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Abstract

The Spindle Assembly Checkpoint (SAC) is essential in mammalian mitosis to ensure the equal
segregation of sister chromatids®- 2. The SAC generates a Mitotic Checkpoint Complex (MCC) to
prevent the Anaphase Promoting Complex/Cyclosome (APC/C) from targeting key mitotic
regulators for destruction until all the chromosomes have attached to the mitotic apparatus®: 3 4. A
single unattached kinetochore can delay anaphase for several hours®, but how it is able to block
the APC/C throughout the cell is not understood. Current concepts of the SAC posit that it exhibits
either an “all or nothing’ response® or there is a minimum threshold sufficient to block the APC/
C’. Here, we have used gene targeting to measure SAC activity and find that it does not have an
‘all or nothing’ response. Instead, the strength of the SAC depends on the amount of Mad?2
recruited to kinetochores and on the amount of MCC formed. Furthermore, we show that different
drugs activate the SAC to different extents, which may be relevant to their efficacy in
chemotherapy.

The SAC is activated by unattached kinetochores that appear to generate an APC/C
inhibitorl: 2. The exact nature of the inhibitor, or inhibitors, is not yet clear but genetic8: 9,
biochemical* 10-13 and structural datal# indicate the MCC, composed of Mad2, BubR1 and
Bub3, prevents Cdc20 from activating the APC/C. This evidence is consistent with
unattached kinetochores catalyzing a conformational change in Mad?2 as a necessary
prerequisite to binding Cdc208: 15, How a single unattached kinetochore is able to generate
sufficient inhibitor to block the APC/C throughout the cell, however, is not understood. Is
the inhibitory signal amplified to generate an *all or nothing’ response®, or is there a
minimum SAC threshold sufficient to block the APC/C’? The true nature of the SAC is
important both for our understanding of the mechanism behind it, and because it has been
postulated that the SAC can be weakened in cancer cells6.

Our understanding of the SAC has been hampered by the lack of an assay to measure its
activity. We recently showed that Cyclin A2 could be degraded when the SAC was active
because it bound to Cdc20 in competition with the MCC17, We thought that this should
provide an assay for SAC activity, i.e. the rate of MCC production, because the rate of
Cyclin A2 degradation should be determined by competition for Cdc20 with the MCC. To
test this we needed to measure precisely the prometaphase destruction of Cyclin A218-20,
Therefore, we used recombinant adenovirus-associated virus (rAAV)-mediated gene
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targeting to introduce the open reading frame (ORF) of yellow fluorescent protein (Venus)
into the last exon of one allele of the CCNA2 (Cyclin A2) gene in hTert-RPEL cells (RPEL;
retinal pigment epithelial) (Fig. 1a, Supplementary Fig. S1a,b). (Note that this fusion
generated a functional proteinl8.) We chose RPE1 cells because they have a normal diploid
karyotype, are not transformed and exhibit little cell death when arrested in mitosis; tagging
the endogenous Cyclin A2 protein in RPE1 cells avoided the complications of mosaic
protein levels in the cell population produced by ectopic expression. Immunoblotting
analysis showed that cells expressed the fusion protein to the same level as the untagged
protein (Fig. 1b). Time-lapse microscopy showed individual cells in the population had very
similar kinetics of Cyclin A2-Venus degradation and mitotic progression (Supplementary
Fig. 1c and Supplementary Movie 1).

Our hypothesis predicted that the rate of Cyclin A2 degradation should be accelerated when
we eliminated the production of MCC, either by depleting Mad2, or by inhibiting MPS1, an
essential SAC kinase. Conversely, maintaining the SAC, e.g. by treating cells with the Eg5
spindle motor poison di-methyl anastron (DMA), should reduce the rate of Cyclin A2
degradation. Both these predictions were verified (Supplementary Fig. 1d), from which we
concluded that the rate of degradation of Cyclin A2-Venus could serve as a quantitative
assay for SAC activity.

Taxanes and vinca alkaloids are effective anti-cancer agents, possibly through their ability to
impose activate the SAC2L: 22 so understanding how such compounds affect the SAC could
be therapeutically valuable. To investigate this we treated RPE1 Cyclin A2-Venus cells with
Taxol, DMA or nocodazole and found that although all three drugs delayed cells in mitosis,
the rate of Cyclin A2-Venus destruction was faster in Taxol than in nocodazole or DMA
(Fig. 1c); therefore different microtubule (MT) poisons generated different levels of SAC
activity. Furthermore, when we inhibited Mps1, the rate of Cyclin A2 degradation increased
and the mitotic delay decreased in proportion to the concentration of the inhibitor (AZ3146)
(Fig. 1d; Supplementary Fig.1e), showing that partially inhibiting Mps1 reduced the strength
of the SAC.

