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Generation of Mps1f Conditional and Mps1Δ Mutant Mice. A 129/Sv
mouse genomic λ-phage library was screened for the genomic
locus of monopolar spindle 1 (Mps1) as described (1). A 14-kb
portion of the Mps1 genomic locus encoding exons 1–9 was
isolated and cloned into pBluescript (Life Technologies) via
NotI sites. DNA encoding diphtheria toxin A was cloned into the
NotI site as a negative selection marker. A loxP site was cloned
into an NcoI site between exons 2 and 3. A 4-kb selection cas-
sette containing thymidine-kinase and the neomycin-resistance
gene flanked by two loxP and FRT recombination sites (LFNT
cassette) was cloned into a SphI site between exons 4 and 5. The
resulting 22.6-kb targeting vector (Fig. S1A, line 2) was in-
troduced into ES cells, and clones were isolated as previously
described (1). Incorporation of the gene-targeting vector by
homologous recombination into ES clones was determined by
Southern blotting as described (1), using a 664-bp 5′ probe and
a 665-bp 3′ probe after digestion with NheI or BglI as indicated
in Fig. S1A, line 3. The 5′ probe was generated by digesting a λ-phage
clone with SacI and XmaI which contained sequences 5′ of the
targeting vector and then was subcloned into pBluescript (Life
Technologies). The 5′ probe yields an 11.7-kb wild-type band
and a 9-kb targeted band. The 3′ probe is homologous to se-
quences containing exon 9 of Mps1 and was generated by PCR
yielding a 13.4-kb wild-type band and a 9.4-kb targeted band.
Two correctly targeted ES clones were isolated. The LFNT
cassette was removed in these ES clones by transfecting cells
with vectors expressing Cre recombinase (pCrePac) or flippase
recombinase (pFlpe), resulting in the kinetochore-binding do-
main deletion (DK) (Fig. S1A, line 5) or conditional (f) (Fig.
S1A, line 4) allele, respectively. Southern blotting after re-
striction/digestion with NcoI and probing with the 5′ 664-bp
probe yielded 8 kb for wild type, 12 kb for the targeted locus
(containing LFNT), 15.2 kb for the DK allele, and 18.6 kb for the
f-allele. Three DK+ and two f+ subclones from the two original
clones were injected into blastocysts and successfully generated
founder lines for the conventional DK and conditional alleles.
To assess the consequences of Mps1 truncation in developing

embryos, we generated Mps1Δ/+ ES cells by Cre electroporation,
established the Mps1DK allele in the germ line, and intercrossed
Mps1DK/+ mice. No Mps1DK/DK mice were recovered in 33 litters
comprising 237 pups, showing that the Mps1 truncation allele is
embryonic lethal (Mps1+/+ mice comprised 38% of viable pups,
and Mps1DK/+ mice comprised 62% of pups, the expected Men-
delian ratio) (Fig. S5B). At embryonic day 10.5 (E10.5), embryos
were isolated, and the yolk sac was taken to determine genotype
by PCR as described (2). Mps1DK/DK embryos died at or before
E10 (Fig. 5C), as previously described with the germ-line deletion
of other checkpoint genes (3–5). We conclude that aneuploidy
generated by the Mps1DK allele is lethal to developing embryos.

Generation of pRetrox GFP-Mps1 Full-Length, pRetrox GFP-Mps1DK,
and Cre-T2A-GFP. For pRetrox GFP-Mps1 vectors, we first PCR
amplified EGFP (Phusion polymerase; Thermo Scientific) with
BglII and BamHI+NotI Sites 5′ and 3′ respectively. This PCR
fragment was cloned into BamH1-, and NotI- (New England
Biolabs) digested pRetrox backbone (Clontech), thus destroying
the BamH1 site 5′ of the GFP. In the case of full-length Mps1,
we then PCR-amplified Mps1 from a human Mps1 cDNA clone
(DNA Resource Core, Dana-Farber/Harvard Cancer Center)
flanked by BamH1 and NotI sites 5′ and 3′ respectively, which
was cloned into pRetrox-eGFP digested with BamH1 and NotI.

