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In Brief

Drpic et al. use fibroblasts from female
Indian muntjac, the mammal with the
lowest known chromosome number

(2n = 6), to show that chromosome
congression and bi-orientation are biased
by kinetochore size. Chromosomes with
larger kinetochores are also biased to
establish erroneous merotelic
attachments and missegregate during
anaphase. Thus, kinetochore size is an
important determinant of chromosome
segregation fidelity.
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SUMMARY

Chromosome missegregation during mitosis or
meiosis is a hallmark of cancer and the main cause
of prenatal death in humans. The gain or loss of spe-
cific chromosomes is thought to be random, with cell
viability being essentially determined by selection.
Several established pathways including centrosome
amplification, sister-chromatid cohesion defects, or
a compromised spindle assembly checkpoint can
lead to chromosome missegregation. However,
how specific intrinsic features of the kinetochore—
the critical chromosomal interface with spindle
microtubules—impact chromosome segregation re-
mains poorly understood. Here we used the unique
cytological attributes of female Indian muntjac, the
mammal with the lowest known chromosome num-
ber (2n = 6), to characterize and track individual chro-
mosomes with distinct kinetochore size throughout
mitosis. We show that centromere and kinetochore
functional layers scale proportionally with centro-
mere size. Measurement of intra-kinetochore dis-
tances, serial-section electron microscopy, and
RNAI against key kinetochore proteins confirmed a
standard structural and functional organization of
the Indian muntjac kinetochores and revealed that
microtubule binding capacity scales with kineto-
chore size. Surprisingly, we found that chromosome
segregation in this species is not random. Chromo-
somes with larger kinetochores bi-oriented more
efficiently and showed a 2-fold bias to congress to
the equator in a motor-independent manner. Despite

robust correction mechanisms during unperturbed
mitosis, chromosomes with larger kinetochores
were also strongly biased to establish erroneous
merotelic attachments and missegregate during
anaphase. This bias was impervious to the experi-
mental attenuation of polar ejection forces on chro-
mosome arms by RNAi against the chromokinesin
Kif4a. Thus, kinetochore size is an important deter-
minant of chromosome segregation fidelity.

INTRODUCTION

Deviation from the normal chromosome number in a given
species, also known as aneuploidy, arises through problems in
chromosome segregation during mitosis or meiosis. Gain or
loss of specific chromosomes can result in stable karyotypes,
as in many human trisomies, or represent a permanently unsta-
ble condition known as chromosomal instability (CIN), as
typically observed in human cancers [1]. The gain/loss of a
particular chromosome is believed to be random, with preva-
lence of particular karyotypes being essentially determined by
cell viability and selection. However, we currently do not know
whether all chromosomes have the same probability to
missegregate.

The kinetochore is a vital component required for chromo-
some segregation in eukaryotes because it establishes the inter-
face with mitotic spindle microtubules. In mammals, the initial
contacts between mitotic spindle microtubules and kineto-
chores take place during prometaphase, after nuclear envelope
breakdown (NEB). Scattered chromosomes then align at the
spindle equator by a process known as chromosome congres-
sion [2]. When chromosomes are favorably positioned between
the spindle poles they establish end-on kinetochore-microtubule
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Figure 1. Centromere and Kinetochore Functional Layers Scale Pro-
portionally with Centromere Size

(A) Normal karyotype of female Indian muntjac fibroblasts. Scale bar, 5 um.
(A') Centromere length of Indian muntjac chromosomes (box-whisker plots,
n = 40 cells, ~80 kinetochores per chromosome type, Mann-Whitney rank-
sum test, p < 0.001 for all comparisons).

(B-G) Immunofluorescence of Indian muntjac chromosome spreads (blue) and
the centromere and kinetochore proteins (green) CENP-A (B), Ndc80 (C),
CENP-E (D), Mad2 (E), pAurora B (F), and pKNL1 (G). Scale bars, 5 um.
(B'-G’) Respective quantification of protein levels at Indian muntjac kineto-
chores, relative to chromosome 3+X (C3X) for CENP-A (B'), Ndc80 (C),
CENP-E (D'), Mad2 (E’), pAurora B (F'), and pKNL1 (G') (mean + SD, n > 37
cells per condition, ~100 kinetochores per chromosome type, **p < 0.001
relative to controls, Mann-Whitney rank-sum test).

attachments and congress after bi-orientation. More peripheral
chromosomes are laterally transported along spindle microtu-
bules toward the equator by the plus-end-directed kinetochore
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motor CENP-E (kinesin-7) [3, 4]. Intriguingly, some metazoans,
such as C. elegans, congress all their chromosomes in the
absence of a CENP-E ortholog, but their kinetochores extend
along the entire chromosome length [5]. How kinetochore size
impacts the mechanisms of chromosome congression and
segregation remains unknown.

Kinetochore size varies among different animal and plant spe-
cies [6-11], between different chromosomes within a given spe-
cies (including humans) [6, 12—17], and in response to microtubule
attachments throughout mitosis [18, 19]. Kinetochore size is pri-
marily determined by the length of a-satellite DNA, the presence
of CENP-B boxes, and the extent of incorporation of CENP-A at
centromeres [20-23]. Additionally, vertebrate kinetochores have
an expandable module formed by proteins involved in spindle as-
sembly checkpoint (SAC) signaling, motor proteins (e.g., CENP-E
and cytoplasmic dynein), and microtubule regulating proteins
(e.g., CLASPs) located in the fibrous corona [16, 18, 24, 25].
How the different centromere and kinetochore functional layers
scale with centromere size has not been elucidated.

More recently, computational modeling predicted that adap-
tive changes in kinetochore size and shape play a critical role
in chromosome orientation and error prevention during spindle
assembly in human cells [19]. However, the physiological rele-
vance of kinetochore size in chromosome segregation has not
been experimentally evaluated due to technical limitations, as
even the largest human kinetochores are not resolvable by con-
ventional light microscopy in living cells.

To overcome these limitations, here we took advantage of the
unique cytological features of the Indian muntjac, a small deer
whose females have the lowest known chromosome number
(2n = 6) in mammals [26]. Due to centromere-telomere and
centromere-centromere tandem fusions during evolution [27],
Indian muntjac chromosomes are large and morphologically
distinct, with one pair of acrocentric chromosomes (chromo-
somes 3+X) containing an unusually large compound kineto-
chore [8, 26, 28]. We show that Indian muntjac cells are
amenable for both pharmacological inhibition and genetic
manipulation by RNAIi. These capacities, combined with high-
resolution live-cell and fixed-cell microscopy, allowed us to
demonstrate that chromosome congression and segregation in
this placental mammal are not random and are strongly biased
by kinetochore size. The implications for chromosome segrega-
tion fidelity in metazoans are discussed.

RESULTS

Indian Muntjac Centromere and Kinetochore Functional
Layers Scale Proportionally with Centromere Size

To characterize Indian muntjac kinetochores, we started by
measuring their centromere length using chromosome spreads
from female hTERT-immortalized primary fibroblasts [29]. In
agreement with previous reports [8, 28], chromosome 3+X
contained a distinctively large centromere, measuring 1.87 +
0.47 um (mean + SD; n = 85 kinetochores, 40 cells) (Figures 1A
and 1A). The centromeres of chromosomes 1 and 2 were signif-
icantly smaller, measuring 0.68 + 0.20 um (n = 90 kinetochores)
and 0.45 + 0.15 um (n = 77 kinetochores), respectively (Figures
1A and 1A'). To determine how different structural and functional
centromere and kinetochore proteins scale with centromere
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Figure 2. Indian Muntjac Kinetochores
Show Typical Structural Organization and
Their Microtubule Binding Capacity Scales
with Kinetochore Size

(A) Selected optical planes from an Indian muntjac
fibroblast stably expressing Centrin-1-GFP to label
the centrioles (green), showing kinetochore pairs
for C3X (A’) and neighbor chromosome with
smaller (A”) centromere. The inner and outer parts
of the kinetochores were delineated by CENP-A
(green) and Ndc80/Hec1 (red). DNA was counter-
stained with DAPI (blue).