Our results indicated that different spindle poisons activated the SAC to different extents,
which prompted us to ask whether this determined their ability to arrest cells in mitosis.
Work from a number of laboratories supports the hypothesis that the extent to which cells
delay in mitosis depends on two antagonistic pathways, whereby a gradual increase in
activity of a pro-apoptosis pathway is counteracted by the slow degradation of Cyclin B1
and securin, and consequent mitotic exit (called mitotic slippage)?L: 23: 24, The extent of
mitotic slippage varies between individual cells and between cell lines, and in response to
different drugs2!. We postulated that the rate of mitotic slippage could be governed by the
strength of the SAC generated by different drug treatments.

Muitotic slippage had previously been measured by the degradation of ectopic Cyclin

B121. 23 put since altering the level of Cyclin B1-Cdk1 activity affected the fate of cells in
mitosis21, we chose to assay the destruction of endogenous Cyclin B1 by using rAAV-
mediated gene targeting to fuse exon 9 of the CCNB1 (Cyclin B1) locus to the open reading
frame of Venus in RPE1 cells (Fig. 2a,b; Supplementary Fig. 2a-c), which produces a
functional fusion protein2°. Just as for Cyclin A2-Venus, the Cyclin B1-Venus protein
accumulated and was destroyed with similar kinetics to the untagged endogenous protein
(Supplementary Fig. 2d,e). Quantitative fluorescence imaging showed that Cyclin B1-Venus
destruction began at metaphase (Supplementary Fig. 2f; control and movie 2) and was
regulated by the SAC (Supplementary Fig. 2f; Reversine and nocodazole).
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We treated RPE1-Cyclin B1-Venus cells with various MT poisons and assayed them by
time-lapse fluorescence microscopy. We reasoned that assaying Cyclin B1-Venus levels
over time in cells blocked in mitosis should provide a measure of the effectiveness with
which the SAC could repress APC/C activity because weaker SAC activity should result in a
higher rate of Cyclin B1 destruction. In agreement with other studies? 26, we found that
Taxol-treated cells spent less time in mitosis (555.9 £345.6 min.) compared to cells treated
with DMA (1101 +410.1 min.) or nocodazole (1481 £529 min.) (Fig. 2c), even though
DMA produces similar kinetochore attachment defects to Taxol2”: 28, The reason for this
discrepancy was different rates of proteolysis: Cyclin B1-Venus levels fell faster in Taxol-
treated cells compared to DMA, and faster in DMA than in nocodazole (0.33 pM) (Fig. 2d).
This was not caused by a direct effect of the drugs on APC/C activity because when Mad2
was depleted by siRNA, Cyclin B1-Venus was degraded with the same kinetics in the
different drugs (Fig. 2e). Instead, the kinetics of Cyclin B1-Venus destruction correlated
with the strength of the checkpoint we had previously measured using the disappearance of
Cyclin A2-Venus. The average slope of Cyclin B1-Venus destruction in different drug
treatments correlated inversely (/2=0.9482) with the time cells spent in mitosis (Fig. 2f),
indicating that the length of mitotic arrest likely depended on how effectively the APC/C
was inhibited by the SAC. To test this further, we used serial dilutions the MPS1 inhibitor
AZ3146 in cells treated with 0.33 pM nocodazole, and found that a progressive increase in
AZ3146 concentration caused an increase in the rate of Cyclin B1-Venus destruction (Fig.
2g), and, as previously observed, a reduced mitotic delay?® (Supplementary Fig. 2g).

The differences in Cyclin A2 and Cyclin B1 degradation rates in response to different drugs
indicated that the strength of the SAC was variable rather than ‘all or nothing’. To
understand how the strength of the SAC could vary we needed a quantitative measure of the
kinetochores that generated a SAC signal. To achieve this we used gene targeting to fuse the
Venus ORF to the 5’ of exon 1 of one allele of the MAD2L1 gene. We tagged Mad?2 at its
N-terminus because a GFP-Mad2 fusion protein had previously been demonstrated to be
functional in Drosophila3® Immunoblotting showed that Venus-Mad2 was expressed at a
similar level to untagged Mad2 (Fig. 3a,b; Supplementary Fig. 3a,b) and high-resolution
imaging confirmed that it was an accurate marker for unattached kinetochores
(Supplementary Fig. 3c and d and movie 3).

