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Mpsl as a Link Between Centrosomes and
Genomic Instability

Christopher Kasbek, Ching-Hui Yang, and Harold A. Fisk*
Department of Molecular Genetics, The Ohio State University, Columbus, Ohio

Centrosomes are microtubule-organizing centers
that must be precisely duplicated before mitosis.
Centrosomes regulate mitotic spindle assembly,
and the presence of excess centrosomes leads to
the production of aberrant mitotic spindles which
generate chromosome segregation errors. Many
human tumors possess excess centrosomes that
lead to the production of abnormal spindles in
situ. In some tumors, these exira centrosomes
appear before aneuploidy, suggesting that defects
in centrosome duplication might promote genomic
instability and tumorigenesis. The Mps1 protein ki-
nase is required for centrosome duplication, and
preventing the proteasome-dependent degradation
of Mps1 at centrosomes increases its local concen-
tration and causes the production of excess centro-
somes during a prolonged S-phase. Here, we
show that Mps1 degradation is misregulated in
two tumor-derived cell lines, and that the failure to

appropriately degrade Mps1 correlates with the
ability of these cells to produce extra centrosomes
during a prolonged S-phase. In the 21NT breast-
tumor derived cell line, a mutant Mps1 protein
that is normally constitutively degraded can accu-
mulate at centrosomes and perturb centrosome
duplication, suggesting that these cells have a
defect in the mechanisms that target Mps|1 to the
proteasome. In contrast, the U20S osteosarcoma
cell line expresses a nondegradable form of
Mps1, which we show causes the dose-dependent
over duplication of centrioles even at very low lev-
els of expression. Our data demonstrate that
defects in Mps1 degradation can occur through
multiple mechanisms, and suggest that Mps1 may
provide a link between the control of centrosome
duplication and genomic instability. Environ. Mol.
Mutagen. 50:654-665, 2009.  © 2009 Wiley-Liss,

Inc.
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INTRODUCTION

Centrosomes are microtubule-organizing centers that
consist of a pair of centrioles surrounded by a pericentrio-
lar matrix responsible for microtubule nucleation.
Through cytokinesis each daughter cell inherits one copy
of the genome and a single centrosome, and faithful
maintenance of genome integrity requires that both be
precisely replicated before the next mitosis [Fukasawa,
2007]. During mitosis the mitotic spindle segregates one
copy each of the genome and centrosome into daughter
cells. Because centrosomes become mitotic spindle poles
during mitosis, the presence of extra centrosomes leads to
the formation of aberrant mitotic spindles that generate
errors in chromosome segregation [Fisk et al., 2002;
Fukasawa, 2007; Azimzadeh and Bornens, 2007]. Accord-
ingly, proper regulation of centrosome duplication con-
trols not just centrosome number but also the integrity of
the genome.

Centrosome duplication is coordinated with DNA repli-
cation, and like DNA replication is a semi-conservative
process. Within the centrosome it is the centrioles that are
replicated through a tightly controlled process [Fisk et al.,
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2002; Fukasawa, 2007; Azimzadeh and Bornens, 2007].
The assembly of a single daughter centriole (called a pro-
centriole) at a single site adjacent to each mature centriole
ensures that the single parent centrosome is faithfully
replicated to produce two daughter centrosomes, each
with two centrioles [Nigg, 2007]. This so called templated
replication mechanism is temporally controlled by Cdk2
such that it occurs only once during a limited window in
the cell cycle. Although recent evidence demonstrates that
centrioles can form de-novo in human cells [La Terra
et al., 2005] as in algae [Marshall et al., 2001], in the
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presence of existing centrioles the templated replication
mechanism predominates [Marshall et al., 2001; La Terra
et al., 2005; Tsou and Stearns, 2006]. Templated replica-
tion is critical for genomic integrity, because the presence
of extraneous centrioles leads to the formation of aberrant
mitotic spindles [Lingle and Salisbury, 1999] that can
missegregate chromosomes and cause aneuploidy [Lingle
et al., 2002].

Most human tumors are aneuploid, and many human
tumors possess extra centrosomes that lead to the produc-
tion of multipolar mitotic spindles in situ [Lingle and
Salisbury, 2000]. Extra centrosomes are thought to arise
by one of two mechanisms; an aborted mitosis and/or a
cytokinesis failure that produces polyploid cells that have
inherited extra centrosomes, or a defect in centrosome
duplication [Doxsey, 2002; Nigg, 2002]. Although both
mechanisms will ultimately lead to the production of
aberrant spindles that generate aneuploid cells with extra
centrosomes, the presence of extra centrosomes in cells
that are not aneuploid can only be explained by defects in
centrosome duplication. At least in some breast [Lingle
et al., 2002] and prostate [Pihan et al., 2001; Pihan et al.,
2003] tumors extra centrosomes appear before aneuploidy,
suggesting that in such tumors the extra centrosomes
arose via defects in centrosome duplication. In addition,
centrosome defects precede tumor formation in a mouse
model of hormone-induced breast tumorigenesis [Milliken
et al., 2008], and their presence strongly correlates with
aneuploidy in higher grade tumors [Lingle et al., 1998;
Lingle et al., 2002]. Together these observations suggest
that errors in centrosome duplication might promote the
genetic instability that is thought to be important in tu-
morigenesis [Lengauer et al., 1998; Ellsworth et al.,
2004a,b; Tsikitis and Chung, 2006]. In fact, many tumor-
derived cell lines are capable of centrosome re-duplica-
tion, a phenomenon wherein cells produce extra centrioles
during a single, prolonged S-phase [Salisbury et al., 1999;
Lingle and Salisbury, 2000; Nigg, 2002; Fisk et al.,
2002]. Although this might reflect the execution of extra
rounds of the canonical templated duplication pathway in
mouse cells [Fisk and Winey, 2001], in human cells cen-
trosome re-duplication appears instead to reflect an aber-
ration of this pathway wherein existing parental centrioles
generate multiple procentrioles [Duensing et al., 2007,
Kleylein-Sohn et al., 2007]. This can occur “in parallel”
by the simultaneous formation of multiple procentrioles
[Duensing et al., 2007; Kleylein-Sohn et al., 2007], but in
principle could also occur “in series” by the successive
formation and release of procentrioles.