(A’ and A”) Higher-magnification views of C3X (A")
and smaller kinetochores (A”). Dashed lines
denote where intra-kinetochore distances were
measured. Scale bars, 5 um (A) and 1 um (A" and
A"). Differences between large and small kineto-
chores were not statistically significant (t test). KT,
kinetochore.

(B) Single electron microscopy section from
consecutive series highlighting the standard or-
ganization of the Indian muntjac centromere and
kinetochore plates. L1 and L2 correspond to the
plates on chromosome C3X; S1 and S2 corre-
spond to the plates on a neighboring chromosome
with smaller kinetochores. Scale bar, 2 um.

(C) Z projection of the entire volume of the corre-
sponding series shown in Figure S1. K fibers
on the C3X chromosome comprise a larger num-
ber of microtubules (green). Kinetochore plates
(magenta) and chromosomes (blue) are indicated.
Scale bar, 1 um. MT, microtubule.

(D) Surface-rendered model of the volume shown
in Figure S1. C3X kinetochores are approximately
twice as large as in chromosomes with smaller
kinetochores.

Small KTs

0 01

length, we used fluorescence microscopy in chromosome
spreads. Namely, we quantified the total levels of inner and outer
kinetochore proteins involved in kinetochore assembly and
end-on kinetochore-microtubule attachments (CENP-A and
Ndc80/Hec1, respectively), SAC response (Mad2), as well as
fibrous corona motor proteins (CENP-E). Additionally, we have
also quantified the levels of active Aurora B on centromeres
[30] and of one of its phosphorylated kinetochore substrates
(PKNL1 [31]). We found that all these proteins scaled proportion-
ally with centromere size in the absence of microtubules (Figures
1B-1G and 1B’-1G/).

Indian Muntjac Kinetochores Show Standard Structural
Organization and Their Microtubule Binding Capacity
Scales with Kinetochore Size

To get insight into the structural organization of Indian muntjac
kinetochores, we measured the corresponding distances be-
tween CENP-A and Ndc80/Hec1 (also known as Delta [32]) in
small and large kinetochores from aligned bi-oriented chromo-
somes (Figure 2A). We found that intra-kinetochore distances
in small and large kinetochores were identical, suggesting similar

02 03 04 05 06 07 08
Aprox. KT area (um?2)
(XY length x number of 70-nm sections)

(E) Quantification of the number of attached mi-
crotubules as a function of the approximate
kinetochore area. Plot shows serial-section elec-
tron microscopy data from 26 kinetochores from
13 chromosomes and 3 cells.

See also Figure S1.

molecular organization (Figures 2A’ and 2A”). It is noteworthy
that scanning each large kinetochore in three different places
resulted in a Delta range that was similar to the one observed
in small kinetochores, consistent with a repetitive sub-unit orga-
nization [33].

Next, we performed serial-section electron microscopy of
metaphase Indian muntjac chromosomes. Both small and large
kinetochores displayed expected trilaminar plates adjacent to
centromeric heterochromatin and end-on attached microtubules
(Figures 2B and S1). Manual tracing and projection of all micro-
tubules whose ends terminate at the kinetochores demonstrated
that the large kinetochores from chromosome 3+X bind more mi-
crotubules than smaller kinetochores in Indian muntjac (Figures
2C and S1). 3D surface rendering of entire kinetochore volumes
indicated that the size differences among metaphase Indian
muntjac chromosomes are maintained upon microtubule attach-
ments and that large attached kinetochores were often slightly
bent in response to spindle forces (Figure 2D). Quantification of
the total number of attached microtubules per kinetochore
from 26 serial-sectioned kinetochores (13 chromosomes, 3 cells)
revealed a strong positive correlation between the number of

Current Biology 28, 1-13, May 7, 2018 3
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Figure 3. The Molecular Landscape Required to Establish Functional Kinetochore-Microtubule Attachments Is Conserved in Indian Muntjac
(A) Live-cell imaging of Indian muntjac fibroblasts stably expressing H2B-GFP to visualize the chromosomes (green) and treated with 50 nM SiR-tubulin to label
spindle microtubules (magenta). Ndc80, Mad2, Mps1, Clasp1, and Survivin were knocked down by RNAI. Scale bars, 5 um. Time, hr:min.

(B) Mitotic timing of Indian muntjac fibroblasts stably expressing H2B-GFP with or without addition of 50 nM SiR-tubulin. There is no statistically significant
difference in mitotic timing from NEB to anaphase onset (ANA) in the presence or absence of SiR-tubulin (Mann-Whitney rank-sum test, p = 0.591). n.s., not

significant.

(C) Protein lysates obtained after RNAi were immunoblotted with an antibody specific to each protein of interest. GAPDH was used as loading control.

See also Video S1.

kinetochore microtubules and the respective kinetochore area
(Figure 2E).

The Molecular Landscape Required to Establish
Functional Kinetochore-Microtubule Attachments Is
Conserved in Indian Muntjac

To investigate whether Indian muntjac kinetochores are func-
tionally equivalent to other placental mammals, such as humans,
we used RNAI to deplete representative centromere and kineto-
chore components involved in the establishment of end-on
kinetochore-microtubule attachments (Ndc80 complex), SAC
response (Mad2 and Mps1), the regulation of kinetochore-micro-
tubule dynamics (CLASP1), and error correction (chromosomal

4 Current Biology 28, 1-13, May 7, 2018

passenger complex). To visualize chromosomes and microtu-
bules in living cells, we stably expressed histone H2B-GFP and
used 20-50 nM SiR-tubulin [34], which did not interfere with
normal mitotic progression and chromosome segregation (Fig-
ures 3A and 3B; Video S1). Depletion of Ndc80 resulted in
massive chromosome missegregation (Figures 3A and 3C;
Video S1). As expected, Mad2 or Mps1 depletion accelerated
the onset of anaphase and led to the formation of lagging chro-
mosomes, whereas CLASP1 RNAI resulted in short spindles
(Figures 3A and 3C; Video S1). Finally, depletion of the chromo-
somal passenger complex protein Survivin caused an overall
defect in spindle assembly and incapacity to segregate chromo-
somes during anaphase, followed by cytokinesis failure and
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Figure 4. Any Chromosome May Use Either the CENP-E-Dependent or CENP-E-Independent Pathway to Congress, Regardless of

Kinetochore Size

(A) Control Indian muntjac fibroblasts stably expressing CENP-A-GFP (green) and treated with 20 nM SiR-tubulin (magenta). Scale bar, 5 um. Time, hr:min.
(B) Indian muntjac fibroblasts stably expressing CENP-A-GFP (green) and treated with 20 nM SiR-tubulin (magenta) after CENP-E inhibition with 20 nM
GSK923295. Scale bars, 5 um. Time, hr:min. n = 28 cells, pool of six independent experiments.

The arrows indicate the position of large kinetochores from C3X chromosomes. See also Figure S2 and Video S2.

polyploidy (Figures 3A and 3C; Video S1). Overall, these results
suggest that the molecular landscape required to establish func-
tional kinetochore-microtubule attachments is conserved be-
tween Indian muntjac and humans.

