in all cases. (D) The siRNA-mediated depletion of
cyclin A has no effect on the whole-cell levels of Mps1. Cyclin A
levels were reduced by 80%. (E) The siRNA-mediated depletion of
Cdk2 reduced the whole-cell levels of Mps1 by only 25%. Cdk2
levels were reduced by 85%.
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tivity is not required for the centrosome localization of GFP-
Mps1 in mouse cells (Fisk and Winey, 2001). MG115 also
increased the levels of Mps1 at centrosomes in mock-trans-
fected cells (Figure 2C), but it had no obvious effect on the
nuclear pore-associated pool of Mps1 or the whole-cell level
of Mps1 (Figure 1C). Together, these data demonstrate that
there is no requirement for Cdk2 in the targeting of Mps1 to
centrosomes, that Mps1 is lost from centrosomes but not
from other locations in the absence of Cdk2, and that this
loss of Mps1 from centrosomes requires proteasome activity.
Moreover, the observation that MG115 or Cdk2-specific
siRNAs cause dramatic changes in centrosomal Mps1 levels
but only modest changes in whole-cell Mps1 suggests that
the changes in the whole-cell levels of Mps1 are an indirect
consequence of manipulating the level of a minor pool at a
specific location. Based on these data, we hypothesize that
Cdk2 regulates the levels of Mps1 by modulating a centro-
somal degradation event.

Cyclin A Increases Mps1 Levels at Centrosomes
Given that Mps1 is a Cdk2 substrate whose degradation is
attenuated by Cdk2 activity, we examined whether overex-
pressing the Cdk2 partners cyclin A or cyclin E might influ-
ence the levels of Mps1 at centrosomes. Using the local
background correction method described by Howell et al.
(2000), we estimated the centrosomal levels of Mps1 in cells
expressing either GFP-cyclin A or GFP-cyclin E by indirect
immunofluorescence (IIF). We found that overexpression of
cyclin A increased the levels of Mps1 at centrosomes in
HeLa cells by �2.5-fold (2.4 � 0.8) (Figure 3A and Supple-
mental Figure 1) compared with adjacent untransfected
cells. Although we cannot rule out the possibility that cyclin
A increases Mps1 antibody staining at centrosomes, the
antibody we used is unaffected by Cdk2 phosphorylation

Figure 2. Depletion of Cdk2 or proteasome inhibition greatly af-
fects the centrosomal levels of Mps1. Mock-transfected HeLa cells or
HeLa cells transfected with control, cyclin A-, or Cdk2-specific
siRNAs were arrested in S phase with (B and C) or without (A) an
additional 4-h treatment with MG115 or DMSO and analyzed by IIF.
(A) Depletion of cyclin A causes the loss of Mps1 from centro-
somes, but not from nuclear pore-associated pools. Arrows indi-
cate centrosomes, carets indicate nuclear pore staining. (B) The
loss of Mps1 from centrosomes in cells transfected with Cdk2-
specific siRNAs is reversed by a 4-h treatment with 5 �M MG115.
(C) Inhibition of the proteasome increases the levels of Mps1 at
centrosomes in mock transfected cells. Green, �-tubulin; red, Mps1;
blue, DNA; bar � 5 �m. Insets show fourfold magnified images of
centrosomes; bar � 2 �m.

Figure 3. Overexpression of cyclin A increases the levels of Mps1
at centrosomes. HeLa cells transfected with GFP-cyclin A (A) or
GFP-cyclin E (B) were arrested in S phase with a 24-h HU treatment,
and then they were analyzed by IIF. Shown are representative pairs
of adjacent transfected and untransfected cells. (A) Overexpression
of cyclin A increases Mps1 levels at centrosomes. (B) Overexpres-
sion of cyclin E has no effect on Mps1 levels. Red, Mps1; green, GFP;
blue, DNA; cyan, �-tubulin; bar � 5 �m. Insets show twofold
magnified images of centrosomes; bar � 2.5 �m.
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per se (e.g., Figure 1A). In contrast, overexpression of cyclin
E had no effect on the levels of Mps1 (Figure 3B), and the
Mps1 signal at centrosomes in cells expressing GFP-cyclin E
was not higher (1.1 � 0.4) than that in adjacent untransfected
cells. In our experiments, GFP-cyclin A was found in both
the cytoplasm where it localized to centrosomes and in the
nucleus (Figure 3A), whereas GFP-cyclin E was almost ex-
clusively nuclear (Figure 3B) and it was found at centro-
somes in 	5% of cells. However, even in cells where GFP-
cyclin E was found at centrosomes, there was no effect on the
levels of Mps1 (data not shown).

Mps1 Amino Acids 420-507 Contain a Cdk2-regulated
Degradation Signal
The mouse and human Mps1 proteins have no motifs to
suggest how they might be degraded, but previous data
suggest that Mps1 degradation is regulated by Cdk2 phos-
phorylation (Fisk and Winey, 2001). We focused our atten-
tion on a small region within Mps1 (amino acids 420-507)
because we identified a cDNA (Mps1�12/13) encoding an
Mps1 protein that is not appropriately removed from cen-
trosomes in the absence of Cdk2 activity (discussed below).

