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The correct formation of stable but dynamic links between

chromosomes and spindle microtubules (MTs) is essential

for accurate chromosome segregation. However, the mole-

cular mechanisms by which kinetochores bind MTs and

checkpoints monitor this binding remain poorly under-

stood. In this paper, we analyze the functions of six

kinetochore-bound MT-associated proteins (kMAPs)

using RNAi, live-cell microscopy and quantitative image

analysis. We find that RNAi-mediated depletion of two

kMAPs, the adenomatous polyposis coli protein (APC)

and its binding partner, EB1, are unusual in affecting the

movement and orientation of paired sister chromatids at

the metaphase plate without perturbing kinetochore–MT

attachment per se. Quantitative analysis shows that mis-

orientation phenotypes in metaphase are uniform across

chromatid pairs even though chromosomal loss (CIN)

during anaphase is sporadic. However, errors in kineto-

chore function generated by APC or EB1 depletion are

detected poorly if at all by the spindle checkpoint, even

though they cause chromosome missegregation. We pro-

pose that impaired EB1 or APC function generates lesions

invisible to the spindle checkpoint and thereby promotes

low levels of CIN expected to fuel aneuploidy and possibly

tumorigenesis.
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Introduction

Kinetochores are multiprotein structures that assemble on

centromeric DNA and mediate the attachment of chromo-

somes to microtubules (MTs). During metaphase, pairs of

sister kinetochores undergo a complex series of movements

in which they capture the plus ends of MTs emanating from

centrosomes and also nucleate the formation of MTs that are

guided toward the poles, so as to form stable bipolar attach-

ments to the mitotic spindle (Kapoor, 2004). Following the

completion of bipolar attachment by all chromatid pairs, and

the consequent silencing of the Mad- and Bub-dependent

spindle checkpoint, sister chromatids disjoin and move to-

wards poles, around which daughter cells form (Musacchio

and Hardwick, 2002). In many MT-based processes, motors

and MT-associated proteins (MAPs) work together to regulate

MT dynamics in a spatially controlled manner and to

generate forces necessary for directed movement (Howard

and Hyman, 2003). Thus, the establishment of bipolarity is

thought to depend on the capture of MTs by kinetochores and

the subsequent regulation of MT þend polymer dynamics

by MAPs and motors.

A critical question in the study of mitosis is determining

why CIN and aneuploidy are more frequent in tumor cells

than in normal cells (Lengauer et al, 1997). The process of

MT capture by kinetochores is stochastic and therefore takes

different lengths of time in different cells. The function of the

spindle checkpoint is to monitor the capture process in each

cell and ensure that anaphase is not initiated until all sister

kinetochore pairs are correctly MT-bound. Thus, one possible

cause of CIN is that checkpoint pathways are not functional

in tumor cells. However, while CIN is observed in yeast

carrying mutations in either checkpoint or kinetochore

genes (Spencer et al, 1990), analogous mutations in human

cells cause mitotic catastrophe and cell death (Draviam et al,

2004). Thus, it is not surprising that only few human tumors

have been found to harbor mutations in Mad and Bub spindle

checkpoint genes (Cahill et al, 1998; Yamaguchi et al, 1999;

Sato et al, 2000). In contrast to checkpoint and inner kineto-

chore proteins, outer kinetochore components are attractive

as genes whose disruption might impair chromosome–MT

attachment while leaving the checkpoint intact (Gergely et al,

2003; Meraldi et al, 2004; VM Draviam and PK Sorger,

unpublished results). Chronic disregulation of kinetochore-

bound MAPs (kMAPs) function might have similar effects

as low doses of anti-MT drugs such as taxol and the vinca

alkaloids, which cause CIN in some cells (Rieder and Maiato,

2004).

Previous work in a variety of eukaryotes has identified

many MAPs that localize to kinetochores (Akhmanova and

Hoogenraad, 2005). The Dynein–Dynactin motor complex

and the þ end binding proteins CLIP170 and LIS1 accumulate

on kinetochores that are unattached to MTs (Dujardin et al,

1998; Faulkner et al, 2000). In contrast, EB1 is recruited

selectively to kinetochores that are associated with growing

MTs (Tirnauer et al, 2002) and adenomatous polyposis coli

protein (APC), an EB1-binding protein is enriched on kineto-

chores bound to MTs (Fodde et al, 2001; Kaplan et al, 2001).

Finally, CLASP1 localizes to kinetochores regardless of MT-

attachment status (Maiato et al, 2003). CLASP1 and CLIP170

regulate kinetochore–MT binding in distinct ways: CLASP1

controls MT dynamics at attached kinetochores (Maiato et al,
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2003, 2005), whereas CLIP170 is involved in MT capture

(Tanenbaum et al, 2006). As expected, depletion of CLIP170

or CLASP1 interferes with bipolar MT binding and causes

cells to arrest in mitosis in a checkpoint-dependent manner

(Maiato et al, 2004; Tanenbaum et al, 2006). In the case of

Dynein or LIS1, published data are contradictory with respect

to function in mitosis and MT binding (Echeverri et al, 1996;

Faulkner et al, 2000; Howell et al, 2001; Rogers et al, 2002;

Green et al, 2005). Depletion of the EB1 or APC kMAPs has

been reported to cause chromosome misalignment and mis-

segregation (Kaplan et al, 2001; Green et al, 2005), implying

a defect in the checkpoint response, but it is unknown why

APC- and EB1-depleted cells divide rather than arrest when

misaligned chromosomes are present.