Any Chromosome May Use Either the CENP-E-
Dependent or -Independent Pathway to Congress,
Regardless of Kinetochore Size
Next, we investigated whether chromosome congression in In-
dian muntjac fibroblasts also relied on motor-dependent and -in-
dependent pathways. To do so, we inhibited the kinetochore
motor CENP-E for 1 hr with 20 nM GSK923295 [35], which
more than doubled the normal frequency of mitotic cells with
chromosomes at the poles, consistent with inhibition of CENP-E
(Figure S2) [4]. Importantly, increasing the amount of CENP-E
inhibitor by an order of magnitude did not result in further
increase of mitotic cells with chromosomes at the poles, sug-
gesting full inhibition of CENP-E motor activity at 20 nM, without
displacing endogenous CENP-E from kinetochores (Figure S2).
To directly test the implications of kinetochore size for chro-
mosome congression, we followed mitosis in Indian muntjac

fibroblasts stably expressing CENP-A-GFP after CENP-E inhibi-
tion (Figure 4; Video S2). We found three different scenarios: (1)
very few cells showed all chromosomes at the poles (2/28 cells,
six independent experiments); (2) some cells aligned all their
chromosomes at the metaphase plate soon after NEB (6/28
cells, six independent experiments); and (3) most cells
showed at least one chromosome, either with a small or large
kinetochore, that remained at the poles (20/28 cells, six indepen-
dent experiments). These data demonstrate that any chromo-
some may use either the CENP-E-dependent or -independent
pathway to congress, regardless of kinetochore size.

Chromosome Congression and Bi-orientation in Indian
Muntjac Are Biased by Kinetochore Size

To determine the number of chromosomes with small or large
kinetochores at the pole after CENP-E inhibition, we per-
formed immunofluorescence in fixed cells (Figure 5A). We
found that the number of chromosomes with small or large ki-
netochores at the pole followed an almost perfect binomial
distribution (Figure 5B). This indicated that the fate of each in-
dividual chromosome was largely independent of the other
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chromosomes of the same class and that the state of the
chromosomes with small kinetochores did not influence the
state of the chromosomes with large kinetochores, and vice
versa. Most strikingly, the probability of each individual chro-
mosome with small kinetochores to stay at the pole was
approximately twice the probability of a chromosome with a
large kinetochore: 0.19 + 0.034 versus 0.11 + 0.048, respec-
tively (mean + SD) (Figure 5C).

In human cells, >96% of the chromosomes relying on CENP-E
for congression are normally excluded from the spindle region
and locate closer to one of the spindle poles at NEB [4]. To
exclude that the observed bias for Indian muntjac chromosomes
with large kinetochores to align independent of CENP-E was due

6 Current Biology 28, 1-13, May 7, 2018

Figure 5. Chromosome Congression and
Bi-orientation in Indian Muntjac Are Biased
by Kinetochore Size

(A) Immunofluorescence of an Indian muntjac
fibroblast after CENP-E inhibition showing chro-
mosomes (DAPI; white in merged image), kineto-
chores (ACA, white; green in merged image),
and microtubules (z-tubulin; magenta in merged
image). Scale bar, 5 um.

(B) Quantification of the number of chromosomes
with small or large kinetochores at the pole after
CENP-E inhibition by immunofluorescence in fixed
cells (magenta and green lines) and respective
theoretical prediction based on a binomial distri-
bution (gray bars).

(C) Probability of each individual chromosome
with small or large kinetochores to stay at the
pole upon CENP-E inhibition (arbitrary units)
(mean = SD, n = 621 cells, six independent ex-
periments, p = 0.0067, t test).

(D) 4D (x, vy, z, t) tracking of chromosomes with
large kinetochores after CENP-E inhibition to
determine their position relative to the poles at
NEB and the forming mitotic spindle (see dashed
box in A for reference). Note that chromosomes
with large kinetochores are randomly distributed
relative to the equator and the spindle poles.

See also Figure S2 and Video S3.

to a tendency to localize in the spindle re-
gion and/or equidistantly to the spindle
® ° poles at NEB, we performed four-dimen-

® sional (4D, x, v, z, 1) tracking of chromo-
somes with large kinetochores after
CENP-E inhibition in living cells (n = 23
large kinetochore pairs, 13 cells). We
found that 22/23 Indian muntjac chromo-
somes with large kinetochores were
excluded from the spindle ellipsoid region
and were nearly randomly positioned
along the spindle axis at NEB (45% of
the kinetochores were closer to the poles
versus 55% of the kinetochores that were
closer to the spindle equator; Figure 5D;
Video S38). Overall, these data indicate
that chromosomes with a larger kineto-
chore rely less on CENP-E motor activity
and are biased to congress after bi-orien-
tation, independent of chromosome positioning relative to the
spindle region and poles at NEB.

Chromosomes with Larger Kinetochores Are More
Prone to Establish Erroneous Merotelic Attachments
that Result in Non-random Missegregation

To directly investigate whether chromosomes with large kineto-
chores are more prone to establish erroneous attachments with
spindle microtubules, we set up a monastrol treatment/washout
assay in Indian muntjac fibroblasts (Figures 6A, 6B, S3, and S4;
Video S4; see STAR Methods). Calculation of the fraction of
each chromosome group (with small or large kinetochores) with
merotelic (same kinetochore attached to microtubules from both
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Figure 6. Chromosomes with Larger Kinetochores Are More Prone to Establish Erroneous Merotelic Attachments that Result in Non-random
Missegregation

(A) Error correction after monastrol washout in live Indian muntjac fibroblasts stably expressing CENP-A-GFP (green) and treated with 20 nM SiR-tubulin
(magenta). Dashed boxes highlight a region with a chromosome with large kinetochores (arrows in lower panels that show 1.5x zoom images, plus additional time
frames). Scale bar, 5 um. Time, min:s.

(B) STED/confocal image of a prometaphase Indian muntjac fibroblast after monastrol washout showing syntelic attachments. Microtubules (a.-tubulin, magenta),
chromosomes (DAPI, white), and kinetochores (ACA, green) are indicated. Scale bar, 5 um.

(C) Quantification of erroneous attachments on chromosomes with small or large kinetochores (KTs) (n = 207 cells, pool of three independent experiments).
(D) Frequency of anaphase cells with lagging chromosomes in controls and after monastrol washout (mean + SD; each data point indicates an independent
experiment; 2,099 control anaphase cells scored; 3,739 anaphase cells scored after monastrol washout; Mann-Whitney rank-sum test).

(E) STED/confocal image of an Indian muntjac fibroblast in anaphase after monastrol washout. Microtubules (x-tubulin, magenta), chromosomes (DAPI, white),
and kinetochores (ACA, green) are indicated. Dashed boxes indicate a lagging chromatid (C3X(a)) containing a large kinetochore with merotelic attachments and
the corresponding sister (C3X(b)). Scale bar, 5 um. The images and graphical sketches on the right highlight the type of attachments in the two sisters (2x zoom).

(legend continued on next page)
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poles) or syntelic (microtubules from the same pole attached to
both sister kinetochores) attachments in fixed cells revealed a
low frequency of syntelic attachments for chromosomes with
either small or large kinetochores (1.9% versus 1.4%, respectively)
(Figure 6C). However, the frequency of chromosomes with large ki-
netochores that established erroneous merotelic attachments was
several-fold higher when compared with chromosomes with small
kinetochores (7.0% versus 1.6%, respectively) (Figure 6C).