This region contains five of the nine potential sites of Cdk2
phosphorylation within the Mps1 protein, and it is missing
in the Mps1�12/13 cDNA from which exons 12 and 13 are
deleted. We concentrated on three of these sites (KQS436P,
KT453P, and RT468P) because they are close to basic residues
and they are highly conserved among vertebrates, two (T453
and T468) being conserved among all vertebrate Mps1 pro-
teins identified to date (Figure 4A). Both cyclin E- and cyclin
A-associated Cdk2 complexes (Cdk2/A and Cdk2/E, re-
spectively) phosphorylate a recombinant GST fusion protein
containing Mps1 amino acids 410-517 (GST-e12/13STT) in
vitro (Figure 4, B and C). Although GST is also phosphory-
lated, GST-e12/13STT is phosphorylated to a roughly two-
fold greater extent, suggesting that Cdk2 specifically phos-
phorylates sites within Mps1 amino acids 420-507. When the
predicted Cdk2 phosphorylation sites at S436, T453, and T468
are mutated to alanine, phosphorylation of the resulting fusion
protein (GST-e12/13AAA) is reduced to a level similar to that
observed for GST alone (Figure 4B). This suggests that S436,
T453, and T468 are the predominant sites of Cdk2 phosphor-
ylation within Mps1 amino acids 410-517, at least in vitro.
Cdk2/A phosphorylates a mutant version of this fusion pro-

Figure 4. Mps1 amino acids 420-507 contain a Cdk2-phosphorylated degradation signal. (A) Human Mps1 amino acids 420-507 were
compared with Mps1 proteins from a variety of vertebrate species by using the ClustalW program. Purple box/red letter indicates residues
identical in all species; blue/yellow indicates residues identical in the majority of species; H.s. Homo sapiens; P.t., Pan troglodytes (chimpanzee);
M.f., Macaca fascicularis (Crab eating Macaque); Ma.m., Macaca mulata (rhesus monkey); B.t., Bos taurus (cow); C.f., Canis familiaris (dog); R.n.
Rattus norvegicus (rat); Mu.m. Mus musculus (mouse); O.a., Ovis aries (sheep); S.s., Sus scrofa (pig); G.g. Gallus gallus (chicken); X.l., Xenopus
laevis (frog); X.l., Xenopus tropicalis (frog); F.r., Fugu rubripes (puffer fish); O.m., Oncorhynchus mykiss (rainbow trout); O.l. Oryzias latipes (rice
fish); D.r., Danio rio (zebra fish). (B and C) Kinase assays consisting of purified Cdk2 and GST, GST-e12/13STT (STT), GST-e12/13AAT (AAT),
or GST-e12/13AAA (AAA) were analyzed by SDS-PAGE followed by autoradiography. The autoradiographic images (Autorad. and rad) and
stained gels (Coomassie and coom) are shown. Numbers below the autoradiographs represent the relative phosphorylation of each band. (B)
Cdk2/A phosphorylates the wild-type Mps1 amino acids 420-507 but not the triple alanine mutant. (C) Cdk2/A phosphorylates AAT to the
same degree as STT. In contrast Cdk2/E phosphorylates AAT to the same degree as AAA. (D) HeLa cells transfected with GFP-e12/13STT

(GFP-STT) or GFP-e12/13AAA (GFP-AAA) were arrested in S phase with a 24-h HU treatment, treated with DMSO or roscovitine (Rosc.) for
an additional 24 h in the presence of HU, and then analyzed by immunoblot with antibodies to GFP or �-tubulin as a loading control.
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tein wherein only T468 is available for phosphorylation (GST-
e12/13AAT) at levels comparable with the wild-type fusion
protein, whereas the level of Cdk2/E phosphorylation of GST-
e12/13AAT is similar to that of GST-e12/13AAA (Figure 4C).
This suggests that Cdk2/A predominantly phosphorylates
T468, whereas Cdk2/E predominantly phosphorylates S436
and/or T453.

The level of a GFP fusion protein containing Mps1 amino
acids 410-517 (GFP-e12/13STT) is greatly reduced by rosco-
vitine treatment in S phase-arrested HeLa cells (Figure 4D).
In contrast, the level of the triple alanine mutant version of
this fusion protein (GFP-e12/13AAA) is low, and it does not
change in response to roscovitine (Figure 4D), suggesting
that this region of Mps1 targets GFP for degradation in the
absence of Cdk2 activity or when it cannot be phosphory-
lated at these Cdk2 sites. However, we cannot directly com-
pare the levels of these constructs because their transfection
efficiencies vary greatly (roughly 10% for GFP-e12/13STT vs.
50% for GFP-e12/13AAA). Furthermore, as described above,
roscovitine affects the whole-cell levels of Mps1, unlike cy-
clin A- and Cdk2-specific siRNAs that cause Mps1 degrada-
tion only at centrosomes. Regardless, these data suggest that
Mps1 amino acids 410–517 contain a transferable degrada-
tion signal whose function is regulated by Cdk2 phosphor-
ylation. However, because these degradation signal con-
structs do not localize to centrosomes, we have further
explored the function of the putative Mps1 centrosomal
degradation signal in the context of the full-length Mps1
protein by fluorescence microscopy in siRNA-transfected
cells.

Cdk2 Modulates the Accumulation of Mps1 at
Centrosomes via the Mps1 Degradation Signal
To test the hypothesis that Mps1 amino acids 420-507 con-
tain a Cdk2-regulated degradation signal, we analyzed the
ability of various GFP-Mps1 proteins to accumulate at cen-
trosomes in S phase-arrested HeLa cells in the presence or
absence of Cdk2 and/or proteasome activity. We were un-
able to use the local background correction method to com-
pare the levels of GFP-Mps1 at centrosomes under various
conditions, because expression levels were heterogeneous
and because it was impossible to perform comparisons be-
tween adjacent cells expressing different constructs under
different conditions. Therefore, rather than attempting to
estimate the levels of GFP-Mps1 at centrosomes, we ana-
lyzed the correlation between the localization of GFP-Mps1
and the position of centrosomes in S phase-arrested HeLa
cells. Using the standardized imaging protocol described in
Materials and Methods, we determined the normalized GFP
and �-tubulin signals along a line drawn through the center
of the centrosomes from 20 cells. We limited our analysis to
cells with two centrosomes to minimize any effects due to
cell cycle position, and we established the following criteria
for centrosome localization: the maximum GFP signal must
fall within 2 pixels of one of the two �-tubulin maxima, and
all GFP maxima with a value 
0.8 must fall within the
boundary of one of the two �-tubulin peaks. These criteria
proved rigorous; only 40% of GFP-Mps1–expressing cells
transfected with control siRNAs satisfied our criteria, de-
spite apparent centrosomal localization in virtually all cells
expressing wild-type GFP-Mps1 (Table 1). Figure 5A shows
a representative projection image from a cell expressing
GFP-Mps1 and the normalized GFP and �-tubulin signals
along a line drawn through the center of the centrosomes of
the same cell (a).