The Mpsl protein kinase was initially described in the
budding yeast by virtue of its requirement in the duplica-
tion of the fungal centrosome equivalent [Winey et al.,
1991; Schutz and Winey, 1998], and was subsequently
shown to be required for the spindle assembly checkpoint
[Hardwick et al., 1996; Weiss and Winey, 1996]. Mpsl
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kinases have since been found in virtually all eukaryotes
and their function in the spindle checkpoint is clearly con-
served [Abrieu et al., 2001; Stucke et al., 2002; Fisk
et al., 2003; Liu et al., 2003]. However, the function of
Mpsl in centrosome duplication is controversial [Stucke
et al.,, 2002] and has received less attention [Fisk and
Winey, 2001; Stucke et al., 2002; Fisk et al., 2003; Kanai
et al., 2007; Kasbek et al., 2007]. Our data demonstrates
that Mpsl is required for centrosome duplication in human
cells [Fisk et al., 2003; Kasbek et al., 2007], and that this
function of Mpsl is regulated by Cdk2 [Kasbek et al.,
2007]; Cyclin A-associated Cdk2 (Cdk2/A) phosphorylates
Mpsl at T468, and this phosphorylation suppresses the
proteasome-mediated degradation of Mpsl to allow accu-
mulation of a centrosomal pool of Mpsl [Kasbek et al.,
2007]. This Cdk2-regulated Mpsl degradation pathway
appears to be specific to centrosomes, and when Mpsl1 can-
not be phosphorylated at T468 it is lost from centrosomes
but not from other locations [Kasbek et al., 2007]. We also
demonstrated that the level of this pool is critical for the
proper regulation of centrosome duplication; a version of
Mpsl that cannot be phosphorylated at T468 cannot substi-
tute for endogenous Mpsl in centrosome duplication,
whereas mimicking constitutive phosphorylation at T468
or removing the Mpsl degradation signal causes centro-
some re-duplication [Kasbek et al., 2007].

Our recent data demonstrates that suppressing the deg-
radation of Mpsl is sufficient to cause centrosome re-
duplication, and we observed three potential mechanisms
by which this degradation can be suppressed; inhibiting
the degradation machinery (e.g., proteasome inhibition),
up-regulation of Cdk?2 activity (e.g., overexpressing cyclin
Al or A2, which suppresses the degradation of Mpsl at
centrosomes), or Mpsl mutations that mimic Cdk2 phos-
phorylation or remove the Mps1 degradation signal (Mps1
T468D/T468E or MpslAlz/ 13 respectively) [Kasbek et al.,
2007]. Because many signal transduction events impact
the regulation of cyclin dependent kinases, our data sug-
gests that Mpsl degradation might be misregulated in a
variety of tumors. This further suggests that Mpsl might
contribute to the extra centrosomes found in some tumors.
To test these suggestions we sought to examine the regu-
lation of Mpsl in human tumor-derived cells. For this
analysis we chose the U20S osteosarcoma cell line that is
well known to undergo centrosome re-duplication [Stucke
et al., 2002; Fisk et al., 2003; Kleylein-Sohn et al., 2007],
and two mammary carcinoma cell lines that misregulate
Mpsl or Cdk2; MCF7 that has been shown to overexpress
the Mpsl message by 8.4-fold compared with other mam-
mary epithelial cell lines [Yuan et al., 2006], and 2INT
that overexpresses cyclin Al [Ford et al., 2000; Coletta
et al., 2004]. We have found that the U20S and 21NT
tumor-derived cell lines fail to appropriately degrade
Mpsl in the absence of Cdk2. This misregulation of
Mps1 degradation occurs through a distinct mechanism in
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each cell line and correlates with the misregulation of
centrosome duplication. Accordingly, Mpsl may provide
a link between the control of centrosome duplication and
genomic instability.

MATERIALS AND METHODS

Cells and Cell Culture

HeLa T-REx and 293 T-REx cells expressing the Native Tetracycline
(Tet) Repressor were obtained from Invitrogen (Carlsbad, CA). MCF7,
16N, and 21NT cells were obtained from Dr. Heide Ford of the Univer-
sity of Colorado Health Sciences Center (Denver, CO). HeLa, HeLa T-
REX, 293, 293 T-REx, MCF7, and U20S cells were grown in Glutamax
DMEM; RPE1 cells were grown in F12:DMEM (50:50); 16N and 21T
cells were grown in MEM. All media was supplemented with 10% Fetal
Bovine Serum (Hyclone, Logan, UT), 50 units/ml penicillin G, and 50
pg/ml streptomycin; in addition to this 16N and 2INT cells were supple-
mented with 12.5 ng/ml Epidermal Growth Factor (Sigma, St. Louis,
MO), 1 pg/ml insulin (Sigma), and 1 pg/ml hydrocortisone (Sigma),
whereas HeLa T-REx and 293 T-REx cells were supplemented with 5
pg/ml blasticidin. Cells were cultured at 37°C in a humidified chamber
in the presence of 5% CO,, and all media, supplements, and antibiotics
were from Invitrogen unless otherwise indicated. S-phase arrest was
achieved using a 24-hr treatment with 4 mM hydroxyurea (HU; Sigma)
as previously described [Fisk and Winey, 2001; Fisk et al., 2003; Kasbek
et al., 2007]. For the generation of stable cell lines, 293 T-REx or HeLa T-
REx cells were transfected with the Tet-regulated expression plasmids
pHF168 or pHF169, and pH173 or pHF174, respectively (see below). At
48 hrs after transfection, G418 was added to 400 pg/ml. Cells were fed ev-
ery 3 days, and G418 resistant clones were isolated after 2 weeks using
cloning discs soaked in trypsin. Stable cell lines were maintained in the
presence of blasticidin and G418, and expression of native or GFP-tagged
Mpsl or Mps1A12/13 was induced by the addition of 1 pg/ml Doxycycline
(Dox).

Plasmids

Previously described expression plasmids used for this study express
GFP-tagged constructs from the SV40 promoter in the pECE vector
backbone; pHF7 (GFP) [Fisk and Winey, 2001]; pHF36 (GFP-Mpsl)
and pHF80 (GFP-Cetn2) [Fisk et al., 2003]; pHF60 (GFP-Mps141%/13),
pHF87 (GFP-cyclin Al), pHF97 (GFP-Mps1#4%) [Kasbek et al., 2007].
Plasmids pHF168 (Tet-Mpsl), pHF169 (Tet-Mps1*'#!%), pHF173 (Tet-
GFP-Mps1), and pHF174 (Tet-GFP-Mps1#!'¥13) that express native or
GFP-tagged Mpsl or MpslAIZ/ 3 from the Tet operator were created
using the Gateway™ recombination system (Invitrogen); PCR products
were cloned into pENTR/SD/D/TOPO, and open reading frames were
transferred from the resulting entry clones into the pT-REx-DEST30 vector
using LR Clonase. Primer sequences are available upon request. Note that
although the resulting vectors require Tet for their expression in cells that
express the native Tet Repressor, e.g., 293 T-REx or HeLa T-REx, they
are constitutively expressed from the CMV promoter in cells that lack the
native Tet Repressor. All transfections were performed using Effectine
(Qiagen, Valencia CA). For transient expression experiments, cells were
analyzed at 24 or 48 hr after transfection.