Because, when challenged, chromosomes with large
kinetochores tended to establish merotelic attachments, we
investigated whether they lagged more in anaphase. Immunoflu-
orescence analysis in untreated Indian muntjac fibroblasts
showed a low frequency (particularly at low passages) of sponta-
neously lagging chromosomes in anaphase (3.22% + 1.60%,
mean + SD, different passages) (Figure 6D), suggesting that
correction mechanisms are usually robust to prevent chromo-
some missegregation during normal mitosis. Nevertheless,
despite the small number of anaphase cells where the exact num-
ber of chromosomes with small or large kinetochores could be
unequivocally determined (n = 22 cells, pool of seven indepen-
dent experiments) and the fact that 2/3 of all chromosomes in In-
dian muntjac have smaller kinetochores, we observed a higher
probability (see STAR Methods) for chromosomes with large ki-
netochores (pL = 0.34) to lag in anaphase, when compared with
chromosomes with small kinetochores (pS = 0.14).

To further evaluate the significance of the previous observa-
tions and increase our sample size, we promoted the formation
of erroneous kinetochore-microtubule attachments by monastrol
treatment/washout. As expected, this treatment doubled the fre-
quency of anaphase cells with lagging chromosomes relative to
unperturbed controls (6.62% + 1.91%, mean + SD) (Figure 6D).
Stimulated emission depletion (STED) super-resolution micro-
scopy indicated that the large kinetochores on anaphase lagging
chromosomes were often found stretched and deformed due to
the formation of merotelic attachments (Figure 6E). Most strik-
ingly, we found that 73% of the anaphase cells after monastrol
treatment and washout showed at least one lagging chromosome
with a large kinetochore, whereas only 30% of the anaphase cells
showed at least one lagging chromosome with small kineto-
chores (Figure 6F). This corresponds to a much higher probability
of chromosomes with large kinetochores to lag in anaphase,
when compared with chromosomes with small kinetochores
(pL = 0.44; pS = 0.085) (see STAR Methods). In fact, if chromo-
somes with small or large kinetochores had equal probabilities
to lag behind in anaphase, one would predict a much higher fre-
quency of chromosomes with small kinetochores to lag in
anaphase than the one observed experimentally (94% versus
30%, respectively; Figure 6F; see STAR Methods). Importantly,
because chromosome 3+X in female Indian muntjac is smaller

than chromosome 1 (which has a smaller kinetochore) but larger
than chromosome 2 (also with a smaller kinetochore), these work
as internal controls to exclude that the measured bias for chromo-
some 3+X to lag behind in Indian muntjac was related to chromo-
some size [36]. Finally, we tracked the fate of lagging chromo-
somes after monastrol washout in living fibroblasts and found
that ~50% resulted in the formation of micronuclei, a bona fide
indicator of chromosome missegregation that has been impli-
cated in chromosome rearrangements in human cancers [37]
(Figures 6G and 6H; Video S5). We concluded that, despite robust
error correction mechanisms during a normal mitosis, chromo-
somes with large kinetochores have a higher tendency to estab-
lish persistent merotelic attachments, resulting in a strong bias to
lag behind in anaphase, potentially leading to missegregation.

Preventing Error Correction Also Generates a
Missegregation Bias toward Chromosomes with Large
Kinetochores

To test whether chromosomes with large kinetochores also mis-
segregate at a higher frequency when error correction is pre-
vented, we inhibited SAC activity with the Mps1 inhibitor
Mps1-IN-1 [38]. Similar to its depletion by RNAi (Figures 3A
and 3C), Mps1 inhibition with 20 uM Mps1-IN-1 forced cells to
prematurely enter anaphase, resulting in a marked increase of
cells with lagging chromosomes (10.3%, scored from fixed
material) (Figures S5A-S5C; Video S6). Interestingly, we found
that after Mps1 inhibition, 50% of the anaphase cells showed
at least one lagging chromosome with a large kinetochore,
whereas 56% of the anaphase cells showed at least one lagging
chromosome with small kinetochores (Figure S5D). This corre-
sponded to a higher probability of chromosomes with large
kinetochores to lag in anaphase, when compared with chromo-
somes with small kinetochores (pL = 0.31 versus pS = 0.21; see
STAR Methods). In other words, if chromosomes with small or
large kinetochores had equal probabilities of lagging behind in
anaphase after Mps1 inhibition, one would predict a frequency
of 81% of anaphase cells with at least one lagging chromosome
with small kinetochores (Figure S5D; see STAR Methods). Thus,
preventing error correction also generates a missegregation bias
toward chromosomes with large kinetochores.

Polar Ejection Forces on Chromosome Arms Ensure
Mitotic Fidelity but Are Not Implicated in the Observed
Missegregation Bias for Chromosomes with Large
Kinetochores

Previous reports in C. elegans have shown that loss of polar
ejection forces after depletion of the kinesin-4 KLP-19
caused missegregation of holocentric chromosomes [39]. To
test whether polar ejection forces acting on the long

(F) Frequency of anaphase cells with at least 1 lagging chromosome with small or large kinetochores after monastrol washout (n = 32 cells from nine independent
experiments). Dashed bar represents theoretical values for the frequency of lagging chromosomes with small kinetochores, if the probability to lag was equal for

chromosomes with large or small kinetochores.

(G) Live-cell imaging of an Indian muntjac fibroblast stably expressing H2B-GFP (green) and treated with 50 nM SiR-tubulin (magenta) illustrating missegregation
of lagging chromosomes after monastrol washout. Scale bars, 5 um. Time, hr:min. The green and magenta arrows indicate two lagging chromosomes that failed

to integrate and reintegrated the main nucleus, respectively.

(H) Percentage of cells (from live-cell imaging) with lagging chromosomes incorporating or forming micronuclei after monastrol washout (n = 59 cells, pool of five

independent experiments).
See also Figures S3-S5 and Videos S4, S5, and S6.
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Figure 7. Polar Ejection Forces on Chromosome Arms Ensure Mitotic Fidelity but Are Not Implicated in the Observed Missegregation Bias for

Chromosomes with Large Kinetochores

(A) Live-cell imaging of Indian muntjac fibroblasts stably expressing H2B-GFP to visualize the chromosomes (green) in control (top) and Kif4a RNAi (bottom) cells
treated with 50 nM SiR-tubulin to label spindle microtubules (magenta). Scale bar, 5 um. Time, hr:min. White arrows point to the chromosome arms facing the

spindle poles.

(B) Western blot to monitor Kif4a levels after RNAi. GAPDH was used as loading control.
(C) Chromosome missegregation after Kif4a RNAi (fixed cells). Kinetochores (anti-ACA), a-tubulin, and DNA (DAPI) are indicated. Scale bars, 5 um.
(D and E) Comparison of the frequency of anaphase cells with lagging chromosomes in live (D) and fixed (E) material after Kif4a depletion and/or monastrol

washout.