We then analyzed the ability of GFP-Mps1 to localize to
centrosomes in the absence of Cdk2 and proteasome activ-

ity. Only 10% of GFP-Mps1–expressing cells transfected
with Cdk2-siRNAs satisfied our criteria for centrosomal lo-
calization (Table 1 and Figure 5B). Therefore, like endoge-
nous Mps1, GFP-Mps1 cannot efficiently accumulate at cen-
trosomes in the absence of Cdk2 activity. However, a 4-h
treatment with MG115 restored the ability of GFP-Mps1 to
accumulate at centrosomes in cells transfected with Cdk2-
specific siRNAs (Table 1 and Figure 5C). This demonstrates
both that there is no requirement for Cdk2 in the binding of
GFP-Mps1 to centrosomes and that the absence of GFP-Mps1
from centrosomes in cells transfected with Cdk2-specific siRNAs
is due to proteasome activity. Because GFP-Mps1 is readily
detected in the cytoplasm in Cdk2-siRNA–transfected cells, we
suggest that the proteasome requirement is most likely to
reflect a centrosomal degradation event.

To determine whether Mps1 amino acids 420-507 are re-
sponsible for the accumulation of Mps1 at centrosomes, we
repeated this analysis in cells overexpressing GFP-Mps1�12/13, a
mutant that lacks the two exons (12 and 13) that encode this
putative degradation signal. Similar to wild-type GFP-Mps1,
GFP-Mps1�12/13 localized to centrosomes in 35% of cells
transfected with control siRNAs (Table 1 and Figure 6A).
However, unlike wild-type GFP-Mps1, transfection with
Cdk2-siRNAs had no effect on the localization of GFP-
Mps1�12/13 to centrosomes (Table 1 and Figure 6B). This
suggests that Mps1 amino acids 420-507 are required for the
removal of Mps1 from centrosomes in the absence of Cdk2
activity. To determine whether phosphorylation within this
degradation signal regulates the accumulation of Mps1 at
centrosomes, we repeated this analysis for GFP-Mps1AAA

that cannot be phosphorylated at S436, T453, or T468. GFP-
Mps1AAA was readily detectable in the cytoplasm, but un-
like wild-type GFP-Mps1, GFP-Mps1AAA only localized to
centrosomes in 10% of cells transfected with either control or
Cdk2-specific siRNAs (Table 1, Figure 7, A and B). However,
after a 4-h treatment with MG115 GFP-Mps1AAA localized to
centrosomes in 36% of cells transfected with control siRNAs
(Table 1 and Figure 7C). Together, these observations sug-
gest that a centrosome-specific degradation event removes
Mps1 from centrosomes in the absence of Cdk2 or when
S436, T453, and/or T468 cannot be phosphorylated. We

Table 1. Correlation of GFP-Mps1 and degradation signal mutants
with the position of centrosomes

% of Cells satisfying centrosome
localization criteria

DMSO MG115

Control Cdk2 Control Cdk2

GFP-Mps1 40 10 N.D. 38
GFP-Mps1�12/13 35 35 N.D. N.D.
GFP-Mps1AAA 10 10 36 N.D.
GFP-Mps1STD 43 40 N.D. N.D.
GFP-Mps1STA 17 N.D N.D. N.D.

N.D., not determined.
Cells sequentially transfected with either control or Cdk2-specific
(Cdk2) siRNAs and the indicated GFP-Mps1 expression construct
were analyzed as described in the text and in Figure 5. Twenty cells
were examined for each condition, with the exception of STA and
STD, for which only 17 and 14 cells were analyzed, respectively.
Numbers represent the percentage of cells in which the criteria for
centrosome localization of GFP-Mps1 described in the text were
met.
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specifically hypothesize that GFP-Mps1AAA is constitutively
degraded at centrosomes.

The data from this analysis demonstrate that Mps1 amino
acids 420-507 are responsible for the loss of Mps1 from
centrosomes in the absence of Cdk2 activity and that phos-
phorylation sites within this region regulate the accumula-
tion of Mps1 at centrosomes. However, Mps1 can accumu-

late at centrosomes in the absence of Cdk2 activity if this
region is removed or if the proteasome is inhibited. There-
fore, neither Mps1 amino acids 420-507 nor Cdk2 activity is
required for the targeting of Mps1 to centrosomes per se.
Because the loss of Mps1 from centrosomes in the absence of
Cdk2 activity requires both amino acids 420-507 and protea-
some activity, we conclude that this region of Mps1 contains
a degradation signal. Based on the observations that the
siRNA-mediated depletion of Cdk2 activity and the inhibi-
tion of the proteasome influence centrosomal Mps1 but not
other pools of Mps1, we favor the hypothesis that Mps1
amino acids 420-507 contain a degradation signal that reg-
ulates the degradation of Mps1 at centrosomes.