Cytology

Antibodies for Indirect immunofluorescence (IIF) were GTU-88 mouse
anti-y-Tubulin (Sigma) and rabbit anti-Ninein (Abcam, Cambridge,
MA). Secondary antibodies for IIF were Alexa 488-and Alexa 594-con-
jugated donkey anti-rabbit and donkey anti-mouse (Molecular Probes,

Eugene OR), and DNA was stained with Hoechst 33342 (Sigma). IIF
was performed as described previously [Fisk and Winey, 2001; Fisk
et al., 2003; Kasbek et al., 2007]. All images were acquired at ambient
temperature using an Olympus IX-81 microscope, with a 60x Plan Apo
oil immersion objective (1.4 NA) and a QCAM Retiga Exi FAST 1394
camera, and analyzed using the Slidebook software package (Intelligent
Imaging Innovations, Denver CO). For centrosome re-duplication assays,
cells were arrested in S-phase with a 24-hr HU treatment, medium was
replaced with medium containing fresh HU, and centrosome number was
determined after an additional 48 hr of S-phase arrest using y-Tubulin
staining as previously described [Fisk and Winey, 2001; Fisk et al.,
2003; Kasbek et al., 2007]. Values in bar graphs represent the mean *
standard deviation of duplicate samples from three independent experi-
ments. Between 50 and 100 cells were counted for each duplicate sam-
ple. For all experiments centrosome number was verified using an anti-
body against centrin to count centrioles.

Centrosomal accumulation of GFP-Mpsl and GFP-Mps was ana-
lyzed as previously described [Kasbek et al., 2007]. Briefly, transfected
cells were arrested in S-phase with a 24 hr HU treatment, and stained
with Hoechst and an antibody against y-Tubulin. Multi-plane images
were captured and projected along the Z-axis after No-Neighbors decon-
volution, and the fluorescence intensity of the GFP and y-Tubulin signals
along a line drawn through the center of the two centrosomes was deter-
mined using Slidebook Software. As previously described [Kasbek et al.,
2007], the analysis was limited to cells with two centrosomes, and cen-
trosomal localization was judged according to the following criteria: the
maximum GFP signal must fall within two pixels of one of the two -
Tubulin peaks, and all GFP maxima within 80% of the maximum GFP
signal must fall within the boundary of one of the two y-Tubulin peaks
(boundaries defined by ~y-Tubulin signal in excess of 90% of the peak
value at either centrosome).

1 AAA

Immunoblot Analysis

Antibodies for Immunoblot analysis were C-19 rabbit anti-hMpsl
(SCB540; Santa Cruz Biotechnology, Santa Cruz CA), N1 mouse anti-
Mps1 (Invitrogen), mouse anti-GFP (Invitrogen), mouse anti-Rb (BD
Biosciences Pharmingen, San Jose, CA), and DM1A mouse anti a-Tubu-
lin (Sigma). The MDS rabbit antibody against Mps1 amino acids 420—
507 was generated by injection of a fusion of this region of Mpsl to
Glutathione-S-Transferase into rabbits (Lampire Biological Laboratories,
Pipersville, PA), and purification of the resulting serum against a similar
fusion to the Maltose Binding Protein. Secondary antibodies were Alexa
680-conjugated donkey anti-mouse (Molecular Probes) and IRDye800-
conjugated donkey anti-rabbit (Rockland, Gilbertsville, PA). For analysis
of Mpsl levels, cells were arrested in S-phase with a 24-hr HU treat-
ment, incubated for an additional 24 hr in the presence of HU and 50
UM roscovitine (EMD Biosciences CalBiochem, Gibstown, NJ) or the
equivalent amount of DMSO, then harvested and analyzed by dual-color
quantitative immunoblot analysis on the Odyssey imaging system (Li-
Cor, Lincoln NE) as previously described [Kasbek et al., 2007].

RNA Isolation and RT-PCR

Total RNA was isolated from U20S cells using the RNeasy Mini Kit
(Qiagen, Valencia, CA). Full-length cDNA was generated using the First
Choice™ RLM-RACE kit (Ambion, Foster City, CA). Briefly, using kit
components total RNA was dephosphorylated, mRNAs were decapped,
and a 5 RACE adaptor was ligated to the 5’ phosphates now present
only on mRNAs. First strand ¢cDNA was synthesized using MMLV
Reverse Transcriptase (RT) and a gene-specific primer (binding site 48
nt 3’ of the Mpsl stop codon). This cDNA was then amplified by nested
PCR; an outer PCR reaction consisting of the RT primer and a primer
complementary to the 5'-RACE adaptor, followed by several inner PCR
reactions consisting of various Mps1-specific primers. The binding sites



for the inner PCR primers are as follows; forward primers, 1, nt 997-
1017; 2, nt 1115-1135; 3; nt 1243-1264; reverse primers, a, nt 1607-
1587; b, nt 1698-1678. Primer sequences are available upon request.
Mpsl RT and inner PCR primers are diagramed in Figure 5.

RESULTS
Centrosome Re-Duplication in Tumor-Derived Cells

To test the suggestion that Mpsl might contribute to
the centrosome defects observed in human tumors we
have examined the regulation of Mpsl and centrosome
duplication in the following human cell lines; RPE1 telo-
merase-immortalized retinal pigment epithelia cells, 293
virally transformed human embryonic kidney cells, HeLa
cervical carcinoma cells, U20S osteosarcoma cells, and
two mammary carcinoma cell lines, MCF7 and 21NT.
Although HelLa cells do not normally undergo centrosome
re-duplication [Fisk et al., 2003; Kasbek et al., 2007], pre-
venting the degradation of Mpsl is sufficient to cause
centrosome re-duplication in HeLa cells [Kasbek et al.,
2007]. Similarly, neither RPE1 (Fig. 1A) nor 293
(Fig. 1B) cells undergo centrosome re-duplication, and
overexpression of GFP-Mpsl is not sufficient to cause
centrosome re-duplication in these cells. However, as in
HeLa cells, overexpression of either cyclin A or the non-
degradable MpslAlz/ 13 (see below) causes centrosome re-
duplication in both RPE1 and 293 cells. This suggests
that the regulation of centrosome duplication by Mpsl
degradation is a consistent feature of human cells.