In this paper, we study the effects of disrupting proteins

at the kinetochore–MT interface on the generation of CIN in

human cells. We use live-cell microscopy and quantitative

image analysis to compare directly the fates of mitotic cells

that have been depleted of one of six kMAPs by RNAi. We

find that depletion of CLIP170, Dynein heavy chain (DHC),

LIS1 or chTOG1 prevents normal chromosome congression

and results in prolonged checkpoint-dependent mitotic arrest,

eventually leading to cell death. In contrast, depletion of EB1

or APC does not significantly interfere with congression,

but prevents the formation of an ordered metaphase plate.

This leads to sporadic chromosome missegregation at ana-

phase. The lesions induced by EB1 or APC loss are sensed

poorly if at all by the spindle checkpoint, but the checkpoint

itself is still functional. We speculate that sporadic missegre-

gation of chromosomes in EB1- or APC-depleted cells repre-

sents a type of CIN that might fuel tumorigenesis.

Results

To investigate the effects of depleting kMAPs on kinetochore–

MT binding, checkpoint activation and chromosome segrega-

tion, we combined RNAi, live-cell microscopy and quantita-

tive image analysis. CLIP170, LIS1, DHC, APC and EB1

were targeted with 4–5 different siRNA oligonucleotides

each and the degree of depletion monitored by immunoblot-

ting and immunofluorescence (Supplementary Figure 1;

Supplementary Table and data not shown). For each gene,

two oligonucleotides resulting in at least 80–90% protein

depletion were chosen for further study (Supplementary

Table). RNAi-treated HeLa cells (nB100 per gene) expressing

histone2B (H2B) fused to DsRed were imaged every 3 min for

4–12 h. In each cell, the time of anaphase onset was deter-

mined relative to nuclear breakdown (NBD), which was set

as t¼ 0. Chromosomes that had not congressed to the meta-

phase plate prior to anaphase, or that remained away from

the metaphase plate for 445 min in arrested cells, were

scored as unaligned; those that remained stranded at the

spindle equator after anaphase A (chromatid disjunction)

were scored as lagging. The fragmentation of chromatin

and membrane blebbing (markers of cell death), the orienta-

tion of the metaphase plate, elongation of cells in anaphase B

and ingression of the furrow during cytokinesis were scored

from phase-contrast and fluorescence images.

In control cells (n¼ 81), chromosomes were observed

to align at the spindle equator by t¼ 2071.5 min, followed

6–8 min later by anaphase (at t¼ 2672 min; Meraldi et al,

2004). Fewer than 7% of cells had unaligned chromosomes at

the time of anaphase onset and no cell death was observed. In

contrast, 70–90% cells (nB100 per gene) depleted of chTOG1,

DHC, CLIP170 or LIS1 remained arrested in mitosis for 43 h

without visible cell body elongation or cytokinetic furrow

ingression (Figure 1A and B). The severity of the mis-

alignment defect and the precise morphology of the mitotic

spindle varied among kMAP depletions (as will be described

in detail elsewhere; Supplementary Table), but in all cases, the

majority of cells arrested in mitosis had failures of chromo-

some congression with two or more chromosomes scattered

along the spindle axis distant and far from the spindle equator

(Figure 1A and C); B90% of cells that remained arrested for

43 h underwent cell death. In chTOG1-, DHC-, CLIP170- or

LIS1-depleted cells, high levels of Mad2 and Bub1 were

present on misaligned kinetochores for many hours, whereas

in control cells, the levels of kinetochore-bound Mad2 and

Bub1 fell as prometaphase proceeded (Supplementary Figure

2). To confirm that mitotic arrest provoked by kMAP depletion

was checkpoint dependent, cells were codepleted of Mad2. In

all cases, 498% of codepleted cells bypassed the checkpoint

as evidenced by early anaphase onset (Figure 1D) followed by

anaphase B elongation and cleavage furrow ingression. Taken

together, these data show that, in the absence of chTOG1,

DHC, CLIP170 or LIS1, chromosome congression to the

metaphase plate is impaired, a sustained checkpoint signal

is generated and cell death ensues.

Mitotic phenotypes of EB1 or APC depletion

The phenotypes associated with EB1 or APC depletion were

strikingly different from those of other kMAP depletions.