Mps1 Is Degraded at Centrosomes
To verify that Mps1 can be degraded at centrosomes, we
examined an exclusively centrosomal version of Mps1 in the
presence and absence of Cdk2 and proteasome activity. The
PACT domain (Gillingham and Munro, 2000) was recently
used to tether checkpoint kinase (Chk)1 exclusively to cen-
trosomes and demonstrate that Chk1 regulates Cdk1 specif-
ically at centrosomes (Kramer et al., 2004). We inserted the
PACT domain at the C terminus of GFP-Mps1, and to the
extent we could determine by fluorescence microscopy GFP-
Mps1-PACT was exclusively centrosomal (Supplemental
Figure 2A). Therefore, if GFP-Mps1-PACT were degraded at
centrosomes, there would be no cytoplasmic pool and no
way to identify transfected cells for the centrosomal accu-

Figure 5. The removal of Mps1 from centrosomes in the absence of
Cdk2 requires proteasome activity. HeLa cells were sequentially
transfected with control or Cdk2-specific siRNAs (siCdk2) and GFP-
Mps1, arrested in S phase with a 24-h HU treatment, treated for 4 h
with DMSO or MG115, and then they were analyzed by IIF as
described in Materials and Methods. Shown are projection images and
the normalized �-tubulin and GFP signals on a line drawn through
the center of the centrosomes in representative cells from each
condition. Red, �-tubulin; green, GFP-Mps1; blue, DNA; bars � 5
�m. Insets show fourfold magnified images of centrosomes; bars �
2 �m. (A) GFP-Mps1 localizes to centrosomes in cells transfected
with control siRNAs. (a) Normalized centrosomal �-tubulin (red
line) and GFP (green line) signals. Red brackets indicate the bound-
aries of the �-tubulin peaks. Green arrowheads indicate the position
of the maximal GFP signal (largest arrowhead) and all GFP maxima
within 80% of the maximal GFP signal (small arrowheads). (B)
GFP-Mps1 is lost from centrosomes in cells transfected with Cdk2-
specific siRNAs. (b) Normalized GFP and �-tubulin signals; lines,
brackets, and arrowheads are as described in A. (C) Proteasome
inhibition restores centrosome localization of GFP-Mps1 in cells
transfected with Cdk2-specific siRNAs (siCdk2/MG115). (c) Nor-
malized GFP and �-tubulin signals; lines, brackets, and arrowheads
are as described in A.

Figure 6. Mps1 amino acids 420-507 (encoded by exons 12 and 13)
are required for the removal of Mps1 from centrosomes in the
absence of Cdk2. HeLa cells were sequentially transfected with
control or Cdk2-specific siRNAs (siCdk2) and GFP-Mps1�12/13 and
analyzed as described in Figure 5. Red, �-tubulin; green, GFP-
Mps1�12/13; blue, DNA; bars � 5 �m. Insets show fourfold magni-
fied images of centrosomes; bars � 2 �m. (A) GFP-Mps1�12/13

localizes to centrosomes in HeLa cells. (a) Normalized �-tubulin and
GFP signals; lines, brackets, and arrowheads are as described in
Figure 5. (B) GFP-Mps1�12/13 accumulates at centrosomes in the
absence of Cdk2. (b) Normalized GFP and �-tubulin signals.
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mulation assay described above. Accordingly, to determine
whether GFP-Mps1-PACT was removed from centrosomes
in the absence of Cdk2, we estimated the apparent GFP-
Mps1-PACT transfection efficiency under various condi-
tions. Treatment with MG115 caused a roughly fivefold
increase in the percentage of HeLa cells transfected with
Cdk2-specific siRNAs that expressed GFP-Mps1-PACT, com-
pared with identical samples from the same transfection
treated with DMSO (Supplemental Figure 2B). MG115 treat-
ment of cells transfected with only GFP-Mps1-PACT also in-
creased the percentage of GFP-positive cells. These data dem-
onstrate that an exclusively centrosomal version of Mps1 is
removed from centrosomes by proteasome activity in the ab-
sence of Cdk2 activity. Because the PACT domain presumably

tethers proteins to centrosomes independently of the Mps1
centrosomal binding partners, it is likely that it is GFP-Mps1-
PACT itself rather than the centrosomal Mps1 binding site that
is the direct target of proteasome-mediated degradation.

Accumulation of Mps1 at Centrosomes Is Essential for the
Function of Mps1 in Centrosome Duplication
To determine the importance of Mps1 degradation control
for the normal centrosome duplication cycle, we examined
the ability of Mps1KDAAA to prevent centrosome duplica-
tion, and the ability of Mps1AAA to substitute for Mps1 in
the normal centrosome duplication cycle. We previously
demonstrated that Mps1KD prevents centrosome duplica-
tion in mouse (Fisk and Winey, 2001) and human cells (Fisk
et al., 2003) and that Mps1 is required for the normal cen-
trosome duplication cycle in human cells (Fisk et al., 2003).
Although roughly 35% of HU-arrested HeLa cells expressing
GFP-Mps1KD possess only a single centrosome only 13% of
HU-arrested HeLa cells expressing GFP-Mps1KDAAA have a
single centrosome (Figure 8A). Because mutating S436, T453,
and T468 to alanine prevents the accumulation of Mps1 at
centrosomes, this suggests that the ability of Mps1KD to effi-
ciently prevent the normal centrosome duplication cycle re-
quires its presence at centrosomes.