In contrast, the U20S osteosarcoma cell line is well
known to undergo centrosome re-duplication [Stucke
et al., 2002; Fisk et al., 2003; Guarguaglini et al., 2005;
Kleylein-Sohn et al., 2007]. Centrosome re-duplication in
U20S cells appears to be Mpsl-dependent, because it can
be prevented by overexpression of a catalytically inactive
version of Mpsl [Fisk et al., 2003; Kasbek et al., 2007].
Moreover, overexpression of wild type Mpsl accelerates
the onset of centrosome re-duplication in U20S cells
[Fisk et al., 2003; Kanai et al., 2007; Kasbek et al.,
2007]. Given the Mpsl-dependence of centrosome re-
duplication in U20S cells, we examined centrosome re-
duplication in MCF7 and 21NT cells that overexpress the
Mpsl message or cyclin Al, respectively. As a control
we also tested the 16N cell line that is isogenic with
21INT; whereas 2INT was derived from a primary tumor
site [Band et al., 1990; Band and Sager, 1991], 16N is a
papilomavirus-immortalized derivative of the normal
mammary epithelium of the same breast cancer patient
[Band and Sager, 1991]. Neither MCF7 cells (Fig. 2A)
nor 16N (Fig. 2B) cells undergo centrosome re-duplica-
tion, and overexpression of GFP-Mpsl is not sufficient to
cause centrosome re-duplication in either cell line. How-
ever, as observed for HelLa [Kasbek et al., 2007], 293,
and RPE1 cells, preventing the degradation of Mpsl by
overexpressing cyclin A or Mps1®'?'? is sufficient to
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Fig. 1. Centrosome re-duplication in non tumor-derived RPE1 and 293
cells. (A and B) Preventing Mpsl degradation causes centrosome re-
duplication in RPE1 and 293 cells. RPEI or 293 cells transfected with
the indicated expression constructs were arrested in S-phase with a 24-hr
HU treatment. Centrosome number was determined after an additional
48 hr of S-phase arrest. Bar graphs showing the percentage of (A) RPEI
cells or (B) 293 cells expressing GFP (white), GFP-Cyclin A (dark
gray), GFP-Mpsl (light gray), or GFP—MpslAIZ/ 13 (black) that have three
or more centrosomes.

cause centrosome re-duplication in both MCF7 (Fig. 2A)
and 16N (Fig. 2B) cells. In contrast, like U20S cells,
2INT cells are capable of centrosome re-duplication on
their own (Figs. 2C and 2D).

Misregulation of Mps1 Degradation in Human
Tumor-Derived Cell Lines

Consistent with our previous observations that Mpsl is
degraded by the proteasome in the absence of Cdk?2 activ-
ity [Fisk and Winey, 2001; Kasbek et al., 2007], Mpsl1 is
degraded in response to the Cdk2 inhibitor roscovitine in
HeLa, 16N, and MCF7 cells (Fig. 3A). However, we
found that Mpsl1 is not degraded in the presence of rosco-
vitine in U20S or 2INT cells (Fig. 3B). To rule out the
possibility that U20S and 21INT cells were refractory to
roscovitine, we examined the hyperphosphorylation of the
Cdk2 substrate Rb. By inhibiting Cdk2 activity roscovi-
tine reverses Rb hyperphosphorylation, and has been
shown to cause either the loss of slower mobility forms
of Rb, or a reduction in total Rb on immunoblots,
depending on the time, concentration, and cell line used
[Whittaker et al., 2004]. Rb hyperphosphorylation is lost
in response to roscovitine in HeLa and MCF7 cells as
judged by the loss of slower mobility forms, and in 16N
cells as judged by the loss of the Rb protein (Fig. 3A).
Rb hyperphosphorylation is similarly lost in response to
roscovitine in U20S cells as judged by both reduction of
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Fig. 2. Centrosome re-duplication in tumor-derived cells. (A and B)
Centrosome re-duplication in (A) MCF7 and (B) 16N cells requires over-
expression of Cyclin A or Mps1*''>, MCF7 or 16N cells transfected
with the indicated expression constructs were analyzed as described in
Figure 1. (C and D) Like U20S cells, 2INT cells naturally undergo cen-
trosome re-duplication. (C) Untransfected 16N, MCF7, U20S, or 2INT
cells were arrested in S-phase with a 24-hr HU treatment, and centro-
some number was determined as described in Figure 1. 16N (white),
MCF7 (dark gray), U20S (light gray), 2INT (black). (D) 2INT cells
were transfected with GFP-Centrin 2 (Cetn2), then arrested in S-phase
and analyzed as in (C). Shown is a representative 2INT cell with extra
centrosomes. Green, GFP-Cetn 2; red, y-Tubulin; Blue, DNA; bar =
5 pm. Insets show fourfold magnified images of centrosomes, bar = 2 um.

slower mobility forms and reduction of total Rb protein,
and in 2INT cells as judged by the loss of the Rb protein
(Fig. 3B). Therefore, the failure to degrade Mpsl in
response to roscovitine is not due to the failure of rosco-
vitine to inhibit Cdk2 in U20S and 21NT cells.

21NT Cells Cannot Target Centrosomal Mpsl for
Proteasome-Mediated Degradation

To assess the mechanisms responsible for the misregu-
lation of Mpsl, we examined the regulation of transgenic
Mpsl. The 2INT cell line also fails to degrade GFP-
Mpsl in response to roscovitine (Fig. 3B), suggesting that
these cells have a defect either in the upstream regulation
of Mpsl (e.g., in the Cdk2 pathway) or in the downstream
machinery that targets Mpsl for proteasome-dependent
degradation. To distinguish between these possibilities we
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Fig. 3. Misregulation of Mpsl degradation in tumor-derived cells. (A)
Mpsl is degraded appropriately in the presence of roscovitine in HeLa,
16N, and MCF7 cells. Cells were arrested in S-phase with a 24-hr HU
treatment, treated with 50 pM roscovitine for an additional 24 hr in the
presence of HU, then analyzed by immunoblot with antibodies against
Mpsl, Rb, or a-Tubulin (loading control) as indicated. (B) Mpsl is not
degraded in the presence of roscovitine in 2INT or U20S cells. 2INT
cells also fail to degrade GFP-Mpsl, whereas GFP-Mpsl| is appropriately
degraded in U20S cells. 2INT or U20S cells were transfected with
GFP-Mpsl, then arrested in S-phase, treated with roscovitine, and ana-
lyzed as in (A) with antibodies against GFP, Mpsl, Rb, or a-Tubulin
(loading control) as indicated.

examined the centrosomal accumulation of GFP-
Mps1444 an Mps] mutant that is constitutively degraded
at centrosomes in the presence of Cdk2 activity because it
contains the T468A mutation [Kasbek et al., 2007].
Because GFP-Mps1#** cannot be phosphorylated at T468
it should not be responsive to Cdk2 inhibition and its
whole cell levels would be uninformative. However, its
ability to accumulate at centrosomes should be informa-
tive, because even in the presence of elevated Cdk?2 activ-
ity GFP-Mps12** should only accumulate at centrosomes
if the machinery that targets Mpsl for degradation is de-
fective. As expected, GFP-Mps1*** did not localize to
centrosomes in 16N cells that regulate Mps1 appropriately
(Fig. 4A). In contrast, the localization of GFP-Mpsl1***
was indistinguishable from that of GFP-Mpsl in 2INT
cells (Fig. 4B). This ability of GFP-Mps1*** to accumu-
late at centrosomes in 21NT cells suggests that these cells
cannot properly degrade Mpsl at centrosomes.