Chromosomes congressed correctly to the spindle equator

in most cells and anaphase ensued with little or no delay

(Figures 1A and 2A). During anaphase, however, 60–70% of

EB1- or APC-depleted cells (n4200 cells) had one or more

chromosomes or chromatin strands stranded at spindle equa-

tor (Figures 1A and 2B). The appearance of these lagging

strands suggested that kinetochores were not bound to MTs

in a manner compatible with normal disjunction. Why, then,

was the spindle checkpoint not fully activated? One possibi-

lity was that EB1 or APC depletion interfered with check-

point function. To test this, EB1- and APC-depleted cells

were treated with nocodazole, an MT-depolymerizing drug,

or taxol, an MT-stabilizing drug, and the extent of mitotic

arrest evaluated by live and fixed cell imaging (see Figure 2C

legend for details). Whereas Mad2 depletion (a positive

control) abrogated checkpoint arrest, arrest was efficient

and sustained in drug-treated EB1- or APC-depleted cells

(Figure 2C). Moreover, immunostaining revealed high levels

of kinetochore-bound Mad1, Mad2, Mps1, Bub1 and BubR1

checkpoint proteins in control-, EB1- and APC-depleted

prometaphase cells, consistent with an intact checkpoint

(Figure 2D; data not shown). Thus, EB1 or APC depletion

did not interfere with the operation of the spindle checkpoint.

Despite the similarity between the phenotypes of EB1 or

APC depletion, live-cell studies revealed subtle differences

in the timing of mitosis. Whereas anaphase timing in EB1-

depleted cells (t¼ 2773 min, n¼ 82 cells) was indistinguish-

able from that of control cells (t¼ 2671 min, n¼ 130 cells),

APC-depleted cells exhibited transient anaphase delay

(t¼ 8579 min, n¼ 70 cells) (Figure 2A). The differences in

anaphase timing were not simply a consequence of differ-

ences in the efficiency of RNAi-mediated protein depletion
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since immunofluorescence of individual kinetochores sug-

gests similarly efficient depletion in both cases (Supple-

mentary Figure 3). Anaphase delay caused by APC depletion

was abolished by codepletion of Mad2, showing that it reflec-

ted checkpoint activation rather than mechanical defects in

anaphase spindle elongation. The levels of kinetochore-
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Figure 1 Analysis of mitotic outcome in kMAP-depleted cells. (A) Overlay of phase-contrast and fluorescent images of H2B-DsRed-expressing
HeLa cells treated with siRNA as indicated. Gray-scale panels are two times magnified fluorescent images of top panels. NBD is set as t¼ 0. Red
and green arrows mark uncongressed and lagging chromosomes, respectively. Bar: 10mm. (B) Mitotic outcome in control- or kMAP-depleted
cells. Cells were scored as arrested prior to anaphase (orange) or having undergone defective anaphase in the presence of lagging or unaligned
chromosomes (green). Error bars show s.d. based on at least three experiments. (C) Congression defects in control- or kMAP-depleted cells.
Misalignment was visually scored as 45 (massive), 1–5 (few) or no chromosome away from the metaphase plate. (D) Cumulative frequency
plots of anaphase onset times in siRNA-treated cells as indicated.
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bound Mad2 on congressed kinetochores in EB1- and control-

depleted cells were below the detection limit, but low levels

of kinetochore-bound Mad2 were detected on the 4–6 kineto-

chores per APC-depleted cell delayed in congression to the

metaphase plate (Figure 2E and F). Kinetochore-bound Mad2

was lost prior to anaphase in all cells, as expected. Similar

but less obvious changes in BubR1 levels were also observed

(Supplementary Figure 4). Thus, EB1 depletion resulted in

kinetochore–MT attachments that did not maintain a spindle

checkpoint-dependant arrest in metaphase, even though

lagging chromatids subsequently appeared in anaphase,

whereas APC depletion resulted in a more heterogeneous

phenotype in which delayed congression of a few chromatid

pairs transiently engaged the checkpoint. Importantly, how-

ever, the duration of checkpoint-mediated delay in APC-

depleted cells was insufficient to allow all defects in kineto-

chore–MT binding to be corrected and to ensure accurate

anaphase disjunction. EB1 and APC depletions were therefore
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similar in creating lesions that are not monitored correctly by

the spindle checkpoint.

Chromosome missegregation generated by the

expression of a dominant-negative EB1 mutant

Next, we tested whether disrupting the interaction between

EB1 and APC might phenocopy RNAi in leading to kineto-

chore defects that failed to engage the spindle checkpoint and

thereby caused missegregation in anaphase. EB1 interacts

with APC via residues 208–251, and an EB1/1–133 truncation

lacking this C-terminal domain associates with MTs but does

not bind APC (Figure 3A; Bu and Su, 2003). Overexpression

of EB1/1–133-GFP causes a loss of full-length EB1 from MT-

tips, but does not affect MT-binding by þ end MAPs such as
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CLIP170 (Askham et al, 2002; data not shown). To determine

whether such a dominant-negative EB1 mutant perturbs

mitotic timing and chromosome segregation, H2B-DsRed-

expressing HeLa cells were transfected with EB1/1–133-GFP

vectors and monitored by live-cell imaging (Figure 3B).