Treating RPE1 cells with Taxol or DMA or nocodazole gave the expected spindle and
kinetochore phenotypes (Fig. 3c): Taxol-treated cells displayed collapsed spindles with
hyperstable/elongated MTs; DMA-treated cells had monopolar spindles; nocodazole (0.33
pMM)-treated cells lacked spindle MTs but contained clustered kinetochore MTs. Under these
conditions, we found more kinetochores recruited Mad2 in cells treated with nocodazole
(25.29 £9.46) than with DMA (10.62 £6.42) or Taxol (4.84 +3.14) (Fig. 3d,e). These values
were comparable to immunofluorescence measurements on the parental RPEL cell line using
an anti-Mad2 antibody (Supplementary Fig. 3d); therefore, Venus-Mad2 was an accurate
marker for Mad2 recruitment to improperly attached kinetochores.

In addition to containing more Mad2-positive kinetochores, in nocodazole-treated cells the
individual kinetochores recruited more Venus-Mad2 molecules (estimated as 114.0 +60.4)
than in cells treated with Taxol (77.9 £30.1) or DMA (65 +25.0) (Fig. 3f and Supplementary
Fig 3e-j). These differences in protein numbers were not attributable to variations in the size
of kinetochore since there was no correlation between the intensity of kinetochore-bound
Venus-Mad? and Hecl, a stable kinetochore protein (Fig. 3g). By contrast, the amounts of
Mad2 recruited to improperly attached kinetochores inversely correlated with kinetochore
microtubule abundance. The kinetochores in nocodazole-treated cells are mostly unattached
(at 0.33 pM), whereas kinetochores do attach to MTs in Taxol- and DMA-treated cells but
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these attachments are destabilised by the error-correction machinery, thereby generating
fluctuating numbers of unattached kinetochores.

The combined numbers of Venus-Mad2 molecules and Mad?2 foci per cell strongly
correlated (2=0.9123) with the extent of the mitotic delay in each drug treatment (Fig. 3h).
This indicated that the recruitment of Mad?2 to kinetochores was important for the strength
of the SAC. To test this, we assayed the effect on the SAC of depleting Mad2 to different
extents by sub-optimal SiRNA treatment in RPE1 Mad2Venus'* cells (Fig. 4a). Our
endogenous targeting allowed us to determine the extent of Mad2 depletion in individual
cells by measuring the total Venus-Mad2 fluorescence. Reducing total cellular Mad2 to ~30
to 40% of its normal level caused a graded reduction in the length of the checkpoint arrest
(Fig, 4b), showing that under the same conditions, the amount of Mad?2 did indeed influence
the strength of the SAC. It was notable that once Mad2 was depleted to below 30-40% of
normal the checkpoint was no longer functional and cells quickly exited mitosis (Fig. 4b,c).
This high threshold amount of Mad?2 required for the checkpoint surprised us because we
had previously found the majority of Mad2 was free in the cell12 31, The integrated Venus-
Mad2 fluorescence at kinetochores after NEBD largely mirrored the total amount of Venus-
Mad2 (Fig. 4d) and correlated with the duration of the mitotic arrest (Fig. 4e). This
supported the idea that the amount of Mad2 recruited to kinetochores might determine the
strength of the SAC, an idea that was strongly reinforced when we focused on cells that
contained very similar amounts of total Venus-Mad2. We observed that the SAC was always
stronger in those cells that recruited more Venus-Madz2 to kinetochores (Fig. 4c-¢€). Thus, we
conclude that the amount of Mad2 recruited to kinetochores is a crucial determinant of the
strength of the SAC.