To further test this suggestion, we examined the func-
tion of GFP-Mps1®** at centrosomes in 2INT cells. In
U20S cells overexpression of Mpsl accelerates the onset
of centrosome re-duplication; after only 24 hrs of S-phase
arrest roughly five-fold more U20S cells expressing GFP-
Mpsl have excess centrosomes compared with cells
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Fig. 4. The Mpsl degradation machinery is defective in 2INT cells. (A
and B) GFP—MpslAAA accumulates at centrosomes in 21NT cells. (A)
16N or (B) 2INT cells were transfected with GFP-Mpsl or GFP-
Mps1#4% as indicated, arrested in S-phase with a 24-hr HU treatment,
and analyzed by fluorescence microscopy as described in Materials and
Methods. The GFP-Mpsl signal satisfied the previously established
objective criteria for centrosome localization in 60% of 16N cells, and in
60% of 2INT cells (compared with 40% of HeLa cells (Kasbek et al.,
2007)). The GEP-Mps14 signal did not correlate with centrosomes in
any 16N cell analyzed, but correlated with centrosomes in 66% of 2INT

expressing GFP alone [Fisk et al., 2003; Kanai et al.,
2007; Kasbek et al., 2007]. However, GFP—MpslAAA can-
not accelerate the onset of centrosome re-duplication in
U20S cells, because it cannot accumulate at centrosomes
to levels sufficient to affect centrosome duplication
[Kasbek et al., 2007]. As shown in Figure 4C, GFP-Mpsl
similarly accelerates the onset of centrosome re-dupli-
cation in 2INT cells. However, GFP-MpsI1*** is as
effective as GFP-Mps1 at accelerating centrosome re-
duplication in 2INT cells (Fig. 4C). Together, these
data suggest that 21INT cells are deficient in some fac-
tor that targets Mpsl for degradation at centrosomes,
such as an E3 ubiquitin ligase. Although we look for-
ward to identifying the molecular nature of the defect
in 2INT cells, the molecules that target Mps1 for pro-
teasome-mediated degradation at centrosomes are cur-
rently unknown.

U20S Cells Express a Nondegradable Mps1 Allele

Despite failing to appropriately degrade endogenous
Mpsl, U20S cells retain the ability to degrade transgenic

= GFP-Mps14AA

merge
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wild type GFP-Mpsl in response to roscovitine (Fig. 3B).
This suggests that the failure to degrade Mpsl in U20S
cells is not the consequence of a defect in the regulation
or execution of Mpsl degradation, but is intrinsic to
Mpsl itself. Because this suggested that U20S cells might
harbor an Mpsl mutation, we sequenced the Mps1 coding
region in PCR products derived from U20S genomic
DNA and cDNA preparations. Although we found no
Mps1 coding mutations in U20S cells, we were unable to
sequence across the exon 11-12 junction in Mpsl RT-
PCR products. When we examined the region surrounding
the exon 11-12 junction in mRNA from U20S using the
primers shown in Figure 5A, we identified the presence
of two RT-PCR products (Fig. 5B). The smaller of these
products disappeared when a primer spanning both exons
11 and 12 was used, and sequence analysis demonstrated
that this smaller product represented a message lacking
exons 12 and 13 (Fig. 5C shows a schematic of the result-
ing PCR products). This message, which we have desig-
nated as MpslAlz/ 13 encodes for an internally truncated
protein lacking amino acids 420-507 [Kasbek et al.,
2007]. Identified in U20S cells as described herein,
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Mpsl mRNA:

AL Mps1*¥BmRNA:

Fig. 5. Identification of MpslAm 3 from U20S cells. (A) Schematic
diagram showing the Mpsl and MpslAlz/13 mRNAs (black, exons 1-11;
red (here light gray), exons 12 and 13; blue (here dark gray), exons 14—
22), the Mpsl primer used for reverse transcription (large half arrows),
and the primers used for PCR (small half arrows). Primers 1, 2, a, and b
have binding sites in Mpsl and MpslAlz/ 13 but primer 3 black/red (here
black/light gray) only binds to the Mpsl cDNA, because it contains

MpslAn/ 13 was pivotal in our recent study demonstrating
that preventing Mpsl degradation is sufficient to cause
centrosome re-duplication [Kasbek et al., 2007]; the
region missing in MpslAlz/ 13 contains both the Mpsl1 deg-
radation signal and the T468 phosphorylation site, and is
required for the degradation of Mpsl at centrosomes
[Kasbek et al., 2007]. Accordingly, GFP—MpslAlZ/ 13 s
sufficient to cause centrosome re-duplication in a variety

of cell types ([Kasbek et al., 2007] and Figs. 1 and 2
above).
Mpsl A12/13 Causes Dose-Dependent
Centrosome Re-Duplication
Although the expression of the Mps1®'¥'® protein

could potentially explain both centrosome re-duplication
and the misregulation of Mps1 degradation in U20S cells,
Figure 5B shows that the MpslAlz/13 message is
expressed at a significantly lower level than that of the
wild type message. Although this RT-PCR analysis was
not quantitative, the major Mps1 species is the ~97 kDa
size expected for full length Mpsl and we were unable to
detect the ~87 kDa MpslAlz/ '3 protein in U20S cells
unless we forced its overexpression by transient transfec-
tion. Thus, we did not report U20S cells as the source of
MpslAlz/ '3 in our previous study detailing its affects on
centrosome duplication [Kasbek et al., 2007] because it
did not appear to be expressed in U20S cells.

However, observations we have since generated using
stable cell lines suggest that even very low levels of
MpslAlz/ 13 are sufficient to cause centrosome re-duplica-

sequence from both exons 11 and 12. (B) Two Mpsl messages exist in
U20S cells. mRNA was isolated from U20S cells, processed, reverse
transcribed, and analyzed by PCR as described in Materials and Methods
with the primers indicated in (A). (C) Schematic diagram of the RT-
PCR products in (B), colors as in (A). [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]

tion. To obtain stable cell lines that inducibly express
wild type or nondegradable Mpsl, we transfected 293 T-
REx and HeLa T-REx cells that harbor the native Tetra-
cycline (Tet) Repressor with constructs that express Mpsl
or Mps14'¥13 and GFP-Mps1 or GFP-Mps14'?'3| respec-
tively, under the control of the Tet operator. We then iso-
lated stable clones and examined their ability to undergo
centrosome re-duplication. As with transient expression
experiments [Kasbek et al., 2007], Tet-inducible expres-
sion of Mpsl in 293 clones, or of GFP-Mpsl in HeLa
clones, did not cause centrosome re-duplication (Fig. 6A,
white and striped bars, respectively), despite a roughly
fivefold increase in Mpsl levels under inducing conditions
(not shown). In contrast, Tet-inducible expression of
Mps12'#13 in 293 clones (Fig. 6A, black bar, Mpsl®),
and of GFP—MpslAIZ/ 3 in HeLa clones (Fig. 6A, light
and dark gray bars, GFP-MpslA) caused centrosome re-
duplication equal to or greater than that caused by tran-
sient expression of GFP-MpslAu/ '3 from a viral promoter
(see e.g., Fig. 2), even though the levels of MpslAIZ/13 or
GFP-MpslAlz/13 were between two and five fold lower
than that of endogenous Mpsl1 (Fig. 6B).