For Mps1DK, we first PCR-amplified a fragment encompassing the
5′ ATG to an endogenous HindII site in exon 1 of human Mps1,
which was ligated into a pMSCV backbone (Clontech), harboring
the mouse stem cell virus (MSCV) LTRs, digested with BamH1
and HindIII. We next PCR-amplified Mps1 from the start of exon
4 to its stop codon and added the remaining exon 1 sequence
downstream of the HindIII site to the 5′ end of this product, re-
sulting in a HindIII–NotI fragment. This fragment was ligated into
the product of the previous step, thus creating Mps1DK. We then
PCR-amplified Mps1DK from pMSCV Mps1DK using BglII and
NotI sites and cloned it into pRetrox eGFP as we did for full-
length Mps1. For Cre-T2A-GFP, we first PCR amplified GFP,
adding a T2A sequence flanked by BglII and BamH1-NotI sites
to its 3′ end (6), and cloned it into pRetrox using BamH1 and
NotI sites. We next cloned Cre downstream of GFP-T2A using
BamH1 and NotI sites 5′ and 3′, respectively. All primers used
are listed in Dataset S5.

Quantification of Kinetochore-Bound Mps1. To quantify the levels
of GFP-Mps1 bound to kinetochores, fluorescence arbitrary
units on a horizontal line through a kinetochore were analyzed in
SoftWorx software (GE Healthcare) using the line-profiling tool.
To correct for GFP-tagged protein expression levels, we nor-
malized kinetochore-bound values by subtracting the average
GFP expression counts in the cell from the counts at the kinet-
ochore (line-profiling tool). We then calculated the fluorescence
ratios between GFP-Mps1 and GFP-Mps1DK for both cell types
(Fig. S1 E and G).

Comparative Genome Hybridization and Analysis. For array-based
comparative genomic hybridization (aCGH) experiments DNA
was labeled with Cy3 or Cy5 fluorescent nucleotides according to
the BioPrime array CGH genomic labeling protocol (Life Tech-
nologies) and cleaned using the PureLink PCR purification kit
(Life Technologies).Many liver samples showed evidence of T-cell
infiltration, disqualifying them as control samples. Therefore we
used pooled sex-matched reference samples from uninfiltrated
livers from littermates. Labeled DNA was hybridized to 244K
mouse genome CGH microarrays (Agilent) according to the
manufacturer’s protocol and subsequently was scanned, back-
ground corrected, and normalized using the loess algorithm with
Bioconductor limma package (7). Data then were segmented and
split into regions of estimated equal copy number using a circular
binary segmentation algorithm (Bioconductor) with the DNA-
copy package (8). To reduce noise further, we used the “undo”
method to remove all splits that are not at least 3 SDs apart. Log2
ratios of tumor to/reference were plotted along the chromosome
coordinates using the same software. To create a multisample
matrix, we assigned segment means to mouse genes [National
Center for Biotechnology Information (NCBI) M37 and M63] on
all segments for each sample using the Bioconductor CNTools
package. Data were processed further and sorted by chromosomal
position in Microsoft Excel. The aneuploidy score was calculated
by assessing whole-chromosome losses and gains in Agilent Ge-
nomic Workbench software, and statistical analyses were per-
formed using GraphPad Prism software. To find chromosome
regions showing common gains/losses, we computed segment gain
or loss (SGOL) scores by calculating all positive and negative log2
ratio values over or under a log2 ratio threshold (j0.3j) using the
Bioconductor cghMCR package (9).
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RT-PCR, Quantitataive PCR, and Expression Arrays. Synthesis of
biotin-labeled cRNA was performed using an Illumina Total-
Prep RNA amplification kit (Ambion). Amplified biotinylated
cRNA (1.5 μg) was hybridized to llumina Sentrix BeadChips
(v6.2) and subsequently labeled with streptavidin-conjugated
Cy3 (Amersham) according to the manufacturer’s protocol.
After scanning, data were quantile normalized (10) and ana-
lyzed using the Bioconductor lumi (11) and limma packages
(7). Data were adjusted by P value to yield a sorted list of
differentially expression genes (12) and were sorted by chro-
mosomal position or frequency of deregulation in Microsoft
Excel. For Gene Ontogeny analysis, all genes with log2 values
between −0.6 and 0.6 (less than 1.5-fold deregulated) and
genes deregulated in fewer than four tumors were excluded.
For RT-PCR, reverse transcription was performed using an

