Basic mechanism for biorientation of mitotic
chromosomes is provided by the kinetochore
geometry and indiscriminate turnover of
kinetochore microtubules
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ABSTRACT Accuracy of chromosome segregation relies on the ill-understood ability of mi-
totic kinetochores to biorient, whereupon each sister kinetochore forms microtubule (MT)
attachments to only one spindle pole. Because initial MT attachments result from chance
encounters with the kinetochores, biorientation must rely on specific mechanisms to avoid
and resolve improper attachments. Here we use mathematical modeling to critically analyze
the error-correction potential of a simplified biorientation mechanism, which involves the
back-to-back arrangement of sister kinetochores and the marked instability of kinetochore—
MT attachments. We show that a typical mammalian kinetochore operates in a near-optimal
regime, in which the back-to-back kinetochore geometry and the indiscriminate kinetochore—
MT turnover provide strong error-correction activity. In human cells, this mechanism alone can
potentially enable normal segregation of 45 out of 46 chromosomes during one mitotic divi-
sion, corresponding to a mis-segregation rate in the range of 10-'-10-2 per chromosome. This
theoretical upper limit for chromosome segregation accuracy predicted with the basic mech-
anism is close to the mis-segregation rate in some cancer cells; however, it cannot explain the
relatively low chromosome loss in diploid human cells, consistent with their reliance on
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additional mechanisms.

INTRODUCTION

Human cells have 46 chromosomes, all of which are duplicated and
then segregated equally every time the cell divides (Rieder and
Salmon, 1998). If segregation fails, the daughter cells may acquire
an inappropriate number of chromosomes (aneuploidy), a cause of
severe malformations, developmental abnormalities, and diseases,
including cancer (Cimini and Degrassi, 2005; Weaver and Cleveland,
2006; Bakhoum and Compton, 2012; Nicholson and Cimini, 2015).
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The exact chromosome mis-segregation rate in dividing cells in the
healthy human organism is not known and appears to depend on
cell type (Leach et al., 2004; Duncan et al., 2012). The immortalized
human cell lines, which are derived from different tumors, are often
aneuploid, with a 107*-1072 mis-segregation rate per chromosome
(Supplemental Table S1). Noncancer cells exhibit a 10-*-10-3 mis-
segregation rate (Supplemental Table S1, “normal cells”), which is
still higher than the rate of chromosome loss in yeast cells: 105104
(Hartwell and Smith, 1985; Hahnenberger et al., 1989). Identifying
the molecular mechanisms that determine high accuracy of chromo-
some segregation and prevent chromosome loss is among the most
important and challenging goals in cell biology.

One of the major causes of aneuploidy is improper regulation
of the attachments between spindle microtubules (MTs) and chro-
mosomal kinetochores, which host numerous MT-binding proteins
and enzymes that control those attachments (Santaguida and
Musacchio, 2009; Gascoigne and Cheeseman, 2011). The human
kinetochore binds on average 18 MTs (kinetochore-associated mi-
crotubules [KMTs]), ranging from 13 to 24 (Wendell et al., 1993;
McEwen et al., 2001). Many mitotic studies use rat kangaroo PtK1
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FIGURE 1: Geometry of the mammalian kinetochore and biorientation outcomes. (A) Schematics of the model’s parts.
The initial position of spindle poles is side by side, but then they separate to form a 10-um-long spindle. (B) Electron
microscope image of the cross-section of the mitotic kinetochore of a mouse chromosome (Ris and Witt, 1981).
Reproduced with permission from Springer. Scale bar: 0.25 pm. (C) Diagram of a pair of sister kinetochores connected
by a spring. In model calculations with no geometric constraints, the incoming MTs can penetrate all areas before

binding to yellow “corona.” When geometric constraints are imposed, MTs bind only upon a direct contact with corona.
See Supplemental Table S2 for other details. (D) Frequency histogram of the final orientation angles for the kinetochore
pairs with stable (no KMT turnover) and unstable (KMT half-life 11/, = 3 min) MT attachments; N is the number of in silico