Although all 293 T-REx derived clones expressed
MpslAW '3 at a level roughly two-fold lower than that of
endogenous Mpsl in S-phase arrested cells, expression of
GFP-MpslAlz/ ' was variable among HeLa T-REx
derived clones. Figure 6B shows quantitative immunoblot
analysis [Kasbek et al., 2007; Yang et al., 2008] of two
representative HeLa T-REx clones. The ratio of GFP-
MpslAW13 to endogenous Mpsl is 0.2 in clone A and 0.4
in clone B (e.g., the level of GFP-Mps1*'¥!3 is fivefold
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Fig. 6. MpSIAIZ/ 13 causes dose-dependent centrosome re-duplication.
(A) Centrosome re-duplication in 293-and HeLa-derived clones. Stable
clones generated as described in Materials and Methods were arrested in
S-phase with a 24-hr HU treatment in the presence of Dox. Centrosome
number was determined after an additional 48 hr of S-phase arrest. Bar
graph showing the percentage of cells from 293 T-REx-or HeLa T-REx-
derived clones with three or more centrosomes. White bar, 293 Mpsl
(Mpsl); black bar, 293 MpslAlZ/ 13 (MpslA); striped bar, HeLa GFP-
Mpsl; dark gray bar, HeLa GFP-Mps1*'¥'"* (GFP-Mps1®) Clone A;
light gray bar, HeLa GFP—MpslAlZ/ '3 Clone B. (B) Expression levels of
MpslAIZ/13 and GFP—MpslAlZ/13 are lower than that of endogenous
Mpsl. The cell lines from (A) were arrested in S-phase with a 24-hr HU
treatment in the presence or absence of 1 pg/ml Dox, and analyzed by
simultaneous immunoblot with the mouse antibodies N1 (anti-Mps1) and
DMIA (anti-a-Tubulin) as described in Materials and Methods. The ra-
tio of MpslAIZ/13 (MpslA) to endogenous Mpsl in the 293 T-REx-
derived Mps1*'¥13 clone (293) is 0.5, and the ratio of GFP-Mps14!1%/13
(GFP®) to endogenous Mpsl in HeLa T-REx-derived GFP—MpslAlz/ 13
expressing clones A (HeLa clone A) and B (HeLa clone B) is 0.2 and
0.4, respectively.

and 2.5-fold lower than that of endogenous Mpsl, respec-
tively), indicating that the relative overexpression of GFP-
MpslAm '3 in clone B is roughly twofold higher than that
in clone A. As shown in Figure 6A clone B (light gray
bar, Clone B) also exhibits a roughly two-fold higher
level of centrosome re-duplication than does clone A
(dark gray bar, Clone A), demonstrating that GFP-
MpslAIZ/ 13 causes centrosome re-duplication in a dose de-
pendent manner.

To determine the basic mechanism of Mps
dependent centrosome re-duplication, we analyzed these
stable clones with an antibody against Ninein, a marker
of mature centrioles [Piel et al., 2000; Ou et al., 2002].
Although Ninein is not absolutely restricted to the mater-
nal centriole, Ninein should be associated with more than
one centrosome if centrosome re-duplication had occurred
via an extra round of the canonical templated replication
cycle or via mitotic failure [Guarguaglini et al., 2005].
We would also expect an even number of centrioles that
would be found in a characteristic two-by-two configura-
tion if extra centrosomes were produced via the canonical
duplication pathway. We found that Ninein was largely
restricted to a single centriole in 293 T-REx clones
expressing Mps14'%'® (Fig. 7A) and HeLa T-REx-clones

1A12/13
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expressing GFP-Mps14'¥!® (Fig. 7B), and that centrioles

were often found in apparent isolation (e.g., Fig. 7A). We
obtained similar data using both HelLa T-REx clones
described above, and clone A that has the lowest level of
GFP-Mps12'¥"® is shown in Figure 7B. Together, this
data demonstrates both that very low levels of Mps14!¥!?
can cause centrosome re-duplication, and that MpslAlz/ 13
causes the production of multiple daughter centrioles
from one or more parental centriole.

Mps1 2% Influences Wild Type Mpsl and Migrates
Anomalously on Immunoblots

As discussed above, we have been unable to document
the presence of the predicted ~87 kDa Mps1*'%'? protein
in U20S cell lysates. In an attempt to verify that
Mps12'?13 can be detected in U20S lysates, we transi-
ently expressed the untagged protein in U20S cells from
the pT-REx-MpslAlz/ 13 plasmid. Although the predicted
~87 kDa band is detected, we also observed a greatly
increased Mps1 signal at ~97 kDa, the predicted molecu-
lar weight of wild type Mpsl (Fig. 8). This increased sig-
nal might be due to an increase in the stability of the en-
dogenous Mpsl protein caused by the presence of
MpslAlz/ 13 or to an anomalous migration of the Mps14'%!3
protein itself. As shown above in Figure 6B, the level of
the ~97 kDa endogenous Mpsl band was indeed
increased in the presence of Dox in HeLa GFP-Mps1#!'¥!?
cells (this is most obvious in cell line B that expresses a
higher level of GFP—MpslAlz/ 13). This suggests that the
presence of Mps1'?'? can influence the levels of endog-
enous Mpsl.