(F) Frequency of anaphase cells with at least 1 lagging chromosome with small or large kinetochores after monastrol washout in Kif4a-depleted fibroblasts.
Dashed bar represents theoretical values for frequencies of lagging chromosomes with small kinetochores if the probability to lag was equal for chromosomes

with small or large kinetochores.
See also Video S7.

chromosome arms of Indian muntjac account for the observed
missegregation bias, we have investigated chromosome segre-
gation fidelity in fixed and living cells after RNAi against the chro-
mokinesin Kif4a/kinesin-4 in Indian muntjac fibroblasts (Figures
7A-7C; Video S7). We found that experimental attenuation of
Kif4a led to a striking increase in the frequency of lagging
chromosomes in anaphase (Figures 7D and 7E; Video S7),
consistent with a role of polar ejection forces in the modulation
of kinetochore-microtubule attachments and chromosome
segregation fidelity [39-41]. Importantly, chromosomes with

large kinetochores still showed a strong bias to lag in anaphase
after Kif4a RNAI (pL = 0.43 versus pS = 0.13) (Figures 7C and 7F).
Conversely, if chromosomes with small or large kinetochores
had equal probabilities to lag behind in anaphase after Kif4a
RNAI, one would predict a frequency of 96% of anaphase cells
with at least one lagging chromosome with small kinetochores,
and not the experimentally observed value of 44% (Figure 7F;
see STAR Methods). These results exclude the role of arm-asso-
ciated forces in the observed missegregation bias and support
that kinetochore size is the critical variable.
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DISCUSSION

Here we show how kinetochore size impacts chromosome con-
gression and bi-orientation, error formation and correction, as
well as chromosome segregation fidelity during mitosis. Accord-
ingly, we found that chromosomes with large kinetochores
bi-orient and congress more efficiently and depend less on the
kinetochore motor CENP-E. Because chromosomes with large
kinetochores have an increased surface (and possibly a more
favorable shape) for potential interaction with microtubules,
these results help to explain why certain species with holocentric
chromosomes, such as C. elegans, can complete congression in
the absence of a CENP-E ortholog [5]. It is noteworthy that this
does not seem to be a peculiarity of C. elegans, because 9/14 un-
related species with holocentric chromosomes and sequenced
genomes also lack a bona fide CENP-E ortholog (D.D. and
H.M., unpublished data).

Importantly, having a large kinetochore surface that facilitates
chromosome bi-orientation comes with a price: chromosomes
with large kinetochores have a much higher tendency to estab-
lish erroneous merotelic attachments and missegregate during
anaphase. This implies that chromosomes that use the CENP-E
pathway for congression are less prone to missegregate,
offering a plausible explanation for why the CENP-E pathway
emerged during evolution. On the other hand, species with hol-
ocentric chromosomes would be expected to be highly prone
to chromosome missegregation, but in C. elegans only ~1% of
wild-type anaphases show lagging chromosomes [42]. In agree-
ment, electron microscopy reconstructions of the C. elegans
spindle failed to reveal merotelic attachments, against what
would have been intuitively predicted for a species with the
highest possible kinetochore/chromosome ratio [43, 44]. Thus,
chromosome segregation fidelity might be ensured by a spe-
cies-specific optimal kinetochore size.

Because chromosomes with large kinetochores also establish
more errors, this would work as a negative selective pressure to
maintain chromosomes with large kinetochores during evolution,
suggesting that the errors resulting from incorrect merotelic at-
tachments are unlikely to be propagated. Indeed, error correction
mechanisms during normal mitosis appear to be very robust, in
agreement with our findings of low missegregation rates in unper-
turbed cells. Moreover, based on direct live-cellimaging, we found
that, even when cells were challenged, lagging chromosomes in
Indian muntjac fibroblasts were able to re-integrate the main
nucleiin ~50% of cases. This most likely results from error correc-
tion mechanisms that are in place during anaphase and involve
mechanical forces that stretch and deform merotelic-attached ki-
netochores, as shown in other systems [45, 46]. It is noteworthy
that any potential loss of a single chromosome in Indian muntjac
females would represent the loss of 1/3 of the haploid genome,
which would seriously compromise cell viability. In agreement,
previous work reported that chromosome missegregation and
aneuploidy in Indian muntjac primary fibroblasts were essentially
limited to the smallest Y, chromosome in males [47].

Although kinetochore dimensions vary at least 2-fold among
human chromosomes [12-17, 20-22], a legitimate question is
whether kinetochore size differences have any functional impli-
cations for chromosome segregation in humans. The length of
a-satellite DNA arrays on human centromeres varies more than
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25-fold, ranging from 200 kb in the Y chromosome to >5 Mb in
chromosome 18 [48], and this has been proposed to contribute
to CENP-A incorporation, at least in some chromosomes [21].
Inagreement, the Y chromosome, which carries very little genetic
information, was shown to recruit significantly less CENP-A
compared with any other chromosome [20-22] and to missegre-
gate at elevated frequencies in human cells [23]. Moreover, the
loss of the Y chromosome is the most common somatic alteration
in men and is associated with shorter survival and higher risk of
cancer [49]. Thus, in addition to the low genetic pressure to
keep the Y chromosome in men, its smaller kinetochore might
compromise the establishment of competent microtubule at-
tachments and contribute to the high missegregation rate. At
the other extreme, CENP-A domain expansion and overexpres-
sion have been linked with chromosome missegregation and
genomic instability in human cancer cell models [21, 50, 51].
Our finding that all centromere and kinetochore functional layers
and respective microtubule binding capacity scale with centro-
mere size suggests that any alterations at the foundations of
kinetochore assembly will translate into architectural changes
with functional implications for chromosome segregation.
Because the level of CENP-A incorporation into human kineto-
chores also correlates with chromosome size [20], one prediction
from our studies that has been recently validated is that larger
human chromosomes missegregate at higher frequencies [52].

The microtubule binding capacity of human kinetochores in
metaphase (excluding the Y chromosome) has been reported
to range between 12 and 24 microtubules in one study [53] and
13 and 22 microtubules in another study [54]. This has been inter-
preted as though all kinetochores on human chromosomes bind,
on average, to 17 microtubules. However, this 2-fold variability
might instead reflect the structural variability in kinetochore size
among different human chromosomes [12-17, 20, 22]. More
recently, adaptive changes in kinetochore architecture as cells
progress into metaphase were also proposed to play a critical
role in chromosome orientation and error prevention during spin-
dle assembly in human cells [19]. A remarkable human condition
in which constitutive differences in kinetochore size might bias
chromosome missegregation is the occurrence of dicentric chro-
mosomes that remain active during mitosis. As in the Indian
muntjac, these chromosomes have a “compound” centromere
and kinetochore and were shown to have a much higher tendency
to lag behind in anaphase when compared with their normal
counterparts [55]. Taken together, the findings reported here
about the role of kinetochore size in non-random chromosome
(mis)segregation have broad implications for our current under-
standing of chromosome segregation in metazoans and highlight
the importance of adaptive changes in kinetochore size for
mitotic fidelity in humans.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Human anti - centromere (CREST) Fitzgerald Cat#90C-CS1058
Mouse anti - a-tubulin (clone B512) Sigma-Aldrich Cat#T5168
Mouse anti - CENP-A [22] Lars E.T. Jansen
Rabbit anti - Hec1 Abcam Cat#ab3613
Mouse anti - cMad2 Santa Cruz Catitsc-65492

Rabbit anti - Mad2:

Rabbit anti - pAuroraB, (pT232)

Rabbit anti — AuroraA

Mouse anti - GAPDH

Rabbit anti - phospho-histone H3 (S10)
Rabbit anti — survivin

Rabbit anti - pKNL1 (clone 58A)

Sheep anti - CENP-E

Rabbit anti - kif4a

Abberior donkey anti-human IgG STAR 580
Abberior goat anti- mouse IgG STAR 635p
SiR-Tubulin

Bethyl Laboratories
Rockland

Novus Biologicals
Proteintech

Cell Signaling

Novus Biologicals
[31]

[56]

Thermo Fisher Scientific
Abberior Instruments
Abberior Instruments
Spirochrome

Cat#A300-301A
Cat#600-401-677
Cat#NB100-267
Cat#60004-1-Ig
Cat#3377
Cat#NB500-201
lain Cheeseman
William C. Earnshaw
Cati#pab-30492
Cat#D-08-2015Hp
Cat#S-11-2015Hp
Cat#CY-SC002

Chemicals, Peptides, and Recombinant Proteins

Monastrol

ZM447439 (Aurora B inhibitor)
MNL8054 (Aurora A inhibitor)
AZ 3146 (Mps1 inhibitor)
GSK923295 (CENP-E inhibitor)