experiments, each lasting 40 min. GC, results with geometric constraints. (E) Fraction of bioriented kinetochores as a
function of the number of KMTs (per sister kinetochore) plotted on a logarithmic scale. Unless stated otherwise, the
kinetochore pair is scored as bioriented when all KMTs are attached properly. Black line, analytical solution of Eq. 1;
green, analytical solution of Eq. s14; red and blue symbols, results calculated with the model when the initial
kinetochore position is random relative to the separating spindle poles. Bars are SEM. (F) Fraction of bioriented
kinetochores plotted on a logarithmic scale for Nyt = 18, as in human cells (Wendell et al., 1993; McEwen et al., 2001).
Results with KMT turnover are for KMT half-life 11/, = 4 min, as in diploid human cells (Kabeche and Compton, 2013).

cells, in which metaphase kinetochores bind on average 25 MTs,
ranging from 11 to 35 MTs, but the occupancy increases up to 45
when MT dynamics is perturbed (McEwen et al., 1997). Early dur-
ing mitosis in mammalian cells, relative positions between the ki-
netochores of different chromosomes and two poles of a growing
spindle are highly variable (Compton, 2000; Silkworth et al., 2012).
This inherent stochasticity of initial configurations promotes erro-
neous MT attachments when two sister kinetochores attach via the
MTs to the same pole (syntelic attachment) or when one kineto-
chore becomes connected to MTs from both poles (merotelic
attachment) (Figure 1A and Supplemental Figure S1A; Salmon etal.,
2005; Cimini, 2008). Merotelic attachments are particularly danger-
ous because they frequently occur early in mitosis and, if left uncor-
rected before anaphase, may lead to lagging chromosomes (Cimini
etal., 2002; Hauf et al., 2003; Bakhoum and Compton, 2012). Such
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lagging chromosomes constitute the most common pathway lead-
ing to aneuploidy in cancer cells (Thompson and Compton, 2008;
Bakhoum et al., 2009, 2014; Bakhoum and Compton 2012). Healthy
mitotic cells, however, can cope with the KMT attachment errors
and efficiently replace them with amphitelic attachments, in which
one sister kinetochore is connected to the MTs from only one pole,
a configuration that results in chromosome biorientation and faith-
ful segregation.

Several mechanisms have so far been identified that help the
cells to minimize the formation of erroneous KMT attachments and
to resolve these errors promptly. One of the most prominent mecha-
nisms is based on the back-to-back arrangement of sister kineto-
chores, which can impose geometric constraints on MT binding to
the kinetochore that faces away from the pole (Nicklas, 1997;
Indjeian and Murray, 2007; Loncarek et al., 2007; Paul et al., 2009;
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Magidson et al., 2015). However, the stringency of this constraint
and its relative role in achieving accurate chromosome segregation
are not known. Importantly, it has been suggested that the primary
role of kinetochore geometry is to limit the initial incorrect attach-
ment of the KMTs (Nicklas, 1997). According to this view, if the initial
chromosome position is favorable (i.e., midway between spindle
poles with the sister kinetochores oriented along the spindle axis),
the back-to-back kinetochore geometry is largely sufficient to pro-
mote successful biorientation. However, a less “lucky” sister kineto-
chore pair, which at the start of mitosis is positioned in such a way
that the sister kinetochores are not shielded well from the improper
KMTs, will require additional mechanisms to cope with the errone-
ous attachments.