Levels of EB1/1–133 expression were estimated on a single-

cell basis in the GFP channel and chromosome movement

was monitored in the DsRed channel. In all, 75% of trans-

fected cells (18 of 24 cells in three experiments) expressed

high levels of EB1/1–133 (46 a.u.) and all contained lagging

chromosomes in anaphase (Figure 3C). In contrast, 100% of

control cells (16/16 cells) overexpressing full-length EB1 or

cells expressing low levels of EB1/1–133 (o2 a.u.; 5/5 cells)

underwent normal segregation (Figure 3C). Anaphase times

in these cells were similar to each other and to untransfected

control cells (Figure 3D). EB1/1–133 overexpression did not

impair the ability of cells to arrest in response to either

nocodazole or taxol treatment (Figure 3E; data not shown).

From these data, we conclude that expression of a dominant-

negative EB1/1–133 protein phenocopies EB1 depletion in

that it increases the incidence of lagging chromosomes with-

out engaging the spindle checkpoint or altering the timing of

mitosis. Because EB1-associated kMAPs other than APC are

not present on kinetochores late in metaphase, we conclude

that the binding of APC to EB1 is probably critical for an

aspect of chromosome segregation whose disruption cannot

be sensed by the spindle checkpoint.

Generation of lagging chromosomes

What defects in kinetochore–MT attachment or spindle struc-

ture are responsible for generating lagging chromosomes in

EB1- or APC-depleted cells? Based on the roles of EB1 and

APC as þ end MT-binding proteins, three possibilities suggest

themselves: (i) the rate of anaphase chromatid separation

might be diminished, increasing the probability that chromo-

somes lag at the spindle midzone, (ii) kinetochores might not

be stably bound to MTs during metaphase and might there-

fore be left behind during anaphase and (iii) abnormal

spindle tumbling induced by the loss of cortical–MT attach-

ments, which are known to require EB1 and APC (Rogers

et al, 2002; Green and Kaplan, 2003), might interfere with

chromatid disjunction. We ruled out possibility (i) by com-

paring the rates of chromatid separation in control-, EB1- and

APC-depleted cells during anaphase A (Supplementary Figure

5). In all three cases, we observed rates similar to those

described previously (1.2–1.3 mm/min; Figure 4A; Aist et al,

1993). Possibility (ii) was ruled out by examining the effect of

cold treatment on kMTstability. Chilling cells prior to fixation

destabilizes MTs that are not attached to kinetochores, but

has no effect on kMTs (Rieder, 1981). Following 5 min on ice,

3D images of control-, EB1- and APC-depleted spindles were

indistinguishable; kinetochores were closely apposed to the

þ ends of kMT bundles and the kMT bundles were similar

in intensity (Figure 4B and Supplementary Figure 6). In

contrast, in 3D images of CLIP170-depleted cells, included

as a positive control for the cold treatment (Tanenbaum et al,

2005), 70% of kinetochores lacked bound MTs or were

associated with kinetochore fibers of greatly reduced MT

density (Figure 4B and Supplementary Figure 6). We con-

clude that loss of EB1 and APC does not cause dramatic

changes in the extent or stability of MT–kinetochore inter-

actions, in agreement with data showing that checkpoint

proteins are not highly enriched on EB1- or APC-depleted

kinetochores.

To address the third possibility, that spindle tumbling

might interfere with chromatid disjunction, we examined

the dynamics of spindle positioning prior to anaphase. EB1

or APC depletion resulted in two spindle positioning defects:

displacement of the spindle from the center of the cell and

extensive rotation of the spindle axis within the cell (Figure

4C–E; data not shown). The extent of spindle mispositioning

varied considerably from cell to cell and we reasoned that the

influence of mispositioning on chromatid nondisjunction

could be assessed by comparing the degree of displacement

and rotation to the number of lagging chromosomes in

anaphase. Displacement of metaphase plate was determined

from images taken over a 12-min period prior to anaphase

onset. Spindle rotation was quantified over the same period

by measuring successive solid-angle rotations of the plate.

The average displacement of the metaphase plate in EB1-

(4.171 mm) and APC-depleted cells (6.272mm) was found

to be much larger than in control cells (1.770.8 mm), and

spindle rotation increased three- to five-fold from a modest

18721 in control cells to 52741 in EB1- and 65721 in APC-

depleted cells (Figure 4F). However, when displacement and

rotation were plotted against lagging chromosome number on

a single-cell basis, no correlation was observed: accurate

segregation was possible despite dramatic spindle displace-

ment and rotation, whereas segregation errors occurred when

displacement and rotation were modest (Figure 4G; data not

shown). For example, in EB1-depleted cells, a mean displace-

ment of 3.470.8 mm was observed in the absence of lagging

chromosomes and 2.270.7 mm in the presence of two or

more laggards (Figure 4G). We conclude that EB1 and APC

are essential for stably positioning spindles, but that spindle

mispositioning is not the primary cause of chromosome

missegregation in anaphase.