To determine whether Mps itself could account
for the increased ~97 kDa signal observed in U20S cells
transfected with pT-REx-Mps14'?/!3 we analyzed lysates
by simultaneous dual-color immunoblot with N1 mouse
anti-Mps1 that recognizes the Mpsl N-terminus [Stucke
et al., 2002], and one of two rabbit anti-Mps1 antibodies;
C-19 (Fig. 8A) that recognizes the Mpsl C-terminus, and
our own MDS antibody (Fig. 8B) that recognizes Mpsl
amino acids 420-507, the region missing in Mps1*!¥13
(referred to as MDS because amino acids 420-507 con-
tain the Mpsl Degradation Signal [Kasbek et al., 2007]).
As shown in Figure 8A, both N1 (green) and C-19 (red)
recognize both the ~87 kDa MpslAlz/ 13 protein, and the
increased ~97 kDa signal. In contrast MDS (red, Fig. 8B)
does not recognize any additional Mpsl species upon
transfection with MpslAIZ/ 13 as expected for an antibody
directed against the region missing in MpslAlz/ 3,
Because C-19 and NI recognize the additional species at
~97 kDa whereas MDS does not, we conclude that it
must represent a modified form of MpslAlz/ 13 with slower
mobility. This slower mobility form of MpslAW 13
appears distinct from endogenous Mpsl when stained

1A12/13
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GFP-Cetn?  Ninein merge

Fig. 7. MpslAm 13 causes centriole overproduction. (A and B) The
mature centriole marker Ninein is predominantly associated with a single
centriole in cells expressing MpslAm '3 indicating that extra centrioles
arose by formation of more than one procentriole by parental cen-
triole(s). (A) 293 MpslAlz/ 13 cells were transfected with GFP-Centrin 2
(Cetn2), arrested in S-phase with a 24-hr HU treatment in the presence
of Dox, and centrosomes were analyzed with an antibody against Ninein

with the N1 antibody, as evidenced by the presence of a
doublet near 97 kDa (Figs. 8A and 8B; most obvious in
Fig. 8B, “Merge”). However, the affinity of N1 for the
slower mobility form of MpslAlz/ 3 is much lower than
its affinity for the ~87 kDa Mps1*'¥!'? protein. The abil-
ity of N1 to bind to bacterially expressed Mpsl is blocked
by phosphorylation [Fisk et al., 2003], providing prece-
dence for the reduced affinity of N1 for modified forms
of Mpsl. However, the identity of the blocking phospho-
rylation site and its relevance in vivo are not known. In
contrast, C-19 recognizes both forms of MpslAlz/ 13 with
equal affinity, but cannot distinguish the slower mobility
form from endogenous Mpsl. We note that we still have
not documented the presence of the MpslAIZ/ 13 protein in
U20S cells. However, because the two most common Mpsl
antibodies might fail to distinguish the MpslAlz/ 13 protein
from the wild type Mpsl protein depending on its modifica-
tion state, our data suggest that we cannot rule out its pres-
ence by the absence of the predicted ~87 kDa band.

Together, our observations with stable Mps
expressing cell lines demonstrate that very low levels of
MpslAm '3 cause centrosome re-duplication and affect the
behavior of the endogenous wild type Mpsl protein.
Moreover, the MpslAIZ/ 13 protein can display an anoma-
lous mobility that is similar to the wild type protein.
Accordingly, it remains possible that MpslAlz/ 3 could
account for both centrosome re-duplication and misregula-
tion of Mpsl degradation in U20S cells. Regardless, the
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after an additional 48 hr of S-phase arrest in the presence of Dox. (B)
HeLa GFP—Mps]A]2/13—A cells were arrested in S-phase with a 24-hr HU
treatment and analyzed as in (A). Shown are representative (A) 293
MpslAIZ/ '3 or (B) HeLa GFP—MpslA'Z/ 13 cells that have extra centrioles.
Green, GFP-Cetn 2 or GFP—MpslA12/13; red, Ninein; Blue, DNA. Bar =
5 um. Insets show fourfold magnified images of centrosomes, bar = 2
pm.
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Fig. 8. MpslAlz/ '3 runs anomalously in immunoblots. (A) Expression of
Mps12'?/13 Jeads to an increased Mpsl signal at ~97 kDa. (B) The
increased Mpsl signal is likely to be a modified form of MpslAIZ/ 13’
because it is not recognized by an antibody directed against the region
missing in Mps12'¥!3. Untransfected (Mock) or Mps14'?/"3-transfected
(MpslA) U20S cells were arrested in S-phase with a 24-hr HU treat-
ment, and identical immunoblots were analyzed by quantitative dual-
color immunoblot with (A) N1 mouse anti-Mpsl, DM1A mouse anti-o-
Tubulin, and C-19 rabbit anti-Mps1, or (B) N1, DM1A, and MDS rabbit
anti-Mpsl degradation signal as described in Methods and Materials.
Asterisks represent the 95-kDa molecular weight marker.

observation that GFP-Mpsl1 is appropriately degraded in
U20S cells, combined with the identification of the non-
degradable Mpslmz/ 3 in these cells, suggests that the



misregulation of Mpsl degradation in U20S cells is
intrinsic to Mpsl itself.

DISCUSSION

The presence of extra centrosomes and/or centrioles
leads to the production of aberrant mitotic spindles that
can generate aneuploid daughter cells by causing errors in
chromosome segregation [Fisk et al., 2002; Azimzadeh
and Bornens, 2007; Fukasawa, 2007]. Extra centrosomes
are observed in a variety of human tumors where it is
assumed they contribute to aneuploidy [Lingle and Salis-
bury, 2000]. However, the precise mechanisms responsi-
ble for generating extra centrosomes are not known. In
both mouse and human cells Mpsl is degraded by the
proteasome in the absence of Cdk2 activity [Fisk and
Winey, 2001; Kasbek et al., 2007]. Our recent data sug-
gests that by attenuating Mpsl degradation Cdk2 controls
the accumulation of a centrosomal Mpsl pool, and that
preventing the degradation of Mpsl at centrosomes
increases this pool and causes production of extra centro-
somes in vitro [Kasbek et al., 2007]. This further suggests
the possibility that defects in Mpsl degradation represent
one possible mechanism for generating extra centrosomes
in human tumors. Here, we have taken the first step to-
ward testing this possibility by demonstrating that the
21NT mammary carcinoma and U20S osteosarcoma cell
lines display defects in the regulation of Mpsl degrada-
tion.

The failure to degrade Mpsl in 2INT and U20S cells
is not due to a failure to inhibit Cdk2, nor is it likely to
be a consequence of immortalization or adaptation to cul-
ture; Mpsl is degraded appropriately in a number of tu-
mor-and non tumor-derived cell lines, including the 16N
cell line that is isogenic to 2INT. Moreover, in the cell
lines from this study the regulation of centrosome dupli-
cation correlates with the regulation of Mpsl degradation.
U20S cells are well known to undergo centrosome re-
duplication, and of the cells used in this study only 2INT
cells share this capability; HeLa, 293, RPE1, 16N, and
MCF7 cells that properly regulate Mpsl degradation are
not capable of centrosome re-duplication. Because pre-
venting Mpsl degradation is sufficient to cause centro-
some re-duplication [Kasbek et al., 2007], our observa-
tions with U20S and 2INT suggest that the failure to
appropriately degrade Mpsl in these cells might account
for their ability to undergo centrosome re-duplication.
However, significant work remains to determine whether
defects in the regulation of Mpsl contribute to extra cen-
trosomes in situ.