Figure 8. Accumulation of Mps1 at centrosomes is critical for the
function of Mps1 in centrosome duplication. (A) Bar graph showing
the percentage of HeLa cells expressing GFP (white), GFP-Mps1KD
(black), or GFP-Mps1KDAAA (gray) that have a single centrosome
after 24 h of S phase arrest. (B) Bar graph showing the ability of
Mps1 and Mps1AAA to rescue the Mps1-siRNA phenotype. The
percentage of asynchronous HeLa cells with a single centrosome
was determined 72 h after transfection with an Mps1-specific siRNA
in cells expressing siRNA-resistant (sir) Mps1 (GFP-sirMps1, black)
and Mps1AAA (GFP-sirMps1AAA, gray) and normalized to the per-
centage of GFP-negative cells (GFP neg., white) with a single centro-
some from the same experiment. (C) Bar graph showing the percentage
of U2OS cells expressing GFP (white), GFP-Mps1 (black), GFP-
Mps1AAA (dark gray), GFP-Mps1ATT (gray), GFP-Mps1SAT (light gray),
GFP-Mps1STA (striped), or GFP-Mps1AAT (stippled) that have three or
more centrosomes after the first 24 h of S phase arrest. Values represent
the mean � SD of triplicate samples, with 50–100 cells per sample.

Figure 7. Cdk2 phosphorylation sites within Mps1 amino acids
420-507 modulate the accumulation of Mps1 at centrosomes. HeLa
cells were sequentially transfected with control or Cdk2-specific
siRNAs (siCdk2) and GFP-Mps1AAA and analyzed as described in
Figure 5. Red, �-tubulin; green, GFP-Mps1; blue, DNA; bars � 5 �m.
Insets show fourfold magnified images of centrosomes; bars � 2
�m. (A and B) GFP-Mps1AAA does not localize to centrosomes in
HeLa cells transfected with either control (A) or Cdk2-specfic (B)
siRNAs. (a and b) Normalized GFP and �-tubulin signals; lines,
brackets, and arrowheads are as in Figure 5. (C) Proteasome inhi-
bition allows GFP-Mps1AAA to accumulate at centrosomes in HeLa
cells transfected with control siRNAs (siCon./MG115). (c) Normal-
ized GFP and �-tubulin signals.
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Although the observation that Mps1KD prevents centro-
some duplication does not demonstrate that Mps1 is re-
quired for centrosome duplication, we have also shown that
pools of Mps1-specific siRNAs prevent centrosome duplica-
tion in HeLa cells (Fisk et al., 2003). We have subsequently
identified a Stealth siRNA (Invitrogen) specific to Mps1
nucleotides 1360–1384 that recapitulates the phenotype ob-
served using siRNA pools; whereas only roughly 5% of cells
in asynchronous populations transfected with control
siRNA have a single centrosome, roughly 25% of cells trans-
fected with this Stealth siRNA have a single centrosome.
This is actually an underestimate of centrosome duplication
failures, because like our siRNA pools (Fisk et al., 2003), this
Stealth siRNA also causes mitotic catastrophe and cytokine-
sis failures that mask centrosome duplication failures by
generating cells that enter the subsequent cell cycle with two
centrosomes. A version of GFP-Mps1 engineered to be re-
sistant to this stealth siRNA (GFP-sirMps1) reduces the
number of cells with a single centrosome in Stealth siRNA-
transfected populations by nearly fivefold (Figure 8B). In
contrast, GFP-sirMps1AAA reduced the number of Stealth
siRNA-transfected cells with a single centrosome by only
1.2-fold (Figure 8B). These data suggest that although GFP-
sirMps1 can substitute for the function of endogenous Mps1
in centrosome duplication, GFP-sirMps1AAA cannot. There-
fore, the ability of Mps1 to accumulate at centrosomes is
important for the normal centrosome duplication cycle.

T468 Phosphorylation Is Essential for Mps1 Function in
the U2OS Centrosome Reduplication Assay
Although overexpression of wild-type Mps1 is not sufficient
to cause centrosome reduplication in human cells (Stucke et
al., 2002; Fisk et al., 2003), it does modulate the centrosome
reduplication that occurs during prolonged S phase arrest in
some human tumor-derived cells, such as the U2OS osteo-
sarcoma cell line; although overexpression of Mps1 has no
effect on the overall extent of reduplication in U2OS cells
after 48 h of S phase arrest (Stucke et al., 2002; Fisk et al.,
2003) the catalytically inactive Mps1KD prevents centro-
some reduplication in U2OS cells (Fisk et al., 2003). Further-
more, overexpression of Mps1 accelerates the onset of cen-
trosome reduplication in U2OS cells (Fisk et al., 2003; Kanai
et al., 2007). After only 24 h of S phase arrest, U2OS cells have
not yet initiated centrosome reduplication, but at this early
time point overexpression of GFP-Mps1 increases the num-
ber of U2OS cells with excess centrosomes by roughly five-
fold compared with cells overexpressing GFP alone (Figure
8C) (Fisk et al., 2003). Although we have previously docu-
mented that �-tubulin staining accurately reports the pro-
duction of extra centrioles upon the overexpression of Mps1
(Fisk and Winey, 2001; Fisk et al., 2003), we have verified that
overexpression of Mps1 accelerates the production of extra
centrioles in this assay by using an antibody against centrin
(Supplemental Figure 3A). However, GFP-Mps1AAA had no
effect in the U2OS centrosome reduplication assay, and after
24 h of S phase arrest centrosome number in U2OS cells
overexpressing GFP-Mps1AAA was similar to that in cells
overexpressing GFP alone (Figure 8C). These data suggest
that the ability of Mps1 to accumulate at centrosomes is
critical for its function in the U2OS centrosome reduplication
assay.