Tocris bioscience
Selleckchem.com
Selleck

Tocris bioscience
Selleckchem.com

Cat#1305
Cat#S1103
Cat#869363-13-3
Cat#3994
Cat#S7090

BSA 98% Sigma-Aldrich Cat#A3294-50G
Experimental Models: Cell Lines

Immortalized female Indian muntjac fibroblasts [29] Jerry W Shay
Indian muntjac- H2B-GFP (female) In this paper N/A

Indian muntjac- CENP-A-GFP (female) In this paper N/A
Oligonucleotides

5'-GCAGACATTGAGAGAATAA-3' (Ndc80) Sigma-Aldrich N/A
5'-GCAGAATGGTTATACAAGT-3' (Mad2) Sigma-Aldrich N/A
5-GCTGCTGTTGCTGATGCTT-3' (CLASP1) Sigma-Aldrich N/A
5'-GCGTCTCCACGTTTAAGAA-3' (Survivin) Sigma-Aldrich N/A
5'-GAACCGTCAGCAAGACAA-3' (Kif4a) Sigma-Aldrich N/A
5'-GCCAGGGACCTCATTTCAA-3' (Aurora A) Sigma-Aldrich N/A
Recombinant DNA

H2B-GFP Addgene plasmid # 11680 Geoff Wahl lab

pSV-IRESneo3-CENP-A-EGFP

[57]

Patrick Meraldi

Software and Algorithms

Fiji/lmageJ
CellProfiler
CellProfilerAnalyzer
MatLab8.1

ImageJ

(58]

(58]

The MathWorks

N/A
CellProfiler (http://cellprofiler.org)
CellProfiler (http://cellprofiler.org)

https://www.mathworks.com/products/matlab.html
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Helder
Maiato (maiato@i3s.up.pt).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture

In all experiments we used hTERT-immortalized female Indian muntjac (IM) fibroblasts (kind gift from Jerry W Shay, University of
Texas Southwestern Medical Center, Dallas, Texas) [29]. IM fibroblasts were grown in Minimum Essential Media (MEM) (GIBCO,
Life Technologies), supplemented with 20% FBS (GIBCO, Life Technologies), 2mM L- Glutamine (Invitrogen) at 37°C in humidified
conditions with 5% CO2. To collect IM fibroblasts we used Trypsin (GIBCO, Life Technologies). As all fibroblasts in general, h TERT-
immortalized IM fibroblasts tended to become polyploid at higher passages. For this reason our analyses were focused only on
diploid cells (2n = 6), which was controlled by counting the exact number of chromosomes or kinetochores, except for the determi-
nation of the absolute frequency of lagging chromosomes in anaphase.

METHOD DETAILS

Cell transfection and transduction

IM fibroblasts were transfected either with human H2B-GFP (from Geoff Wahl lab, Addgene plasmid #11680) or pSV-IRESneo3-
CENP-A-EGFP (kind gift from Patrick Meraldi, University of Geneva) [57] plasmids using Lipofectamine 2000 (Invitrogen) to generate
stable cell lines. For this purpose, at day 1 cells were seeded in 6-well plates at 60%-70% confluence in MEM containing 20% FBS.
The day after, cells were washed 3x with PBS and incubated with Optimem medium (GIBCO, Life Technologies) containing Lipofect-
amine 2000 (Invitrogen) and the respective DNA for 4 hr. Optimem with DNA and Lipofectamine 2000 were previously mixed and
incubated for 20 min before adding to the cells. After 4 hr Optimem medium was exchanged to MEM supplemented with 20%
FBS and transfected cells were selected with G418 (Merck Millipore) after 48 hr. For centriole labeling, cells were transfected with
centrin1-GFP in LentiLox 3.7 [59]. Lentivirus were added to the standard culture media with 1:100 Polybrene (Sigma) for ~12 hr. Sta-
ble lines with uniform level of expression and sufficient fluorescence intensity were selected by microscopy screening of individual
clones generated by limited-dilutions.

Identification of Indian muntjac sequences

The protein sequences of human Ndc80, Mad2, Mps1, CLASP1, Survivin and Kif4a were obtained from NCBI and used as query for
tblastn (version 2.2.29 [60]) using the IM genome scaffold sequences and predicted coding sequences as targets (H.A.L. and D.M.L.,
unpublished data). Sequence alignments with at least 80% identity, highest coverage of human genes, and with matching scaffold
intervals from both tblastn runs were used to identify IM orthologs of gene human sequences.

Design of siRNAs for RNA interference (RNAi)

The design of the siRNA sequences was performed using the application BLOCK-IT™ RNAi Designer (ThermoFisher Scientific). We
provided the nucleotide sequence of the genes of interest, selected an ideal CG percentage between 35%-55% and the recommen-
ded default motif pattern for the RNAi design. From the 10 designs generated, we selected the one with higher probability of
knockdown.

RNAIi experiments

In day 0, IM fibroblasts were cultured at 60%-70% confluence in 6-well plate/35 mm dishes. In day 1, the medium was changed to
MEM supplemented with 5% FBS. Simultaneously, 5 pL of Lipofectamine RNAi Max (Invitrogen) and 50 nM of the respective siRNAs.
The following target sequences were used: 5'-GCAGACATTGAGAGAATAA-3’ (Ndc80), 5'-GCAGAATGGTTATACAAGT-3' (Mad2),
5-CCAAGCAGTCACCACCAAT-3  (Mps1), 5-GCTGCTGTTGCTGATGCTT-3' (CLASP1), 5-GCGTCTCCACGTTTAAGAA-3'
(Survivin), 5'-GAACCGTCAGCAAGACAA-3' (Kif4a) (Sigma-Aldrich). All siRNAs were diluted in 500 pL of Optimem and added to
the cells. Mock transfection was used as control. The cells were analyzed 24 hr, 48 hr or 72 hr after depletion. Depletion efficiency
was monitored by western blotting and phenotypic analysis.

Imunofluorescence

IM fibroblasts were seeded on poly-L-lysine-coated coverslips 2 days before the experiment. After fixation with ice-cold methanol
(Invitrogen) for 4 min at —20°C or 4% paraformaldehyde (Electron Microscopy Sciences) for 10 min at room temperature (RT), cells
were washed with PBS-0.05% Tween 20 (Sigma-Aldrich) or cytoskeleton buffer pH 6.1 (274 mM NaCl, 10 mM KCI, 2.2 mM Na2HPO4,
0.8 mM KH2PO4, 4 mM EGTA, 4 mM MgCI2, 10 mM Pipes, 10 mM Glucose). Extraction after paraformaldehyde fixation was per-
formed using PBS-0.1%Triton (Sigma-Aldrich). Cells were incubated with primary antibodies in blocking solution (10% FBS diluted
in PBS-0.05%Tween 20 (Sigma-Aldrich) or in cytoskeleton buffer pH 6.1) for 1 hr. The following primary antibodies were used: human
anti-centromere antibodies (ACA) (1:2000; Fitzgerald), mouse anti-CENP-A (1:200, kind gift from Lars Jansen, Instituto Gulbenkian de
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Ciencia, Lisbon, Portugal) [22], mouse anti-a-tubulin (1:2000; B-512 clone, Sigma-Aldrich), rabbit anti-pH3(S10) (1:800, Santa Cruz
Biotechnology), rabbit anti-pKNL1 58A (1:1000; kind gift from lain Cheeseman, Whitehead Institute, MIT, Cambridge, MA, USA) [31],
sheep anti-CENP-E (1: 1000, kind gift from William C. Earnshaw, Wellcome Trust Centre for Cell Biology, The University of Edinburgh,
UK) [56], mouse anti-c-Mad?2 (1:500; Santa Cruz), rabbit anti-pAuroraB (pT232) (1:1000; Rockland), mouse anti-Hec1/Ndc80 (9G3)
(1:500, Abcam). Subsequently, cells were washed 3x with PBS-0.05% Tween or cytoskeleton buffer and incubated 45 min with
the corresponding secondary antibodies Alexa 488, 568 and 647 (Invitrogen) or Abberior STAR 580 and Abberior STAR 635p (Abbe-
rior Instruments) for STED microscopy. For STED microscopy, both primary and secondary antibodies were used at 1:100 concen-
trations. After adding 1 png/mL 4’6’-Diamidino-2-phenylindole (DAPI) (Sigma Aldrich) for 5 min, coverslips were washed in PBS and
sealed on glass slides mounted with 20 mM Tris pH8, 0.5 N-propyl gallate, 90% glycerol.