The molecular endpoint of the SAC is the incorporation of Cdc20 into the

MCC# 10,11, 32,33 therefore we examined the abundance of MCC components (Mad2,
BubR1, and Cdc20) bound to the APC/C and Cdc20 in extracts of mitotic cells treated with
different drugs (Fig. 5a). This showed that Cdc20 bound to more Mad2 in cells treated with
nocodazole compared to DMA, and more in DMA compared to Taxol (Fig. 5b,d), whereas
the amount of BubR1 bound to Cdc20 remained unchanged (Fig. 5b,d). We interpreted this
as a change in the ratio of MCC complexes with and without Mad2, because we, and others,
had previously found that Mad2 was substoichiometric to BubR1 and Cdc20 in the

MCC10, 12,13 To test this, we compared MCC that were free or bound to the APC/C by
immunoprecipitation (Fig. 5a) and size exclusion chromatography (Supplementary Fig. 4a-
c). This indicated that, at the molecular level, the strength of the SAC could be determined
by the amount of MCC generated per unit time, and thus its concentration in the cell, and
that binding to the APC/C was limiting. Whereas the levels of APC/C-bound MCC proteins
remained approximately the same in all drug treatments, the levels bound to non-APC/C
associated Cdc20 increased as the strength of the SAC increased. The strongest effect was
seen in nocodazole-treated cells, where BubR1 accumulated ~2-fold and Mad2 ~3-fold (Fig.
5b,e & Supplementary Fig. 4b,c).

To test this further, we arrested cells with nocodazole, DMA or Taxol, then inactivated the
SAC with AZ3146 and monitored the kinetics of mitotic exit, predicting that cells with more
MCC should take longer to exit mitosis because more time would be required for all the
MCC to disassemble. In agreement with this, the rate at which cells exited mitosis was
inversely proportional to the amount of the MCC in the cells: Taxol-treated cells exited
faster (t1/o= 6.68 +£0.33 min.) than DMA-treated cells (t1,= 9.00 £0.19 min.), and DMA
treated cells faster than nocodazole-treated cells (t1/,= 30.69 £0.39 min.) (Fig. 5g,h). (Note
that each half-life value was corrected by subtracting the minimum half-life for mitotic exit
in the presence of a Cdk1 inhibitor RO3306 (Fig.5h, inset)). Although some of these
differences might be attributed to the error-correction role of MPS129: 34, 35,36 hecause cells

Nat Cell Biol. Author manuscript; available in PMC 2014 May 01.



syduiosnuel Joyiny sispun4 JINd adoin3 ¢

syduosnuelA Joyiny sispun4 DA @doing ¢

Collin et al.

Page 5

“satisfy” the checkpoint quicker in Taxol or DMA compared to nocodazole, this would
make only a minor contribution because AZ3146 reduced the mitotic delay by 95.4% for
Taxol, 94.8% for DMA and 91.9% for nocodazole (Figure 2c and Figure 5i), a difference of
only 3.5% between error-correction conditions and nocodazole.

Altogether, our data support a model in which the SAC does not behave as an *“all or
nothing’ toggle-switch. Instead, the SAC is like a rheostat: it can be activated to different
levels, and thereby inhibit the APC/C to different extents, which dictates the length of a
mitotic delay. The strength of the SAC depends upon the number of signaling centres
(kinetochores), and critically upon the amount of Mad2 recruited to kinetochores, which
probably determines the rate of MCC production (Supplementary Fig. 5a).

Our findings have implications for the control of mitosis. At the start of an open mitosis
most kinetochores are unattached, which would produce a pulse of MCC to inhibit the APC/
C. As chromosome attachments are established, the declining numbers of unattached
kinetochores generate sufficient inhibitory complex to prevent premature anaphase, but
since the MCC is constantly disassembled this will reduce the amount of MCC
(Supplementary Fig. 5b). The progressive reduction in MCC level, allied with the role of
protein phosphatases in chromosome attachment37 and SAC silencing3®: 39, would
contribute to the efficient coupling between correct bipolar attachment of chromosomes and
rapid anaphase onset (Supplementary Fig. 5¢; unperturbed). In drug-induced arrests, MCC
production will be continuous, at a rate depending on the ability of the drug to prevent
correct kinetochore attachments (Supplementary Fig. 5¢; Taxol, DMA and nocodazole). The
may explain why depleting p31Comet13 31. 40,41 3nd APC153! | both negative regulators of
the SAC, has only relatively mild effects in normally dividing cells (small pulse of MCC),
while they are strongly additive in drug-induced arrests (continuous production of MCC).

Our finding that the SAC can be activated to different degrees by different drugs has
implications both for anti-cancer therapies based on microtubule poisons and microtubule
motor inhibitors18. Moreover, our observation that there is a critical threshold of Mad2
required for a functional SAC may be an important clue to the mechanism by which the
MCC is generated and inhibits the APC/C, and for the observation that Mad2 is a haplo-
insufficient tumour suppressor42.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Cyclin A2-Venus degradation as areadout of SAC activity.