OligoDT, random hexamer mixture and Molony murine leu-
kemia virus-RT (New England Biolabs) according to the
manufacturer’s instructions. Primer sequences can be found
in Dataset S5. For quantitative PCR (qPCR) reactions, 1 μg
of total RNA was used for a reverse transcriptase reaction
(Superscript II; Life Technologies). The resulting cDNA was
used as a template for qPCR (ABI PRISM 7700 Sequence
Detector) in the presence of SYBR-Green (Life Technolo-
gies) to label the product. The relative amounts of cDNA
were compared with actin to correct for the amount of total
cDNA. Average values and SDs were calculated as indicated
in figure legends and were compared with the expression
values in control mice (normalized to the value of 1). Primer
sequences are listed in Dataset S5.
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Fig. S1. Engineering a conditional Mps1 allele showing severely decreased kinetochore binding in mitosis. (A) Schematic overview of the Mps1 locus, the
conditional targeting vector, and targeted locus before and after Flp and Cre-recombinase expression. (B) Southern blot on tail DNA from founder mice
harboring conditional (f) and DK alleles demonstrating germ-line transmission. (C) RT-PCR for Mps1 on mRNA isolated from wild-type and Mps1f/+; Lck-Cre+

thymocytes showing expression of the Mps1DK hypomorphic protein. (D) Time-lapse image stills showing kinetochore localization of retrovirally transduced
wild-type GFP-Mps1 during mitosis (Upper) and less binding of GFP-Mps1DK to kinetochores (Lower). DNA was labeled with retroviral H2B-Cherry. Also see
Movies S1 and S2. (E) Quantification on time-lapse image stills (Movies S1 and S2) of kinetochore-bound Mps1 in cells expressing either wild-type GFP-Mps1
(Upper) or GFP-Mps1DK (Lower) when expressed in mouse embryonic fibroblasts (MEFs). Indicated percentages refer to the average GFP signal on three ki-
netochores within one cell and compared between cells expressing wild-type GFP-Mps1 and GFP- Mps1DK. The dashed red line indicates where the fluorescence
signal was quantified. (F) Time-lapse image stills showing strong kinetochore localization of retrovirally transduced wild-type GFP-Mps1 in pro-metaphase
(Upper) and weak kinetochore localization of GFP-Mps1DK (Lower) in human MCF 10A cells. DNA was labeled with retroviral H2B-Cherry. See also Movies S3
and S4. (G) Quantification on time-lapse image stills (Movies S3 and S4) of kinetochore-bound Mps1 in cells expressing either wild-type GFP-Mps1 (Upper) or
GFP-Mps1DK (Lower) when expressed in MCF 10A cells. The dashed red line indicates where the fluorescence signal was quantified. (H) Distribution of mitotic
durations for control-infected Mps1f/f (blue) and Cre-infected Mps1f/f (red) MEFs. Average values are shown in Fig. 1F.
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Fig. S2. Mps1 truncation accelerates lymphomagenesis in a p53-deficient background. (A) Genotyping PCR showing efficient switching of Mps1f to Mps1DK in
untransformed T cells. (B) Kaplan–Meier curves showing survival of Mps1f/+ p53f/f and p53f/f mice in an Lck-Cre+ background. Note that the p53f/f survival curve
is the same curve presented in Fig. 2D. (C) Genomic PCRs showing full p53 deletion in the majority of the Mps1f/f p53f/f and p53f/f lymphomas and frequent p53
loss of heterozygosity (LOH) in Mps1f/f p53f/+ lymphomas. Lane numbers are tumor identification numbers. (D and E) aCGH data showing loss of p53 in tumors
with the indicated genotypes. Each rectangle represents a single aCGH probe value. Three probe values are shown, for the deleted fragment (Center) and for
the 5′ (Left) and 3′ (Right) regions flanking the deleted region. Log2 ratios in the range of −5 indicate complete loss of the probe and thus LOH of the wild-type
p53 allele in Mps1f/f p53f/+ tumors (D). The numbers on the left are tumor identification numbers (TID). (F) Kaplan–Meier survival curve showing survival of
Mps1f/f, Mps1f/f p53f/f, Mps1f/f p53f/+, and p53f/f mice in a mouse mammary tumor virus (MMTV)-Cre+ background. (G) Genomic PCRs showing efficient excision
of Mps1 in the majority of Mps1f/f p53f/f lymphomas. (H) Schematic overview of Mps1 RNA showing where the qPCR primers used in Fig. 2G and the RT-PCR
primers used in Fig. S2I bind. (I) RT-PCR reactions on RNA isolated from p53-control tumors (TID 36 and 63), Mps1f/f p53f/+ (TID 13), and Mps1f/f p53f/f (TID 23)
tumors showing full penetrance of the truncated Mps1DK allele in Mps1DK-driven tumors. Primers 500 and 501 amplify murine Mps1 from the start codon to the
stop codon; primers 500 and 503 amplify from the start codon to exon 5. Retroviral vectors encoding constructs for human GFP-Mps1DK (pRetrox Mps1DK) and
GFP-Mps1WT (pRetrox Mps1WT) (used in Fig. 1B) serve as PCR controls. All RT-PCR products were Sanger sequenced, which confirmed deletion of the exons 3 and
4 in Mps1DK tumors. (See Dataset S2 for information about the alignment the sequencing data.) (J) Quantification of interphase FISH measurements on
untransformed Mps1f/f Lck-Cre+ T cells and Mps1f/f p53f/+ Lck-Cre+ T-ALL cells.
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Fig. S3. Common copy-number alterations and correlation between tumor copy-number changes and transcriptomes. (A and B) Cumulative SGOL scores for
tumors arising in Mps1 p53 (A) and p53 (B) mice. (C and D) aCGH (C) and transcriptome data (D) sorted by chromosomal position. (E) Overview of pathways
affected in aneuploid mouse tumors (Mps1f/f p53f/f and Mps1f/f p53f/+) as analyzed using WebGestalt (1).