We exploited the U2OS assay to determine which of the
three Cdk2 sites within the Mps1 degradation signal is re-
sponsible for regulating the accumulation of Mps1 at cen-
trosomes. Like wild-type GFP-Mps1, both the S436A and
T453A single mutants (GFP-Mps1ATT, GFP-Mps1SAT) accel-
erated the onset of centrosome reduplication in U2OS cells

(Figure 8). In contrast, the T468A single mutant (GFP-
Mps1STA) failed to accelerate the onset of centrosome redu-
plication in U2OS cells (Figure 8C). This suggests that the
ability of Mps1 to accelerate the onset of centrosome redu-
plication in U2OS cells requires phosphorylation of T468,
but not that of S436 or T453. In support of this suggestion,
the double S436A/T453A mutant version of Mps1 (GFP-
Mps1AAT) wherein only T468 could be phosphorylated also
accelerated the onset of centrosome reduplication in U2OS
cells (Figure 8). Furthermore, GFP-Mps1STA recapitulated
the behavior of GFP-Mps1AAA in the centrosome accumula-
tion assay described above (Table 1 and Supplemental Fig-
ure 4). Together, these data suggest that phosphorylation at
T468 can attenuate the degradation of Mps1 at centrosomes,
but phosphorylation at S436 or T453 cannot.

Cyclin A-dependent Centrosome Reduplication Requires
Mps1
Unlike U2OS cells, HeLa cells do not normally undergo
centrosome reduplication during a prolonged S phase arrest.
Overexpression of cyclin A has been reported to cause cen-
trosome reduplication in human cells, whereas overexpres-
sion of cyclin E does not (Meraldi et al., 1999; Balczon, 2001).
The experiments described above demonstrate that Cdk2
activity regulates the accumulation of Mps1 at centrosomes
through T468 and that only cyclin A phosphorylates T468 in
vitro. Together, these observations suggest that perhaps cy-
clin A causes centrosome reduplication by attenuating the
degradation of Mps1 and increasing its levels at centro-
somes. To test this suggestion, we have examined the ability
of cyclin A to cause centrosome reduplication in S phase–
arrested HeLa cells transfected with the Stealth siRNA spe-
cific to Mps1 nucleotides 1360–1384 described above. Con-
sistent with the previous reports, transient transfection of
HeLa cells with GFP-cyclin A caused centrosome reduplica-
tion in HeLa cells transfected with control siRNAs (Figures
9 and 10), whereas overexpression of GFP-cyclin E did not
(data not shown). Whereas the data in Figure 9 were col-
lected using an antibody against �-tubulin, we have verified
that overexpression of cyclin A causes the production of
extra centrioles using an antibody against centrin (Supple-
mental Figure 3, B and C). We observed a roughly 90%
transfection efficiency with our Mps1-siRNAs and an 84%

Figure 9. Cyclin A-dependent centrosome reduplication requires
Mps1. (A) Bar graph showing the percentage of S phase-arrested
HeLa cells transfected with control (white) or Mps1-specific (black)
siRNAs expressing GFP-cyclin A (GFP�) with three or more cen-
trosomes after 48 h of S phase arrest. Values represent mean � SD
of triplicate samples, with 50–100 cells per sample. (B) Protein levels
were analyzed by immunoblot. The siRNA transfection efficiency
was roughly 90%, Mps1 levels were reduced by 84%, and levels of
endogenous cyclin A were unaffected.
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reduction in Mps1 levels (Figure 9). Depletion of Mps1 had
no effect on the levels of cyclin A in these cells, but abrogated
cyclin A-dependent centrosome reduplication (Figure 9).
This demonstrates that Mps1 is required for cyclin A-depen-
dent centrosome reduplication.

Preventing Mps1 Degradation Bypasses the Requirement
for Cyclin A in Centrosome Reduplication
Together, the observations that cyclin A overexpression in-
creases the levels of Mps1 at centrosomes and that cyclin
A-dependent centrosome reduplication requires Mps1 sug-
gest that cyclin A might cause centrosome reduplication by
preventing the degradation of Mps1 at centrosomes. This
makes the prediction that preventing the degradation of
Mps1 at centrosomes independently of cyclin A overexpres-
sion would also cause centrosome reduplication. To test this
prediction, we have examined centrosome reduplication in
HeLa cells overexpressing GFP-Mps1�12/13 that lacks the
Mps1 degradation signal and is not removed from centro-
somes in Cdk2-siRNA transfected cells. We have found that
unlike GFP-Mps1, GFP-Mps1�12/13 causes centrosome redu-
plication that is indistinguishable from that caused by the
overexpression of cyclin A in a variety of cell types, includ-
ing HeLa (Figure 10A), 293, MCF7, and 16N cells (data not
shown). Moreover, GFP-Mps1�12/13 can also cause centro-
some reduplication in HeLa cells transfected with cyclin
A-specific siRNAs, despite an 80% reduction of cyclin A
levels (Figure 10B). This is not a neomorphic effect of
Mps1�12/13, because Mps1�12/13-dependent centrosome re-
duplication still requires Cdk2 and is abrogated by both
Cdk2-specific siRNAs (Figure 10B) and roscovitine. Al-
though the data in Figure 10B were collected using an anti-
body against �-tubulin, we have verified that like the over-
expression of cyclin A, overexpression of Mps1�12/13 causes
the production of extra centrioles by using an antibody

against centrin (Supplemental Figure 3, B and C). These data
suggest that the essential function of cyclin A in centrosome
reduplication is to prevent the degradation of Mps1 at cen-
trosomes.