Chromosome spreads

IM fibroblasts were incubated with 3.3 uM of nocodazole (Sigma-Aldrich) for 6-7 h, then trypsinized and centrifuged for 5 min at
1200 rpm. The pellet was resuspended in 500 uL of the supernatant, and a hypotonic solution (medium:water 1:1 and 3.3 uM noco-
dazole) was added drop by drop until the final volume of 5 mL. The mixture was incubated at 37°C for 20 min. After centrifugation the
supernatant was discarded and the cells were fixed with Carnoy solution (methanol (AppliChem Panreac): acetic acid (Millipore Cor-
poration) - 3:1) overnight at —20°C. The following day, the Carnoy fixation was repeated and cells were subsequently spread drop-by-
drop onto a glass slide. DNA was counterstained with 1 pg/mL DAPI (Sigma-Aldrich) for 10 min and the preparations were mounted
on 20 mM Tris pH8, 0.5 N-propyl gallate, 90% glycerol. For chromosome spreads with antibody staining IM fibroblasts were incu-
bated with 3.3 uM nocodazole for 6-7 h, then trypsinized and centrifuged for 5 min at 1200 rpm. The pellet was resuspended in 500 pL
of the hypotonic solution containing sodium citrate (Sigma-Aldrich) and 10% BSA (Sigma-Aldrich) and incubated for 30 min at 37°C.
Cells were then placed on glass slides using a cytospin 4 centrifuge (Thermo Scientific). Glass slides containing chromosome
spreads were fixed with 4% paraformaldehyde and immunofluorescence was performed as indicated.

Measurement of intra-kinetochore distances

Selected centromeres with co-planar kinetochores (intensity peaks separated by no more than 1 plane in series recorded at 200-nm
Z-steps) were line-scanned. Two Gaussian peaks were detected in the scans via a MATLAB function developed by Dr. O’Haver
(https://www.mathworks.com/matlabcentral/fileexchange/23611-peakfit-command-line-peak-fitting-function). Delta values were
calculated by subtracting the distance between the centers of CENP-A peaks from the distance between the centers of Ndc80/Hec1
peaks and dividing the result by 2. This approach automatically compensates potential chromatic aberrations [32]. CENP-A was visu-
alized with 3-19 mouse monoclonal antibody (Abcam) and Ndc80/Hec1 with the 9G3 monoclonal antibody (Abcam), both at 1:200
dilution. Although both 3-19 (CENP-A) and 9G3 (Ndc80/Hec1) antibodies were mouse monoclonal, they have different isotypes. 3-19
was followed by a y1b-specific secondary antibody conjugated to Alexa Fluor 488, and 9G3 was followed by a yy2a-specific second-
ary antibody conjugated to Alexa Fluor 594, both at 1:100 dilution (Life Technologies).

Error correction/formation assays

To promote error formation, IM fibroblasts were seeded on poly-L-lysine-coated (Sigma-Aldrich) coverslips 2 days before the exper-
iment. Cells were incubated for 12 hr with 100 uM monastrol (Tocris bioscience) and subsequently washed out into MEM medium or
MEM containing 1 uM Aurora B inhibitor (Selleckchem) and 20 uM MG-132 (Calbiochem) for the next 50 min before fixation, based on
previous reports [61]. To prevent error correction, cells were incubated with 20 pM Mps1-IN-1 [38] (kind gift from N. Gray, Dana-
Farber Cancer Institute, Boston, MA, USA) for 15 min, prior to fixation. This concentration was previously assessed for the formation
of lagging chromosomes in IM fibroblasts by live cell imaging. When indicated, cells were fixed with ice-cold methanol (Invitrogen) for
4 min at —20°C or 4% paraformaldehyde (Electron Microscopy Sciences) for immunofluorescence analysis.

CENP-E inhibitor titration

IM fibroblast stably expressing H2B-GFP were seeded in 96-well plates (10.000 cells per well) two days before imaging and kept in
culture medium at 37°C in humidified conditions with 5% CO2. On the day of imaging, CENP-E inhibitor, GSK923295 (35) (Selleck-
chem) was added in triplicates at the following concentrations: 5 nM, 10 nM, 20 nM, 40 nM, 80 nM, 160 nM and 320 nM. Control wells
were treated with DMSO only. Live cell imaging was performed using In Cell Analyzer 2000 (GE Healthcare Life Sciences) 1 hr after
addition of the inhibitor. Images were analyzed with CellProfiler 2.2.0. and CellProfiler Analyst [58]. In accordance with the results
obtained from the CENP-E inhibitor titration, IM fibroblasts were treated with 20 nM GSK923295 1 hr before fixation or live-cell
imaging.

Live-cell imaging

IM fibroblasts stably expressing human CENP-A-GFP or H2B-GFP were plated on fibronectin (Sigma-Aldrich) coated 35 mm glass-
bottom dishes (14 mm, No 1.5, MatTek Corporation) 2 days before imaging. Before live-cell imaging, cells were cultured in
Leibovitz ’s-L15 medium (GIBCO, Life Technologies). For tubulin staining, we used 20-50 nM SiR-tubulin cell-permeable dye [34]
(Spirochrome) and incubated cells for 6-12 hr. Live-cell imaging was performed on a temperature-controlled Nikon TE2000 micro-
scope equipped at the camera port with a modified Yokogawa CSU-X1 spinning-disc head (Solamere Technology), an FW-1000 fil-
ter-wheel (ASI) and an iXon+ DU-897 EM-CCD (Andor). The excitation optics are composed of two sapphire lasers at 488 nm and
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647 nm (Coherent), which are shuttered by an acousto-optic tunable filter (Gooche&Housego, model R64040-150) and injected into
the Yokogawa head via a polarization-maintaining single-mode optical fiber (OZ optics). Sample position is controlled by a motorized
SCAN-IM stage (Marzhauser) and a 541.ZSL piezo (Physik Instrumente). The objective was an oil-immersion 60x 1.4 NA Plan-Apo
DIC CFI (Nikon, VC series), yielding an overall (including the pinhole-imaging lens) 190 nm/pixel sampling. A 1.5x tube lens (optivar)
was also used (126 nm/pixel sampling). Eleven 1 um separated z stacks were acquired every 2 min while recording IM fibroblasts
stably expressing H2B-GFP. For 4D kinetochore tracking we used IM fibroblasts stably expressing CENP-A-GFP, recorded at
30 s or 60 s interval and 0.75 um separated z stack. The system was controlled by NIS-Elements via a DAC board (National Instru-
ments, PCI-6733).

STED super-resolution microscopy

For STED imaging we used a pulsed gated-STED microscope (Abberior Instruments) with excitation wavelengths at 561 nm and
640 nm doughnut-depleted with a single laser at 775 nm. All acquisitions were performed using a 1.4 NA oil-immersion and a pixel
size set to 35 nm.