The removal of improper MT attachments after they have formed
is attributed largely to the continuous cycles of KMT attachment/
detachment, which lead to the turnover of KMTs (Nicklas, 1997). In
mammalian cells, the KMT attachments are most unstable during
prometaphase. This instability is evident from the short half-life time
of the attached KMTs (2-4 min), during which half of the KMTs
detach (Zhai et al., 1995; Bakhoum et al., 2009; Kabeche and
Compton, 2013). As chromosomes align at the metaphase plate, the
rate of KMT turnover decreases, and the half-life of KMTs increases
approximately twofold to reach 4-8 min (Zhai et al., 1995; Cimini
etal., 2006; Deluca et al., 2006; Kabeche and Compton, 2013). Be-
cause time from the nuclear envelope breakdown to anaphase in
most mammalian cells is 20-40 min (Yang et al., 2008; Brito and Rie-
der, 2009), KMTs are replaced two to three times during mitosis. This
dynamic exchange of KMTs has long been recognized as the essen-
tial error-correcting activity, consistent with the failure of cells to di-
vide properly in the presence of low concentration of drugs that
perturb KMT dynamics (Jordan and Kamath, 2007). Importantly, the
dividing cells appear to benefit from the KMT turnover via two dif-
ferent mechanisms. In one, the rate of KMT turnover is thought to be
regulated differently for the correct versus incorrect KMT attach-
ments (Nicklas, 1997). Such discriminate, targeted regulation may
operate via the centromere-localized Aurora B kinase, which stabi-
lizes the correct attachments and/or destabilizes the wrong KMTs,
thereby promoting biorientation (Lampson and Cheeseman, 2011).
However, a global, indiscriminate regulation of KMT stability may
have a significant error-correcting activity on its own (Bakhoum and
Compton, 2012; Godek et al., 2015). Indeed, inappropriate KMT
stabilization in normal cells is sufficient for creating chromosome
segregation errors, while KMT destabilization reduces the chromo-
some mis-segregation rate in cancer cell lines with overly stable
KMTs (Bakhoum et al., 2009; Kabeche and Compton, 2013).

The benefits of the indiscriminate instability of all KMTs, mero-
telic and amphitelic, for error correction can be understood intui-
tively, assuming that the improper KMTs are acquired during early
stages of mitosis and that their subsequent release is the rate-lim-
iting step for successful biorientation (Nicklas and Ward, 1994). In
this view, after the kinetochore becomes oriented favorably (as in
metaphase), all preformed KMTs can be released due to attach-
ment instability, while stringent geometric constraints favor their
replacement only with the proper, amphitelic KMTs. Thus a faster
rate of KMT turnover should increase the rate of error correction
and promote higher fidelity of chromosome segregation; such cor-
relation is indeed observed in different cell lines (Bakhoum et al.,
2009). However, the destabilization of KMTs through a fast turn-
over may have detrimental effects. For example, when KMTs are
too unstable, the kinetochores may fail to establish the sufficient
number of KMT connections, leading to a thinner kinetochore fiber
(K-fiber) and triggering the checkpoint-dependent block of ana-

Volume 26 November 5, 2015

phase initiation (Bakhoum and Compton, 2012). This suggests the
presence of competing restrictions on the rate of KMT turnover to
balance the error correction and the number of KMTs, but theoreti-
cal analysis of such effects has been lacking. Here we use a math-
ematical model of kinetochore-MT interactions to systematically
and quantitatively examine the roles of geometric constraints and
KMT turnover in error correction at the mammalian kinetochore,
seeking to determine how these activities are held in balance. Our
work helps to define complex interrelationships between the
kinetochore geometry and indiscriminate KMT turnover and to
quantify their relative impact on the rate and accuracy of chromo-
some biorientation.

MATHEMATICAL MODEL

General framework and model assumptions

The model contains a highly simplified MT-based spindle confined
toa 15 x7 pm area, which roughly corresponds to the size of a mam-
malian cell (Figure 1A). Each pole nucleates 750 MTs, resulting in a
spindle with a total of 1500 MTs, similar to spindles in Hela cells
(McIntosh and Landis, 1971). MTs can grow from two poles in ran-
dom directions; the poles are initially positioned close to each other
but then move apart. The plus ends of MTs are dynamically unstable,
with parameters characteristic for a mitotic cell, and for simplicity,
the MTs do not bundle or interact with each other. Unless specified
otherwise, initially a single kinetochore pair is positioned ran-
domly relative to the unseparated spindle poles; the MT-free kineto-
chore pair diffuses, changing its orientation relative to spindle poles.
A pole-originated MT binds to a kinetochore if its tip is found any-
where within the kinetochore “corona” (see section Kinetochore-MT
interface). Importantly, the attachment probability is the same for all
MTs, regardless of whether they are correct or not. On attachment,
the KMT begins to exert a pulling force toward the pole of its origin.
During any stage of simulation, the KMT can detach from the kineto-
chore with the detachment rate kye, leading to the turnover of
KMTs, characterized by the half-life of KMT attachments (t1,5). Im-
portantly, the detachment probability is the same for all types of
KMTs, correct or incorrect. Translational and rotational motions of
the sister kinetochore pair that is free of MTs or as it moves under MT
forces are described with Langevin equations of motion in viscous
medium. Numerical calculations were carried out with a discrete
time scheme, such that equations were solved at every time step,
and the values of model parameters for the next time step were
adjusted accordingly. For simplicity, all calculations were carried out
using a two-dimensional (2D) representation of this model, but the
obtained results were transformed to reflect the three-dimensional
(3D) arrangement (Supplemental Figure S1). These and other details
are provided in Supplement 1 and Supplemental Table S2.