Disordered metaphase plate in EB1- and APC-depleted

cells

Although chromosomes congressed to the spindle equator

in EB1- or APC-depleted cells, metaphase plates were less

compact than in control cells. To quantify the degree of order

in the metaphase plate, the rotational angles of k�k axes (line

connecting sister kinetochores defining kinetochore orienta-

tion) was determined for multiple kinetochores per spindle

by examining 3D images of cells expressing the kinetochore

marker CENPB-GFP. Typically, 12–18 k�k axes could be

distinguished clearly per cell per time point in the 6 min

preceding anaphase. The angles describing each set of k�k

axes (a1, b1, g1; a2, b2, g2; etc.) were then transformed by

singular value decomposition (SVD) into a new set of optimal

angles (a1
0, b1

0, g1
0; a2

0, b2
0, g2

0; etc.) and singular values

(SVs; s1, s2, s3) (Figure 5A). Under normal circumstances,

MTs exert pulling forces on bi-oriented kinetochore pairs

causing them to line up in an ordered metaphase with their

k�k axis oriented parallel to each other and to the spindle

axis (Figure 5B). A set of ordered k�k axes has one high, and

two low SVs (Figure 5A, left), whereas a set of disordered

axes has more than one high SV (Figure 5A, right). The

overall extent of disorder can be captured by the Shannon

entropy, which varies from 0, representing perfect order, to 1,

representing complete disorder (Figure 5B and see Materials

and methods). Importantly, SVD is robust to variability in the

Human APC and EB1 in chromosome segregation
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number of measurements and is unaffected by large and

rapid rotations in the spindle axis, such as those induced

by EB1 and APC depletion.

When the Shannon entropy associated with k�k axis

orientations was quantified in individual EB1-, APC- or

control-depleted cells over a 6-min period prior to anaphase
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onset, a striking result was obtained. In control cells, the

Shannon entropy started out relatively high (0.6870.15) but

fell rapidly (to 0.0370.07) 1.5 min before anaphase onset

(Figure 5C). In contrast, in EB1- or APC-depleted cells,

the Shannon entropy was high throughout the observation

period, remaining as high at �1.5 min as at �6 min (0.6–0.7;

Figure 5C). In principle, high Shannon entropies might reflect

severe misorientation of a few sisters or widespread disorder

involving many sisters (Figure 5A). To distinguish between

these two extremes we plotted the SVs for individual k�k

axes over time. In control cells, only two or three sisters

had axes pointing away from the most probable direction

by t¼�3 min (Figure 5D). All of these misorientations were

resolved in the minute or two before anaphase onset. In EB1-

or APC-depleted cells, in contrast, disorderliness was distri-

buted more or less uniformly across kinetochore pairs and

remained high as metaphase proceeded (Figure 5E and F).

The difference between control- and APC-depleted cells was

highly significant (P¼ 0.008 as estimated using K-Annova)

as was the difference between control- and EB1-depleted cells

(P¼ 0.004); however, EB1 and APC depletions (P¼ 0.87)

were indistinguishable. We therefore conclude that high

Shannon entropy in k�k axes in EB1- and APC-depleted

cells is due to extensive misorientation involving many sister

chromatids.

A second characteristic of metaphase plates observed

in EB1- or APC-depleted cells was reduced interkineto-

chore distance. During metaphase, sister kinetochores are

subjected to MT-pulling forces and their extent of separation

oscillates between 0.8 and 2.0 mm (Figure 6A; Shelby et al,

1996). As expected, when control CENPB-GFP-labeled

cells were filmed between t¼�12 min and �3 min, transient

separation was observed, mean interkinetochore distances

increased over time and the distribution of distances became

more uniform (Figure 6A). Disruption of MT dynamics by

brief taxol treatment abolished tension across sister kineto-

chores; transient separation stopped and interkinetochore

distances fell to B1mm (Figure 6A–C; Kelling et al, 2003).

In EB1- or APC- depleted cells, brief periods of transient

separation were detected, but mean interkinetochore dis-

tances were only slightly greater than in taxol-treated cells

(Figure 6B and C; Supplementary Figure 7). Like the mis-

orientation of k�k axes, reduced centromere stretching

in EB1- or APC-depleted cells was highly penetrant from

cell to cell and from one kinetochore pair to the next.

Micromanipulation studies have previously established a

role for MT-associated pulling forces and tension across

kinetochore pairs in metaphase congression (Skibbens et al,

1995). Uniformly low level of tension across sisters in EB1-

and APC-depleted cells is therefore a likely explanation for

the failure of k�k axes to align in parallel at the metaphase

plate prior to anaphase onset.