Similar to the extent of reduplication caused by Mps1 in
mouse cells (Fisk and Winey, 2001), GFP-Mps1�12/13-PACT
causes centrosome reduplication in roughly 80% of cells
(Supplemental Figure 5), a much greater extent than caused
by GFP-Mps1�12/13 lacking the PACT domain. To a lesser
extent GFP-Mps1-PACT also causes centrosome reduplication
(Supplemental Figure 5). These data suggest that the centroso-
mal pool of Mps1 is responsible for centrosome reduplication
and that artificially tethering Mps1 to centrosomes raises its
levels above a threshold required for centrosome reduplica-
tion. However, GFP-PACT also caused modest reduplication
(Supplemental Figure 5) and the PACT domain can perturb
centrosome structure and function by displacing endogenous
pericentrin and AKAP450 (Gillingham and Munro, 2000;
Keryer et al., 2003; Mikule et al., 2007). Therefore, these data
should be interpreted conservatively.

Given that our in vitro kinase and U2OS centrosome
reduplication assays both implicate T468 as the relevant
phosphorylation site, we also examined the consequences of
mimicking phosphorylation at T468. We found that muta-
tion of T468 to aspartic acid (T468D) or glutamic acid
(T468E) mimicked the effect of Mps1�12/13. Both GFP-
Mps1T468D and GFP-Mps1T468E cause centrosome reduplica-
tion that is indistinguishable from that caused by cyclin A or
Mps1�12/13 (Figure 10C), and GFP-Mps1T468D was not re-
moved from centrosomes in Cdk2-siRNA–transfected cells
(Table 1 and Supplemental Figure 6). These data demon-
strate that removing the Mps1 degradation signal or mim-
icking constitutive phosphorylation within the Mps1 degra-
dation signal is sufficient to cause centrosome reduplication
in human cells. Taken together, our data suggest that the

Figure 10. Preventing the degradation of
Mps1 at centrosomes is sufficient to cause cen-
trosome reduplication in human cells. (A)
GFP-Mps1�12/13 causes centrosome reduplica-
tion that is indistinguishable from that caused
by GFP-cyclin A. Red, �-tubulin; green, GFP;
blue, DNA; bar � 5 �m. Insets show fourfold
magnified images of centrosomes; bar � 2 �m.
(B) Bar graph showing the percentage of HeLa
cells transfected with control (white), cyclin A-
(black), or Cdk2-specific (gray) siRNAs ex-
pressing GFP-Mps1�12/13 (GFP�) with three
or more centrosomes (as judged by �-tubulin
staining) after 48 h of S phase arrest. The
siRNA transfection efficiency was roughly
90%. Cdk2 was reduced by 94% and cyclin A
by 80%. Cyclin A-specific siRNAs did not af-
fect Mps1, whereas Cdk2-specific siRNAs re-
duced Mps1 by roughly 25%. (C) Bar graph
showing the percentage of S-phase arrested
HeLa cells with a given centrosome number
(as judged by �-tubulin staining) after 48 h of
S-phase arrest expressing GFP (white), GFP-
cyclin A (striped), GFP-Mps1 (black), GFP-
Mps1�12/13, (dark gray), GFP-Mps1T468D (light
gray), or GFP-Mps1T468E (stippled). Values
represent the mean � SD of triplicate samples,
with 50–100 cells per sample.
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levels of Mps1 at centrosomes are critical for the temporal
restriction of centrosome duplication and that they are reg-
ulated by competing phosphorylation and degradation.

DISCUSSION

We previously reported that Cdk2 activity prevents the pro-
teasome-mediated degradation of its substrate Mps1 during
S phase (Fisk and Winey, 2001). In this study, we localize the
site of CDK-regulated degradation to centrosomes, identify
a single Cdk2 phosphorylation site and a degradation signal
within Mps1 that regulate the accumulation of Mps1 at centro-
somes, and we describe three mutant Mps1 alleles that cause
centrosome reduplication. Our data also suggest that Mps1 is
the essential Cdk2 substrate in cyclin A-dependent centrosome
reduplication and that preventing the degradation of Mps1 at
centrosomes is sufficient to cause centrosome reduplication in
human cells. Although it has been controversial (Stucke et al.,
2002), these new data are most easily interpreted if one as-
sumes a centrosomal localization and centrosome duplication
function for Mps1.

Centrosome-specific proteolysis has been previously impli-
cated in centrosome duplication and function. The anaphase
promoting complex/cyclosome (APC/C)-dependent, centro-
some-specific degradation of Nek2 is part of a mechanism that
regulates centrosome separation (Hames et al., 2005). In addi-
tion, recent evidence suggests that activation of the cysteine
protease separase during mitosis leads to the disengagement of
centrioles and licenses them for replication in the subsequent
cell cycle (Tsou and Stearns, 2006). Skp1/Cdc53/F-box–depen-
dent proteolysis has also been implicated in the control of
centrosome duplication in flies (Wojcik et al., 2000; Murphy,
2003), frogs (Freed et al., 1999), and mammals (Nakayama et al.,
2000). Furthermore, active proteasome complexes are found at
centrosomes (Fabunmi et al., 2000), and several proteasome
subunits were found in the recent proteomic analysis of the
human centrosome (Andersen et al., 2003). Our hypothesis that
Mps1 is degraded at centrosomes is supported by the protea-
some dependence of the centrosomal accumulation of GFP-
Mps1-PACT that is presumably tethered to centrosomes inde-
pendently of Mps1 centrosomal binding partners.