Kinetochore-MT interface

The kinetochore is modeled based on the known structural features
of mammalian sister chromatids (Figure 1B). In 3D, the primary chro-
mosomal constriction is represented by two half-cylinders (Supple-
mental Video 1). To represent the interkinetochore tension, these
structures are linked with a spring that can stretch in response to MT
pulling forces. As a result, the distance between the kinetochores
(Ly) varies from 0.8 um (with no bound KMTs, such as in prophase) to
1.6 um (fully stretched centromeres of bioriented sister kineto-
chores), similar to the interkinetochore stretching measured in
mitotic cells (Loncarek et al., 2007; Wan et al., 2009). The MT-inter-
acting kinetochore corona was modeled as a 100-nm-thick layer
(Supplemental Video 1, semitransparent beige layer) localized on
the outer surface of a half-cylinder (Cheeseman and Desai, 2008).
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The 2D cross-section of a kinetochore pair is schematized in
Figure 1C. MT tips can attach anywhere within corona, but the maxi-
mum number of KMT attachments is limited by the kinetochore oc-
cupancy (parameter Npay)-

RESULTS

Geometric constraints are essential for accurate
chromosome segregation

To establish a quantitative baseline for our study, we first analyzed
the model’s behavior in the absence of any geometric restrictions
on MT binding. In our stochastic in silico experiment, as in human
cells, the kinetochore pair initially is oriented randomly relative to
the spindle poles, as illustrated with Supplemental Video 2.
Although the sister kinetochores are shown in the back-to-back ori-
entation, the kinetochores in this simulation can bind MTs from both
poles equally well. Initially, the unattached sister kinetochores ex-
hibit thermal diffusion, and the pole-directed motion is initiated
only after attachment of a first KMT. If the MT attachments are per-
manent (i.e., no KMT turnover), the number of KMTs increases grad-
ually until the kinetochore becomes saturated and the number of
KMTs reaches Ny« The kinetochore pair then settles between two
poles, while oriented at a certain angle with spindle axis. The pre-
dicted distribution of these final orientation angles is very broad
(Figure 1, C and D), indicating a failure of the kinetochore pair with
no geometric constraints to orient itself properly. From 111 simula-
tions, none of the chromosomes achieved proper biorientation, im-
plying that the probability (py,;) for the “transparent” kinetochore
pair to form only proper KMT attachments is very low. To estimate
poi more accurately, we derived a simple analytical relationship be-
tween py; and the final number of kinetochore-bound MTs, Nyt
(Supplement 2):

pbi = 21-2Nur (n

Thus the probability to biorient is an exponential function of
Nt (Figure 1E, black curve). Because a lack of KMT turnover results
in the kinetochore becoming fully saturated with KMTs, such that
NpmT = Nimax, the fraction of human kinetochores that can biorient
fortuitously is predicted to be only 107 (Nyy,.x = 24; Figure 1F). This
means that, if the kinetochore attaches to correct and incorrect MTs
with equal probability and there are no geometric constraints, only
one chromosome in 10" dividing human cells would segregate
normally. For comparison, in human RPE-1 cells, chromosome mis-
segregation is observed in one of 10? dividing cells (Thompson and
Compton, 2008).