Chromosome missegregation following EB1 and APC

depletion

When the Shannon entropy associated with k�k axes was

plotted against the number of lagging chromosomes on a cell-

to-cell basis, a strong positive correlation was observed

(Figure 7A): the greater the entropy, the larger the number

of lagging chromosomes. Thus, disorder in the alignment of

kinetochore pairs on the metaphase plate was closely asso-

ciated with chromosome missegregation in anaphase. It was

striking, however, that most sister kinetochores were un-

stretched and misoriented following EB1 or APC depletion,

but only a few subsequently missegregated in anaphase. To

investigate the relationship between disorder in the meta-

phase plate and nondisjunction, we attempted to follow

individual kinetochore pairs immediately before and after

anaphase. In HeLa cells, chromosomes are crowded at the

spindle equator and tracking individual kinetochores is tech-

nically challenging. However, in four EB1-depleted cells and

five APC-depleted cells from four independent experiments,

it was possible to trace the kinetochores of lagging chromo-

somes in anaphase to kinetochore pairs displaying a high

degree of k�k axes misorientation late in metaphase (Figure

7B and C). When lagging kinetochores were followed through

to telophase, it was also apparent that laggards were incor-

rectly assorted among daughter cells; unseparated kineto-

chore pairs were segregated as a set into one daughter cell

(Figure 7D). Despite a strong association between metaphase

misalignment and lagging kinetochores and between lagging

kinetochores and nondisjunction, it is significant that many

sister kinetochores with misoriented k�k axes disjoined

normally. Thus, EB1 and APC depletion cause highly pene-

trant problems with orientation and stretching of kinetochore

pairs, but a particular kinetochore pair in a single cell still has

only a low probability of being missegregated.

Discussion

In this paper, we combine RNAi-mediated protein depletion,

live-cell imaging and quantitative analysis to examine the

roles of kMAPs on chromosome–MT binding, spindle check-

point function and CIN. The six kMAPs we have studied

share the property that they localize to kinetochores and

spindle MTs, but fall into two classes with respect to mitotic

depletion phenotypes. Depletion of CLIP170, DHC, LIS1 or

chTOG1 perturbs chromosome congression and generates

unattached kinetochores that provoke a checkpoint-depen-

dent mitotic arrest. The arrest is sustained and associated

with increased cell death, thereby preventing the formation of

aneuploid cells. In contrast, following the depletion of EB1

or APC, chromosomes congress to the spindle equator

and cells proceed into anaphase with little or no delay.

Strikingly, however, these cells missegregate chromosomes.

The absence of metaphase arrest in EB1- and APC-depleted

cells does not reflect inactivation of the spindle checkpoint,

as observed when core kinetochore proteins are depleted

(Meraldi et al, 2004) since taxol and nocodazole provoke a

robust checkpoint response. Instead, lesions created by EB1

depletion appear to be invisible to the checkpoint: they do not

lead to checkpoint protein accumulation on kinetochores or

to mitotic delay. Lesions created by APC depletion recruit

only low levels of Mad2 and provoke only a transient delay

(20–30 min) that is insufficient to ensure accurate chromo-

some segregation. To the best of our knowledge, EB1 and APC

are the only kinetochore proteins to date whose depletion

phenotypes include defects in metaphase chromosome dy-

namics that escape checkpoint surveillance and thereby

cause sporadic CIN during anaphase. However, it seems

likely that other proteins exist with similar loss of function

phenotypes, among which we might expect to find tumor

suppressor proteins and mutators.
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Defects in metaphase plate dynamics caused by EB1

or APC depletion

Although chromosomes in EB1- or APC-depleted cells con-

gressed to the spindle equator, two defects in the resulting

metaphase plate were evident: kinetochore pairs did not

orient in an orderly manner and they were not fully stretched.

In control cells, most kinetochore pairs aligned early in

metaphase perpendicular to the spindle equator and oriented

parallel to each other. The completion of congression mani-

fested itself as a decrease in the entropy of k�k axis orienta-

tions. Concomitantly, interkinetochore stretching increased

such that all centromere pairs were stretched by the time

anaphase was initiated. The ordered orientation and stretch-

ing of centromeres are almost certainly linked: stretching

reflects the imposition of pulling forces on pairs of sisters

following bi-orientation and causes k�k axes to align parallel

to the spindle axis, and thus to each other (Figure 8). In EB1-

or APC-depleted cells, in contrast, centromeres do not stretch

normally and k�k axes point in different directions. The

similarity between EB1 and APC depletion phenotypes sug-
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Figure 5 EB1 or APC depletions perturb orientation of centromeric pairs. (A) Schematic representation of three distinct states of k�k axes
orderliness. Orthogonal lines indicate orientations of the original coordinate system a, b, g (gray) and new optimized directions a0, b0, g0 (blue,
green, red). Bar graphs show the contribution of each of the five k�k axes to the optimized directions. Plots below indicate singular values (SV)
in three directions (s1, s2, s3). (B) Schematic representation of disorderliness in k�k axes of congressed kinetochores. Shannon entropy values
for a state of complete disorderliness¼ 1 and orderliness¼ 0. (C) Shannon entropy of 10–15 k�k axes calculated in each of five cells for a 6-min
period prior to anaphase onset. Cells were transfected with control, EB1 or APC siRNA oligos as indicated. (D–F) Graphs indicate the
contribution of individual k�k axes to optimized direction in cells treated with siRNA against control (D), APC (E) or EB1 (F) calculated from
3D images taken every 90 s for a 6-min period prior to anaphase. Upper panel indicate UiS for individual k�k axes. Lower panels indicate SV
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gests that interaction of the two proteins might be important.