MCFT7 cells have been shown to overexpress the Mpsl
message [Yuan et al., 2006] yet regulate both centrosomes
and Mpsl appropriately, and whole-cell Mps1 levels are
indistinguishable between 16N that regulate Mpsl appro-
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priately and 2INT cells that fail to degrade Mpsl in the
absence of Cdk2. These observations underscore the point
that centrosome re-duplication is unrelated to whole-cell
Mpsl levels. Rather, we suggest that the critical factor for
the regulation of centrosome duplication is the level of
Mpsl at centrosomes, which depends not on whole-cell
Mpsl levels but on the regulation of Mpsl degradation at
centrosomes [Kasbek et al., 2007]. Our recent study sug-
gesting that the centrosomal pool accounts for perhaps
10% of total cellular Mpsl used siRNA to deplete Cdk2
activity, which caused the loss of Mpsl specifically from
centrosomes with little effect on whole-cell Mpsl levels
[Kasbek et al., 2007]. Here we have probed the regulation
of Mpsl degradation using roscovitine, which greatly
reduces the whole-cell levels of Mpsl [Fisk and Winey,
2001; Kasbek et al., 2007]. The difference between the
two methods may be explained by the presence of the
roscovitine-inhibited kinase that presumably mimics a
dominant negative Cdk2 allele, but we cannot rule out the
existence of off-target affects of roscovitine. Regardless,
roscovitine has clearly proven a useful tool for probing
the regulation of Mpsl degradation.

In principle, there are three obvious mechanisms that
might result in the misregulation of Mpsl degradation;
(1) up-regulation of Cdk2 activity; (2) defects in the mol-
ecules that target Mpsl for proteasome-mediated degrada-
tion; and (3) Mpsl mutations that render it nondegrad-
able. In our previous study we demonstrated that each of
these mechanisms can prevent the degradation of Mpsl at
centrosomes in HeLa cells [Kasbek et al., 2007]; overex-
pression of cyclin A led to a 2.4-fold increase in the level
of Mpsl at centrosomes, inhibition of the proteasome
with MG115 led to a similar increase in centrosomal
Mpsl, and Mpsl mutations that removed the degradation
signal (MpslAIZ/ %) or mimicked Cdk2 phosphorylation
(Mps1™9P and Mps1™%F) prevented the removal of
Mps1 from centrosomes in the absence of Cdk2 activity.
Although we have shown that the first of these mecha-
nisms can prevent the degradation of Mpsl at centro-
somes, up-regulation of Cdk2 activity should be invisible
to the experiments described here unless it also rendered
Cdk2 insensitive to roscovitine. We chose to examine
2INT cells because they overexpress cyclin Al [Ford
et al., 2000; Coletta et al., 2004], which prevents Mpsl
degradation and causes centrosome re-duplication in
HeLa cells [Kasbek et al., 2007]. However, although we
cannot rule out a role for cyclin Al in preventing Mpsl
degradation in 21NT cells, our data indicate that increased
Cdk2 activity is not responsible. Instead we found that an
Mps] mutant that is normally degraded even in the pres-
ence of Cdk2 activity accumulates at centrosomes and
accelerates centrosome re-duplication in 2INT cells. It is
unlikely that the proteasome itself is defective in 21INT
cells, because Rb is degraded in response to roscovitine.
Rather, it seems likely that 2INT cells are deficient in a
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factor that serves to target centrosomal Mpsl to the pro-
teasome. Although the molecules that target Mpsl for
degradation at centrosomes are currently unknown, 16N
and 2INT may be helpful in their identification. For
example, the use of single nucleotide polymorphism or
methylation arrays to identify genomic regions that differ
between 16N and 21NT might lead to the identification of
interesting candidate regulatory proteins.

In contrast, U20S cells retain the ability to degrade
transgenic wild type Mpsl. This demonstrates that both
the upstream regulation (e.g., Cdk2) and downstream ma-
chinery of Mpsl degradation remain intact, and suggests
that the defect in U20S cells is intrinsic to Mpsl. Con-
sistent with this suggestion, the MpslAW 3 message that
encodes the nondegradable MpslAlz/13 protein was dis-
covered in U20S cells. Although MpslAlz/ 13 represents a
small fraction of total Mpsl message and U20S cells lack
a detectable signal at the predicted ~87 kDa size of the
MpslAn/ 13 protein, data provided here suggest that we
cannot rule out a role for MpslAlz/ '3 in both centrosome
re-duplication and misregulation of Mpsl degradation in
U20S cells. MpslAlz/ 13 causes dose-dependent centro-
some re-duplication by perturbing the canonical templated
centrosome replication pathway, the mechanism estab-
lished for centrosome re-duplication in U20S cells [Guar-
guaglini et al., 2005]. Moreover, it does this at very mod-
est expression levels that can also influence the wild type
Mpsl protein, and the presence of a slower mobility form
of MpslAIZ/ '3 that we observed in this study might go
undetected by the two most common Mpsl antibodies. A
final resolution as to the presence of MpslAlZ/ 3 in U20S
cells will likely require mass spectrometry that is beyond
the scope of this report.

Although the data presented here demonstrate that mis-
regulation of Mpsl degradation correlates with centro-
some defects in tumor-derived cells, there remains a large
gap to be bridged to determine whether defects in the reg-
ulation of Mpsl contribute to extra centrosomes in situ,
and we look forward to examining Mps1 regulation in tu-
mor tissue. Such an analysis presents many challenges,
the greatest of which will be the need to examine Mpsl
degradation rather than Mpsl message or protein levels.
This is underscored by our observations with MCF7, 16N,
and 2INT cells, where neither the levels of the Mpsl
message nor whole-cell levels of the Mpsl protein corre-
lated with misregulation of Mpsl degradation. Accord-
ingly, a simple analysis of Mspl levels in archival tumor
samples is unlikely to be informative. Instead it will be
necessary to examine the level of Mpsl at centrosomes,
or the response of Mpsl to roscovitine. Although we
might achieve the former in archival samples with diffi-
culty, the latter will require the analysis of precious pri-
mary tissue samples. It should be possible to analyze
Mps1 in homogenized primary tissue, but an assay proto-
col will first have to be worked out using normal tissue.

Moreover, because multiple mechanisms can account for
the presence of extra centrosomes [Doxsey, 2002; Nigg,
2002], it may also be necessary to directly assess centro-
some duplication, which would also require live tissue.
Tumors are complex heterogeneous environments consist-
ing of stroma and tumor, and any assay will have to
account for each compartment. Regardless, the data pre-
sented here demonstrate that Mps1 is misregulated in two
tumor-derived cell lines through two distinct mechanisms.
Together with our previous data demonstrating that pre-
venting the degradation of Mpsl at centrosomes is suffi-
cient to cause centrosome re-duplication in human cells
[Kasbek et al., 2007], the data presented here support the
suggestion that Mpsl might contribute to the production
of extra centrosomes in human tumors. Thus, Mps!1 repre-
sents a potential link between extra centrosomes and
genomic instability.
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