Strikingly, this outcome remains almost unchanged when KMT
attachments are dynamic, that is, in the presence of KMT turnover,
as seen from the corresponding analytical solution (Eq. s14 in Sup-
plement 2). The analytical approach we developed for dynamic
kinetochore-MT interactions provides accurate assessment of
KMT binding stochasticity, as evidenced by a good match for the
experimentally determined steady-state distribution of KMTs in
different cells (Supplemental Figure S3C) as well as previous theo-
retical study (Zaytsev et al., 2014). According to Eq. s14, KMT turn-
over improves biorientation by five orders of magnitude, but it still
remains very low: only one chromosome in 107 human cells is pre-
dicted to biorient properly (Figure 1, E and F). We conclude that,
if the kinetochore geometry imposes no constraints on MT bind-
ing, the dynamic nature of KMT attachments brings little benefit.
Without other auxiliary mechanisms, the indiscriminate turnover of
KMTs is unable to provide the physiologically relevant degree of
biorientation.
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When KMT attachments are permanent but restricted by
the back-to-back kinetochore geometry, the chances to
biorient depend strongly on the initial kinetochore position
Next we examined a more realistic model, in which the back-to-
back orientation of the sister kinetochore pair imposes geometric
restrictions on the KMT attachments (Figure 1, B and C). Here the
tip of growing MTs can bind to corona, but MT that touches chro-
matin is assumed to depolymerize, prohibiting it from reaching co-
rona of the sister kinetochore that is not immediately accessible. To
determine advantages provided by such geometry alone, we ini-
tially omitted the KMT turnover. First, we calculated the probability
of biorientation for a kinetochore pair that was placed in a favorable
configuration—midway between two fully separated poles and with
each sister kinetochore facing directly toward one of the poles. In
our model, and in a typical mammalian cell, such a sister kineto-
chore is shielded only partially from the erroneous MTs, which can
still attach to this kinetochore’s periphery (Figure 1, A-C, and Sup-
plemental Video 1). Thermal chromosome motions and the motions
introduced by the pulling KMTs change chromosome orientation
frequently, further promoting formation of merotelic attachments.
In 50 simulations with no KMT turnover, the favorably positioned
kinetochores acquired on average 1.4 merotelic MTs per kineto-
chore. Only 22 kinetochore pairs, or 44%, reached biorientation for
Nyt = 18 (Figure 1F); the results were only slightly worse with Nyt
=25 (1.5 merotelic KMTs and 40% biorientation).

The chances to biorient were much lower if the kinetochore pair
was positioned randomly, increasing the exposure to wrong MT
ends at early stages of mitosis. Capturing the first MT induced the
simulated kinetochore to rotate, as seen in live cells (Alexander and
Rieder, 1990). Such motion can promote biorientation if the kineto-
chore completes its rotation before capturing a merotelic MT, as
seen in the model by Paul et al. (2009). However, in live cells (Cimini
et al., 2003) and in our model, the kinetochores frequently capture
the inappropriate MTs before acquiring the favorable position
(Supplemental Video 3). This often resulted in the simulated kineto-
chore orienting perpendicularly to the spindle axis. The newly at-
tached MTs can then flip the kinetochore over, so the kinetochore
pairs end up oriented coaxially (Figure 1D, red columns). However,
~6% of kinetochores (i.e., three kinetochore pairs in a human cell)
become trapped in the spindle-perpendicular orientation (Supple-
mental Video 4). This configuration is stable if approximately the
same number of KMTs are attached to each sister kinetochore, pull-
ing in opposite directions (Supplemental Figure S2C). On average,
the resulting number of merotelic KMTs per kinetochore that
started from a random position is 4.2 £ 0.2 (mean = SEM, 50 simula-
tions for Nyt = 18). This is significantly worse than what is seen for
the kinetochores with the favorable initial position, consistent with
the results of a prior theoretical study examining impact of initial
spindle configuration (Silkworth et al., 2012). Importantly, with ran-
dom chromosome positioning, the probability to attach correctly is
so small that none of our 50 simulations have led to biorientation,
and even the kinetochores that orient along the spindle axis have
many merotelic KMTs (Supplemental Video 3).