EB1 C-terminus contains APC binding site and also the sites

for binding to other kMAPs, including p150Glued, CLIP170

and CLASP1. However, p150Glued, CLIP170 leave kineto-

chores soon after MT-attachment whereas EB1 and APC are

present until anaphase (Dujardin et al, 1998; Maiato et al,

2003; VM Draviam and PK Sorger, unpublished data). EB1

and APC localize in a MT-dependent manner, whereas

CLASP1 associates early on with kinetochore in an MT-

independent manner (Maiato et al, 2003). Thus, anaphase

defects observed in cells expressing an EB1 C-terminal dele-

tion mutant probably reflect a dominant-negative effect on

APC–EB1 binding.

What prevents kinetochore from becoming stretched and

ordered at the metaphase plate in EB1- and APC-depleted

cells? One possibility is kMT þend dynamics are disrupted.

EB1 is shown to stabilize MT þends and to accumulate on

kinetochores attached to growing MTs (Tirnauer et al, 2002).

Mutations in APC that disrupt APC–EB1 interaction are

reported to increase the frequency of pausing between

periods of MT þend growth and shrinkage (Green et al,

2005). In EB1- or APC-depleted cells, an increased incidence

of þ end pausing would perturb the oscillation of sisters

along the spindle axis and potentially cause kinetochores to

remain unstretched. Reduced stretching would then interfere

with the establishment of a preferred k�k orientation

(Figure 8). Finally, errors in orientation would give rise to a

less compact and staggered metaphase plate, subsequently

predisposing cells to missegregation.

Origin of lagging chromatids

One complication in the analysis of MAP loss-of-function

phenotypes is that the proteins are typically found at several

locations in the spindle. In EB1- or APC-depleted cells, for

example, not only is the metaphase plate disordered but

spindles undergo rapid tumbling. The extent of tumbling

varies from cell to cell, presumably reflecting fluctuations

in the MT cytoskeleton. The extent of tumbling is not corre-

lated with the number of lagging chromosomes, however.

Many cells segregate chromosomes accurately despite severe

tumbling. In contrast, a high level of entropy in k�k axis

orientation is strongly correlated with the appearance

of lagging chromosomes. Thus, the defects in centromere

orientation are linked to nondisjunction, but spindle tumb-

ling is not.

Why does kinetochore misorientation and/or reduced

stretching cause chromosome missegregation? We can rule

out the possibility that kinetochores fail to achieve bipolar

attachment: Mad and Bub protein levels on EB1- or APC-

depleted kinetochores are not high, as expected of unattached

kinetochores. Alternatively, misorientation might increase

the probability that a single kinetochore attaches to MTs

emanating from both poles, a state known as merotelic

attachment (Cimini et al, 2001). By light microscopy, how-

ever, merotelic configurations in EB1- or APC- depleted cells

are no more frequent than in unperturbed cells (B2%).

Although our data do not completely rule out merotely as a

cause for missegregation in APC- or EB1-depleted cells, they

strongly argue against it. A third possible cause of missegre-

gation is that reduced kinetochore stretching interferes with

the formation of specialized cohesion domains around

centromeres and therefore interferes with efficient scission

of sister–sister links. Consistent with this idea, we frequently

observe lagging kinetochores moving as a pair into one of

the two daughters before separating and disjoining. A final

possibility is that a defect in the local control of kMT

shrinkage (as seen in XKCM1 depletion; Kinoshita et al,

2006). Distinguishing among these possibilities is difficult,

given the relatively low frequency of missegregation events,

and all may be involved. For the current discussion, however,

the critical point is that a uniform metaphase misorientation

phenotype generated by EB1 or APC depletion greatly in-

creases the probability of subsequent problems in anaphase,

while nonetheless allowing most chromosomes to segregate

normally. The role of EB1 in maintaining a stable genome

appears to be conserved through evolution: inactivation of

the EB1 homologues Bim1p in Saccharomyces cerevisiae or

Mal3 in Schizosaccharomyces pombe causes CIN (Beinhauer

et al, 1997; Mayer et al, 2004). However, unlike EB1 deple-

tion, Mal3 deletion induces a Bub1-dependent mitotic delay

(Asakawa et al, 2005).