1. Zhang B, Kirov S, Snoddy J (2005) WebGestalt: An integrated system for exploring gene sets in various biological contexts. Nucleic Acids Res 33(Web Server issue):W741–748.
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Fig. S4. Linear regression plots showing correlation strength (coefficient of correlation, R2) between copy-number changes (aCGH) and expression changes
(expression arrays) for all chromosomes and all tumors assessed by both aCGH and transcriptome analysis in this study.
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Fig. S5. Mps1 truncation deregulates cellular metabolism and results in embryonic lethality. (A) Expression changes in individual genes sorted by cumulative
expression score (the sum of expression changes within all tumors for that gene, additive or Add. score) sorted high to low for Chr4, Chr14, Chr15, and Chr19.
(B) Total numbers of pups born from Mps1DK/+ crosses. (C) Embryos (n = 96) harvested at E10.5 indicating embryonic lethality earlier than E10.5 for Mps1DK/DK

mice. The high fraction of reabsorbed embryos also suggests lethality.
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Movie S1. MEFs expressing GFP-tagged full-lengthMps1 (green) coexpressing H2B-Cherry (red) showing kinetochore localization of full-lengthMps1, but notMps1DK.

Movie S1

Movie S2. MEFs expressing GFP-tagged Mps1DK (green) coexpressing H2B-Cherry (red) showing reduced kinetochore localization in Mps1DK.

Movie S2
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Movie S3. MCF 10A cells expressing GFP-tagged full-length Mps1 (green) showing strong kinetochore localization of full-length Mps1.

Movie S3

Movie S4. MCF 10A cells expressing GFP-tagged Mps1DK (green) showing weak kinetochore localization of Mps1DK.

Movie S4
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Movie S5. Mps1f/f MEFs expressing GFP-T2A-Cre showing lagging chromosomes coexpressing H2B-GFP.

Movie S5

Movie S6. Mps1f/f MEFs expressing GFP-T2A-Cre showing lagging chromosomes coexpressing H2B-Cherry.

Movie S6
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Movie S7. Mps1f/f MEFs expressing GFP-T2A-Cre showing lagging chromosomes coexpressing H2B-Cherry. Note: Movie S7 shows the same cell as Movie S6 but
shows GFP-T2A-Cre expression to visualize cell morphology.

Movie S7

Movie S8. Control-infected Mps1f/f MEFs expressing H2B-Cherry showing unperturbed mitosis.

Movie S8
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Movie S9. Control-infected Mps1f/f MEFs expressing H2B-GFP showing unperturbed mitosis.

Movie S9

Movie S10. Cre–infected Mps1f/f MEFs expressing H2B-GFP showing failure to form a metaphase plate because of an alignment problem.

Movie S10
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Movie S11. Cre-infected Mps1f/f MEFs expressing H2B-GFP showing failed chromosome alignment followed by tetraploidization.

Movie S11

Dataset S1. Genotyping and pathology information for all mice in this study including genotyping information of tumors

Dataset S1

Dataset S2. Alignments of Mps1 cDNA sequences generated from RNA isolated from tumors expressing full-length Mps1 or Mps1DK,
showing loss of the sequence encompassing exons 3 and 4 in Mps1DK tumors

Dataset S2

Dataset S3. Normalized aCGH data for all assessed tumors and average aCGH data per chromosome

Dataset S3

Raw data have been deposited at in the National Center for Biotechnology Information Gene Expression Omnibus database under accession no. GSE57334.

Dataset S4. Normalized expression array data for all assessed tumors, average expression data per chromosome, and gene ontology
analysis

Dataset S4

Raw data have been deposited at in the National Center for Biotechnology Information Gene Expression Omnibus database under accession no. GSE57334.

Dataset S5. Primer sequences used in this study

Dataset S5
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