Serial section electron microscopy

IM fibroblasts were fixed with 2.5% glutaraldehyde (Sigma) in PBS, pH7.4 for 30 min, rinsed with PBS (3 X 5 min), and post-fixed with
2% 0s04 in dH20 for 60 min at 4°C. The coverslips were then rinsed in dH20, treated with 0.25% tannic acid for 20 min, and stained
with 2% uranyl acetate for 60 min. Dehydration was achieved by a series of ethanol solutions (30-50-70-80%-96%, 10 min in each
solution) followed by acetone (10 min). After dehydration, cells were embedded in Epon 812 and cured for 48 hr at 60°C. Serial 70-nm
thin sections were cut with a diamond knife (Diatome) on a Leica Ultracut UCT ultramicrotome and stained with lead citrate. Images
were obtained on a JEOL 1400 microscope operated at 80 kV using a side-mounted 4.0 Megapixel XR401 sCMOS AMT camera
(Advanced Microscopy Techniques Corp). Full series of images recorded at 12K magnification were used to reconstruct the volume
of the cell and match orientation and superimpose this volume on the corresponding LM dataset. Higher-magnification images
(30-40K) were then collected for individual kinetochores. These high-magnification images were subsequently used to trace micro-
tubules end-on attached to the kinetochores. 3-D volumes occupied by the kinetochores and adjacent chromatin were visualized as
isosurface models in Amira 5.3.3 (Visage Imaging).

Western Blotting

IM fibroblasts were collected after trypsinization and centrifuged at 1200 rpm for 5 min. The pellet was resuspended in PBS and
centrifuged, the cells were resuspended in 30-50 uL of Lysis Buffer (NP-40: 20 nM HEPES/KOH pH 7.9; 1 mM EDTA pH 8; 1 mM
EGTA; 150 nM NaCl; 0.5% NP40; 10% glycerol, 1:50 protease inhibitor; 1:100 Phenylmethylsulfonyl fluoride). The samples were flash
frozen in liquid nitrogen and kept on ice for 30 min. After centrifugation at 14000crpm for 15 min at 4°C, protein concentration was
determined by Bradford protein assay (Bio-Rad). Protein lysates were run on 7.5/10/15% SDS-PAGE (25-40 pg/lane) and transferred
to a nitrocellulose Hybond-C membrane using an iBlot Gel Transfer Device (Thermo Scientific). Membranes were blocked in
PBS 0.05% Tween with 5% milk and the primary antibodies were incubated overnight at 4c°C at the following dilutions:
anti-Hec1/Ndc80 mouse anti-Hec1/Ndc80 (9G3); anti-Mad2 (rabbit, 1:500, Bethyl Laboratories); anti-CLASP1 (rat, 1:100 [62],),
anti-Survivin (rabbit, 1:1000, Novus Biologicals), anti-Aurora A (rabbit, 1:1000, Novus Biologicals); anti-Kif4a (rabbit, 1:1000, Thermo
Fisher Scientific); anti-GAPDH (mouse, 1:15000, Proteintech). After successive washes, the membrane was incubated with the sec-
ondary antibodies for 1 hr at RT (a-mouse-HRF; a-rabbit-HRF; a-sheep-HRP 1:5000). Detection was performed with Clarity Western
ECL Substrate (Bio-Rad). Quantification of blots was performed with a Bio-Rad ChemiDoc XRS system using the IMAGELAB soft-
ware and immunosignals were normalized to GAPDH expression.

QUANTIFICATION AND STATISTICAL ANALYSIS

Fixed image analysis and acquisition

Image acquisition (0.22 um thick z stacks) was performed on a Zeiss AxioObserver Z1 wide-field microscope equipped with a plan-
apochromatic (1.46 NA 60x) DIC objective and a cooled CCD (Hamamatsu Orca R2). Autoquant X (Media Cybernetics) was used for
blind deconvolution. All images show maximum intensity projections. For classification of kinetochore-microtubule attachments, mi-
crotubules were traced through z stacks and the position of their ends determined relative to the kinetochore signal. In the case of
merotelic attachments, kinetochore deformation and/or orientation were also used as secondary criteria. Protein levels (CENP-A,
Ndc80/Hec1, CENP-E, Mad2, pKNL1 and pAuroraB) on chromosome spreads were analyzed using ROl manager in Fiji (ImageJ).
For quantification of kinetochore protein levels in all chromosomes, fluorescence intensity for each protein was background sub-
tracted and normalized for the levels obtained for chromosome X+3 in the same cell. Adobe Photoshop CS4 and Adobe lllustrator
CS5 (Adobe Systems) were used for histogram adjustments and panel assembly for publication.

Frequency analysis and joint probability tables

Custom-made scripts were developed in MATLAB 8.1 (The MathWorks) to perform the frequency analysis for the number of chro-
mosomes with small and large kinetochores staying at the pole upon CENP-E inhibition. Joint probability tables were calculated for
six independent sets of mitotic cells, each with at least 100 cells. The tables were used to calculate the marginal and the conditional
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probabilities of the number of chromosomes with small/large kinetochores found at the pole. The random variables considered for the
joint probability table were ‘S’, for the number of chromosomes with small kinetochores that stay at the pole, and ‘L’, for the number of
chromosomes with large kinetochores that stay at the pole. Binomial distributions were fitted to both random variables, using infor-
mation about the number of independent components (2 for large kinetochores, and 4 for small kinetochores) and the respective
experimental values. All data are represented as the mean + SD. Additional custom-made MATLAB scripts were developed to
perform the frequency analysis on the number of lagging chromosomes during anaphase, according to the kinetochore size.
Following a similar methodology as above, joint probability tables were calculated and used to obtain the marginal and the condi-
tional probabilities of the number of lagging chromosomes with small and with large kinetochores. Experimental data was used to
parameterize the associated probability distributions (binomial). The distributions were used to calculate the probability of having lag-
ging chromosomes of a certain type, given that there was at least a lagging chromosome, under two different conditions: a) imposing
equal values for the individual lagging probability, independently of the kinetochore size; and b) estimating the individual lagging
probability for each chromosome type, constrained to the mean values of lagging chromosomes (of each type) observed experimen-
tally. For control cells where the total number of chromosomes was not always 6 (4 chromosomes with small kinetochore and 2 with
large kinetochore) the frequency analysis for the lagging chromosomes was not performed using joint probability tables. Given that a
varying number of total chromosomes imposes important constraints to this approach, the frequency analysis was performed
instead in terms of calculation of mean values for the fraction of chromosomes of each type that become lagging. This way, for
each experiment, the total number of chromosomes with small and large kinetochores was accounted for to calculate a descriptive
measurement, which is independent of the number of chromosomes.

Kinetochore tracking

Live-cell imaging of IM fibroblasts stably expressing CENP-A-GFP was performed as indicated, every 60 s, and analyzed after
CENP-E inhibition using TrackMate Tool in Fiji (Imaged). Initial kinetochore and pole positions at nuclear envelope breakdown
were manually tracked in four dimensions (x,y,z,t) using Manual Tracking Tool. Further analyses and plotting were performed using
MATLAB to assess the initial position of the chromosomes with large kinetochores relative to the spindle and spindle poles/equator.
Data from different cells was pooled together by applying geometric affine transformations (without shear) to generate overlap for the
poles location. Initial positions of the chromosomes with large kinetochores were plotted on a standardized geometrical represen-
tation of the mitotic spindle ellipsoid.

Statistical analysis

Statistical analysis was performed using SigmaStat 3.5 software. All data represent the mean + SD. Statistical significance of differ-
ences between the population distributions was determined by Student’s t test. For data that did not follow a normal distribution,
statistical analysis was performed using a Mann-Whitney Rank Sum test.
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