Implications for checkpoint control

Why are the defects generated by EB1 depletion invisible to

the checkpoint and those generated by APC depletion only

weakly sensed? Lesions associated with EB1 or APC loss

might not involve problems with kinetochore–MTattachment

per se. This possibility is consistent with our finding that MTs

remain kinetochore-bound in cold-treated EB1- or APC-

depleted cells and that Mad2 is largely absent from kineto-

chores by late metaphase. Although Green et al (2005) report

high numbers of uncongressed chromosomes in APC-

Figure 8 Speculative model for disordered metaphase plate.
Schematics show the relationship between ordered congression
and kinetochore orientation and stretching. We speculate that in
EB1- or APC-depleted cells, the disruption of þ end MT dynamics
associated with kinetochore oscillations, perturb the orientation
and stretching of centromeres.
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depleted cells, based on a fixed cell assay, our live analysis

reveals that APC depletion only delays congression (by

20–40 min), and that this delay is checkpoint dependent.

Subsequent misorientation of k�k axes on the metaphase

plate is not sensed by the checkpoint. It has been suggested

that the absence of tension at kinetochores is itself an inducer

of checkpoint arrest, although considerable controversy sur-

rounds this idea (Pinsky and Biggins, 2005). Does the failure

of relaxed kinetochore pairs to trigger checkpoint arrest in

EB1-depleted cells argue against the hypothesis that tension

is monitored? Perhaps, but whereas mean interkinetochore

distances are low in both EB1-depleted (checkpoint off)

and taxol-treated (checkpoint on) cells, live-cell imaging

reveals brief periods of transient separation in the former

(Supplementary Figure 7). These brief separations may be

sufficient to silence tension-sensitive checkpoint pathways.

We and others have previously demonstrated the existence

of four phenotypes associated with the inactivation of check-

point or kinetochore proteins: (i) RNAi of Mad1 and Bub3

abolishes the checkpoint without altering the timing of

mitosis and therefore represents a classic checkpoint lesion,

(ii) RNAi of Mad2 and BubR1 inactivates the checkpoint and

accelerates the timing of mitosis reflecting an off-kinetochore

function for these proteins, (iii) RNAi of Bub1 and AuroraB

inactivates the checkpoint and also disrupts normal chromo-

some congression, implying a role in kinetochore–MT inter-

action and (iv) RNAi of inner kinetochore proteins interferes

with MT attachment and also causes checkpoint inactivation,

apparently by preventing kinetochore recruitment of check-

point proteins (Lens and Medema, 2003; Meraldi et al, 2004;

Meraldi and Sorger, 2005). The data in this paper add a fifth

class: MAPs whose depletion leads to lesions in kinetochore–

MT interaction that cannot be sensed by the checkpoint, but

nonetheless cause CIN.

CIN and the stochastic nature of nondisjunction

Human tumors are often highly aneuploid, but only a few

have been found to harbor mutations in spindle checkpoint

genes (Yamaguchi et al, 1999; Sato et al, 2000; Draviam et al,

2004). Perhaps this is to be expected, since loss-of-function

checkpoint mutations cause mitotic catastrophe in animal

cells and trigger p53-dependent apoptosis (Burds et al, 2005).

In contrast, while EB1 and APC inactivation generates uni-

form defects in sister chromatid orientation, only sporadic

chromosome loss ensues. Sporadic CIN seems much more

likely to promote tumorigenesis than gross errors in mitosis.

APC is a tumor suppressor mutated in colorectal cancers, and

EB1 also is altered in some tumors (Kinzler and Vogelstein,

1996; Suarez-Merino et al, 2005), but it has not been possible

to link CIN and tumorigenesis through mutation of APC

(Bienz, 2002), in part because APC also plays a critical role

in regulating cell proliferation. Additional study of EB1 and

APC in mitosis and the generation of separation of function

alleles might ascertain whether mitotic errors contribute to

cancer. The data in this paper also suggest that it will be

highly worthwhile to identify kinetochore proteins other than

EB1 and APC whose disruption causes lesions that are

invisible to the spindle checkpoint and might therefore

promote CIN.

Materials and methods

Live-cell imaging
Cells were imaged using � 20 NA0.75 objective as described in
Meraldi et al (2004). To image centromere dynamics, � 100 NA1.4
objective equipped with a heater was used.

Cell culture
Vectors encoding H2B-DsRed or CENPB-GFP cDNA were transfected
using Fugene6 and cells were sorted using FACS. For EB1 mutant
expression, EB1 cDNA (1–399 bp) was subcloned into pEGFP-N1.
Cells were synchronized using thymidine (20 mM; 18 h) and
nocodazole (40 ng/ml) was added 10 min prior to imaging. Taxol
(40 nM) was added 10 h after thymidine wash and mitotic cells were
scored 6 h later.

Quantification of k�k axes disorderliness
Rotation angles (a, b, g) of k�k axes were obtained from each cell at
discrete times using SoftWorx. Sets of angles for n k�k axes were
arranged into matrix A (n� 3). svd function in MATLAB was used
to compute SVD of A¼U

P
VT where U and V are orthogonal and

P

is diagonal matrix of singular values (s1, s2, s3). SV describes the
degree of variation in the angles along each direction in V (a0, b0,
g0). Shannon entropy of the SV (Alter et al, 2000)

S ¼
�1

logðLÞ

X3

i¼1

pi logðpiÞ

where

pi ¼
s2

iP
3
j¼1s

2
j

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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