(a), Venus ORF targeting into the hCCNAZ2 locus by rAAV-mediated homologous
recombination. The rAAV vector contains the coding sequence of VVenus, which was
inserted between two gene-specific homology arms to replace the STOP codon at the
junction between non-coding (white square) and coding (black square) regions in exon 8 and
two inverted terminal repeats (L-ITR, R-ITR; red rectangles). Integrants were selected by
fluorescence-activated cell sorting (FACS). (b), Western blot analysis of parental RPE1 and
a Cyclin A2-Venus clone. Cell lysates were probed with anti-Cyclin A2 (left panel) and anti-
GFP (right panel) antibodies. Note the two forms of Cyclin A2 in the Cyclin A2-Venus
clone (the upper one uniquely recognized by the anti-GFP antibody). Molecular mass
markers on the left. (c-d), Single-cell Cyclin A2-Venus destruction assays of
asynchronously growing RPE1 Cyclin A2-Venus cells treated with nocodazole (n=15 cells),
Taxol (n=12 cells) or DMA (n=12 cells) c¢) or different concentrations of AZ3146 in
presence of 10 uM DMA (n=15 cells for all conditions except 5 yM AZ3146 where n=11
cells) d). Images were acquired at 3-5 min intervals and the total cell fluorescence was
quantified. Fluorescence intensities were normalized to the level at nuclear envelope
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breakdown (NEBD). Error bars indicate s.d. and are representative of at least two

independent experiments. The time to reach half-maximum fluorescence after NEBD was
used for statistical tests.

Nat Cell Biol. Author manuscript; available in PMC 2014 May 01.



s1duosnuBlA Joyny sispund OINd edoin3 g

s1dLIOSNUBIA JouIny sispund OINd 8doin3 ¢

Collin et al.

a

hCyclin B locus

Exons:1 23 4
1G418 selection 10

. \© \d‘?
hCyclin BnecR-venus oo

Exons:1 23 4 567 89

1Cre recombination

567 _89

o
hCyclin B1Verss I II I I I I I . I
9

Exons:1 23 4 567 8

Page 10
& (\\s"’\
4@‘\\) Qe
N
Q \%
NS N ©
& &P
Cyclin B1
75— — e -Venus
50— Sy Cyclin B1
anti-Cyclin B1 anti-GFP
D , e ,
RPE1 Cyclin B1+Venus NEBD  siMad2

(¢]

O&'ig °o %

o

c d NE
%\3000 T 14
2 2500 % 12
£ 2000 c 1
é 1500 g 0.8
g 1000 206
& 500 %g’; o
= & o:o

0

T
*k

olNocoéazoIe' —
E 2000} 6 Taxol
g 1750 oDMA .

= 1500¢ 1 ]m

3 750}
2 500}
g L
S

0, 0, 0, 0 0
. 0 . 0 . 0 . O . 0
% % % v, %,

*kk

a

—

o

o

o
[—

Slope of Cyclin B1-Venus slippage

g

Relative fluorescence (a.u.)

©,
500 1000 1500 2000
Time (minutes)

NEBD
RPE1 Cyclin B1*Venus

O Taxol

°©c o o =
A O 0 9

o
[N

Relative fluorescence (a.u.)

o Nocodazole -

o
L

00.62 pM ©5.0

0.000
@ -0.0025( =
S L
©-0.0050) -
5 =
0

UM

250 500 750
Time (minutes)