Our results place Mps1 in a growing list of proteins in-
cluding c-jun (Musti et al., 1997), c-myc (Yeh et al., 2004), FUS
(Perrotti et al., 2000), and Cdc6 (Mailand and Diffley, 2005)
for which phosphorylation attenuates degradation. In two
cases, Cdk2 is responsible for attenuating degradation. We
concluded previously that Cdk2 attenuates Mps1 degrada-
tion as a mechanism restricting when centrosome duplica-
tion can occur (Fisk and Winey, 2001) that is apparently
conserved from yeast to mammals (Jaspersen et al., 2004).
Mailand and Diffley recently demonstrated that Cdk2 also
attenuates the degradation of Cdc6 to restrict when DNA
can replicate (Mailand and Diffley, 2005). Therefore, Cdk2
seems to regulate two distinct cell cycle processes that in-
volve precise duplication mechanisms by attenuating deg-
radation of the critical regulators.

Cdc6 has both D- and KEN-type destruction boxes, and
phosphorylation at three Cdk2 sites adjacent to these motifs
attenuates its APC/C-dependent degradation (Mailand and
Diffley, 2005). Like Cdc6, the yeast Mps1p has both D-and
KEN-boxes, and it is degraded in an APC/C-dependent
manner (Palframan et al., 2006). In contrast, the mechanism
of human Mps1 degradation is unknown, although our data
implicate a single Cdk2 site in its control. Amino acids
420-507 of the human Mps1 protein are sufficient to recapit-
ulate regulated degradation but lack all known APC/C rec-
ognition motifs, and the degradation of GFP-e12/13AAA is

not enhanced by roscovitine, a treatment that activates
the APC/C and stimulates the degradation of Cdc6AAA

(Mailand and Diffley, 2005). Human Mps1 degradation is
also distinguished from that of Cdc6, because it occurs at
centrosomes. The precise motif responsible for degradation
of the human Mps1 and the proteins it binds to remain to be
determined, suggesting that additional centrosomal degra-
dation machinery remains to be discovered.

We initially implicated Cdk2 in Mps1 degradation by
using the Cdk2 inhibitor roscovitine (Fisk and Winey, 2001).
However, siRNAs do not mimic the effect of roscovitine on
whole-cell Mps1 levels. This might reflect multiple targets
for roscovitine, or compensation by a second kinase in
siRNA-transfected cells. In support of the later suggestion,
centrosomes duplicate normally in Cdk2 null mice (Berthet
et al., 2003) and in human cells transfected with Cdk2-spe-
cific siRNAs (Tetsu and McCormick, 2003), whereas domi-
nant-negative Cdk2 mutations and other Cdk2 perturba-
tions cause cell cycle arrest (e.g., Berthet et al., 2003) and
prevent centrosome duplication (Meraldi and Nigg, 2001).
We limited this study to siRNAs, allowing us to specifically
examine the centrosomal accumulation of Mps1. Together,
our data suggest that Cdk2 regulates the accumulation of
Mps1 at centrosomes, but that only cyclin A can direct Cdk2
to phosphorylate T468 within the Mps1 degradation signal.
This fits well with the previous observations that only cyclin
A can cause centrosome reduplication in human cells
(Meraldi et al., 1999; Balczon, 2001). Our data provide likely
explanations for the failure of cyclin E and wild-type Mps1
to cause centrosome reduplication in human cells. We hy-
pothesize that cyclin E cannot cause centrosome reduplica-
tion in human cells, because it lacks the subcellular distri-
bution and substrate specificity required to regulate Mps1 at
centrosomes. Similarly, we hypothesize that wild-type Mps1
does not cause centrosome reduplication, because cyclin A is
limiting, as has been suggested (Balczon, 2001), and because
T468 cannot be efficiently phosphorylated the overexpressed
Mps1 protein is rapidly degraded at centrosomes. Mimick-
ing T468 phosphorylation or removing the Mps1 degrada-
tion signal bypasses the requirement for cyclin A in centro-
some reduplication, but not the requirement for Cdk2.

The observations that proteasome inhibition or Cdk2-de-
pletion cause only modest changes in whole-cell Mps1 levels
but have dramatic effects on centrosomal Mps1 pools sug-
gest that a minor pool of Mps1 is degraded at a specific site.
Our hypothesis that the site of Mps1 degradation is the
centrosome is also supported by three mutations that allow
Mps1 to accumulate at centrosomes in the absence of Cdk2
and cause centrosome reduplication in the absence of cyclin
A. Together, these data demonstrate that the essential func-
tion of cyclin A in centrosome reduplication is to increase
the levels of Mps1 at centrosomes and that preventing the
degradation of Mps1 at centrosomes is sufficient to cause
centrosome reduplication in human cells. We propose that
the level of Mps1 at centrosomes is critical for the temporal
regulation of centrosome duplication and that it is controlled
by a balance between mutually exclusive proteasome-medi-
ated degradation and phosphorylation at T468. This propo-
sition is supported by our observation that Mps1AAA cannot
accumulate at centrosomes and cannot substitute for the
function of endogenous Mps1 in centrosome duplication.
Our proposed model represents a mechanism for exerting
tight control over the local concentration of Mps1 at centro-
somes, and it is supported by the cell cycle profile of Mps1.
Hogg et al. (1994) found that there is a sharp peak of Mps1
kinase activity at the G1/S transition, whereas the whole-cell
levels of Mps1 are very low at the G1/S transition and
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increase only gradually through S phase. Based on these
data, Hogg et al. (1994) hypothesized the existence of mul-
tiple pools of Mps1 that are differentially regulated (Hogg et
al., 1994). Our data suggest that the peak of Mps1 kinase
activity at the G1/S transition results from the attenuation of
Mps1 degradation at centrosomes, which allows the accu-
mulation of a centrosomal Mps1 pool that controls the nor-
mal centrosome duplication cycle. Our data also support the
hypothesis that it is the centrosomal pool of Mps1 that
drives the events of centrosome duplication and that in-
creasing the level of this pool and/or extending the duration
for which it persists is sufficient to cause centrosome redu-
plication in human cells.
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