1000

Fig. 2. Different spindle poisons activate the SAC to different extents

(a) Venus ORF targeting into the hCCNBL1 locus by rAAV-mediated homologous
recombination. The rAAV vector contains both the coding sequence of Venus and a G418
resistance cassette (flanked by loxPsites, red triangles), which were inserted between two
gene-specific homology arms to replace the STOP codon at the junction between non-
coding (white square) and coding (black square) regions in exon 9 and two inverted terminal
repeats (L-ITR, R-ITR; red rectangles). Integrants were selected by survival in G418-
containing medium. (b) Western blot analysis of parental RPE1 and a Cyclin B1-Venus
clone. Cell lysates were probed with anti-Cyclin B1 (left panel) and anti-GFP (right panel)
antibodies. Note the two forms of Cyclin B1 in the Cyclin B1-Venus clone (the upper one
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uniquely recognized by the anti-GFP antibody). Molecular mass markers on the left. (c)
Scatter plot displaying the duration of the mitotic arrest of RPE1 Cyclin B1-Venus cells
treated with the same drugs as in Fig. 1c) (n=50 in each condition). (d) Single-cell analysis
of mitotic slippage in asynchronously growing RPE1 Cyclin B1-Venus cells treated with
nocodazole (n=5 cells), Taxol (n=6 cells) or DMA (n=5 cells). Images were acquired at 5
min intervals and quantified, plotted and analysed as in Fig 1c. The inset shows the slopes of
the linear regressions in the main panel. Error bars indicate s.d. and are representative of at
least two independent experiments. (€) Single-cell analysis of asynchronously growing
RPE1 Cyclin B1-Venus cells treated with siRNA against Mad2 in presence of nocodazole
(n=6 cells), Taxol (n=13 cells) or DMA (n=16 cells). Note that only cells with mitosis
durations of 9-12 minutes (minimum mitosis duration in RPE1 cells) were considered. Error
bars indicate s.d. and are representative of at least two independent experiments. (f) Effect of
the rate of Cyclin B1-Venus slippage in d) on the duration of mitosis in different drug
treatments in c). Error bars indicate s.d. and are representative of at least two independent
experiments. (g) Single-cell analysis of mitotic slippage in asynchronously growing RPE1
Cyclin B1-Venus cells treated with nocodazole (n=7 cells) and increasing AZ3146
concentrations (n=5 cells for 0.31 uM; n=6 cells for 0.62 uM; n=6 cells for 1.25 pM, n=9
cells for 2.5 yM and n=7 cells for 5 uM). Images were acquired at 5 min intervals and total
fluorescence was quantified. Fluorescence intensities were normalised to the level at NEBD.
The insets show the slopes of the linear regressions in the respective main panel. Error bars
indicate s.d. and are representative of two independent experiments.
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Fig. 3. The amount of Mad2-positive kinetochor es correlates with the length of a mitotic block
(a) Venus ORF targeting into the hAMADZ2L1 locus by rAAV-mediated homologous
recombination. The rAAV vector contained the coding sequence of Venus, which was
inserted between two gene-specific homology arms to replace the ATG at the junction
between non-coding (white square) and coding (black square) regions of exon 1 and two
inverted terminal repeats (L-ITR, R-ITR; red rectangles). Integrants were selected by FACS.
(b) Western blot analysis of parental RPE1 and a Venus-Mad2 clone. Cell lysates were
probed with anti-Mad2 (left panel) and anti-GFP (right panel) antibodies. The asterisk
indicates a cross-reacting band. Note the two forms of Mad2 in the Venus-Mad2 clone (the
upper one uniquely recognized by the anti-GFP antibody). Molecular mass markers on the
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left. (c) Asynchronous RPE1 cells were treated for 12-16 hours with nocodazole, or Taxol or
DMA, fixed with methanol and processed for immunofluorescence using anti-beta-tubulin
(green) and ACA antibodies to stain the kinetochores (red). DNA was stained using DAPI
(blue). Merged images are presented. Representative of 20-50 cells from at least two
independent experiments. (d) Typical localization of Venus-Mad2 in living mitotic cells
treated with different spindle poisons as in c). (€) Distribution of Venus-Mad2-positive
kinetochores per cell following 12-16 hours of treatment with different drugs (n=42 cells for
nocodazole; n=38 cells for Taxol and n=34 cells for DMA), representative of at least two
independent experiments. (f) Scatter plots obtained by fluorescence correlation using data
shown in Supplementary Fig. 4 of the number of Venus-Mad2 molecules per kinetochore in
cells treated with different drugs (n=57 kinetochores from 8 cells for nocodazole; n=38
kinetochores from 11 cells for Taxol and n=55 kinetochores from 8 cells for DMA),
representative of at least two independent experiments. The black line represents the mean.
(g) Asynchronous (top) or 3.33 uM nocodazole-treated (bottom) RPE1 Venus-Mad? cells
were fixed in methanol and processed for immunofluorescence against Hecl (red), and DNA
stained with DAPI (blue). The signal intensity for Hecl, a stable kinetochore component,
was used as a measure of kinetochore size. Kinetochore-associated Mad?2 signals (green in
image) were quantified and plotted as a function of the corresponding Hecl fluorescence
(n=56 kinetochores from 6 cells for asynchronous and n=60 kinetochores from 3 cells for
3.33 uM nocodazole). Data are representative of two independent experiments. (h) Plot of
the relationship between the duration of mitosis (from Fig. 2c) and the integrated molecule
number of Venus-Mad2 at kinetochores in the different poisons (from Fig. 3e,f). Error bars
indicate s.d. and are representative of at least two independent experiments. Scale bars = 10
pm.
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Fig. 4. Reducing the level of Mad?2 at kinetochor es decreases the strength of the SAC

(a) Schematic representation of experiments and analysis in b-e. RPE1 Mad2Venus/* cells
were subjected to partial SIRNA against Mad2 for 24 hours before being imaged in the
presence of DMA (10 puM) or nocodazole (0.33 pM). Measurements on total cellular
fluorescence and thresholded kinetochore fluorescence were done 10 minutes after NEBD.
(b) Graph displaying the duration of mitosis in DMA of each GAPDH (n=50 cells) or
siMad2-treated cells (n=100 cells) analysed as a function of the corresponding total cellular
fluorescence of Venus-Mad2 ([Venus-Mad2]ce measured using wide-field microscopy.
The inset expands the data points at the apparent threshold of Venus-Mad2, below which the
checkpoint does not work (red vs green). Representative of two independent experiments.
(c) Graph displaying the duration of mitosis in nocodazole of each cell analysed (n=50 cells)
as a function of the corresponding total cellular fluorescence of Venus-Mad?2 ([Venus-
Mad2] e from spinning disk confocal imaging. (d) Graph displaying the relationship
between total cellular fluorescence of Venus-Mad2 and integrated kinetochore fluorescence
of Venus-Mad2 (n=50 cells). (€) Graph displaying the duration of mitosis of each cell
analysed (n=50 cells) as a function of the corresponding integrated kinetochore fluorescence
of Venus-Mad?2 ([Venus-Mad2]kinetochore- 1IN panels c-e, cells that have similar total Mad2
levels were assigned matching numbers and the green color highlights the cell in each match
that has more VVenus-Mad? at kinetochores, compared to the red cell which has less. Note
that in all cases this resulted in different mitotic arrests (green, stronger checkpoint; red,
weaker checkpoint. n>50 cells. Representative of two independent experiments.
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Fig. 5. Cdc20 incorporation into the MCC correlates with the strength of the SAC

(a) Isolation of different complexes and Western blot analysis of the different lysates (n=5
extracts for nocodazole; n=4 extracts for Taxol and n=3 extracts for DMA). Error indicate
s.e.m. and are representative of at least three independent experiments. (b) Anti-APC4 or
anti-CDC20 immunoprecipitates (IP) from extracts of RPE1 cells treated with nocodazole
(n=5 extracts), Taxol (n=4 extracts) or DMA (n=3 extracts) and isolated by mitotic shake-off
12-16 hours later. (c-€), The amount of MCC proteins that co-purified with c) APC4 or d-e)
CDC20 were analysed by quantitative immunoblotting, normalised to the level in Taxol-
treated cells, and displayed as bar graphs. Error bars indicate s.e.m. and are representative of
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at least three independent experiments. Note that the CDC20 immunoprecipitates in panel b)
(last three lanes to the left) and e) were obtained from APC/C-free extracts (in panel a). (f)
Schematic of experiments in panels g) and h). (g) Time-course of the percentage of mitotic
cells after 12 hours of drug treatment (automatic detection, n>100 cells per condition). Error
bars indicate s.d. and are representative of two independent experiments. (h) Same as g)
after the addition of AZ3146 (5 uM) (automatic detection, n>100 cells per condition). Inset
is the same as g) after addition of RO3306 (10 uM) (automatic detection, n>100 cells per
condition). Error bars indicate s.d. and are representative of two independent experiments.
(i), Scatter plot displaying the duration of mitosis of RPE1 Cyclin B1-Venus cells treated
with AZ3146 (5uM) in the presence of nocodazole (n=26 cells), Taxol (n=30 cells) or DMA
(n=25 cells). Inset represents similar conditions except that cells were treated with SiRNA
against Mad2 (n=28 cells for nocodazole; n=34 cells for Taxol and n=39 cells for DMA).
Representative of at least two independent experiments.
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