To estimate the probability to biorient for the randomly positioned
kinetochores in the absence of KMT turnover, we derived Eq. 2
(Supplement 2). Using the ratio of the number of merotelic KMTs to
the total number of KMTs, 1, the probability that all KMTs attach cor-
rectly to both sister kinetochores can be calculated as follows:

Pobi = 2(1— )N 2

For Nyt =18, M= (4.2 £0.2)/18 =0.23 £ 0.01, so the proba-
bility of biorientation from a random kinetochore position is ~10-*
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shows the model solution for favorably positioned kinetochores with no KMT turnover; horizontal gray bar shows SD

range for the steady-state solutions.

(Figure 1F), corresponding to a proper segregation of one chro-
mosome in ~10% human cells. Similar calculations for PtK1 cells
given=(7 £ 1)/25=0.26 + 0.03 and a biorientation probability of
107, corresponding to a proper segregation of one chromosome
in ~10° cells. These results demonstrate that the restrictive kineto-
chore geometry on its own cannot cope effectively with the large
stochasticity of initial conditions, a hallmark feature of mammalian
mitosis.

KMT turnover renders biorientation insensitive to the

initial kinetochore orientation, but it does not improve
biorientation of the favorably positioned kinetochores

The “memory” of initial kinetochore position vanishes when the
KMT turnover is added to geometrically restricted kinetochores. A
time course of the computational experiment, in which multiple ki-
netochore pairs were analyzed, illustrates the evolution of different
KMT configurations (Figure 2A). At the beginning of each such
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simulation, the poles are unseparated, and the kinetochore pair has
a random location and orientation. Initially, all kinetochores are free
from the MTs, but they quickly become monotelic and then acquire
numerous wrong connections to the separating spindle poles, so the
model exhibits different types of KMT attachments seen during the
first minutes of spindle separation in cells (Supplemental Figure S3D;
Silkworth et al., 2012). Consistent with observations in cells (Roos,
1973; Cimini et al., 2003; Hauf et al., 2003), the syntelic configura-
tions in these in silico experiments are rare, and the merotelic attach-
ments occur more frequently (Figure 2A). When kinetochores as-
sume position midway between two poles, they always orient
coaxially with the spindle, as in normal mitosis, because the incorrect
spindle-perpendicular orientation is destabilized in the presence of
KMT turnover (Figure 1D, blue columns). Proper orientation is im-
portant because it enables a positive feedback, which helps to cope
with the attachment errors: with indiscriminate turnover, all KMTs,
correct or not, detach stochastically, but the kinetochore geometry
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in other panels, values are mean + SEM. (C) Mean chromosome capture time (time from the
beginning of the simulation to the binding of first KMT) for different geometric constraints.
Number of calculations for each point is 200. (D) Steady-state number of KMTs as a function
of geometric constraints. Number of calculations for each point is 50.

favors attachment specifically of the correct MTs, as expected. As a
result, the abundant merotelic KMTs are gradually replaced with the
correct ones (Figure 2B), just as seen in cells (Cimini et al., 2003) and
with a previous biorientation model that used the discriminatory at-
tachment and detachment kinetics (Silkworth et al., 2012). The indis-
criminate feedback mechanism of eliminating the improper attach-
ments is powerful enough to cope with the most unfavorable
situation, that is, when the poles separate after the kinetochores
have already been saturated with randomly arranged KMTs
(Figure 2C and Supplemental Video 5). In cells, this condition is
achieved by treatment with monastrol, a drug that inhibits separa-
tion of spindle poles and locks kinetochores in erroneous configura-
tions (Lampson et al., 2004). As in cells that were washed to remove
monastrol, when spindle poles begin to separate in our model, the
number of improperly attached KMTs drops significantly (Figure 2D).
These data clearly show that the indiscriminate KMT turnover can
provide strong error-correcting activity for the randomly positioned
kinetochores with geometric constraints.

We then compared the quantitative outcomes for biorientation
of the kinetochore pairs positioned randomly with those in favorable
configuration. When KMT turnover is present, both starting configu-
rations lead to a 0.46 fraction of bioriented kinetochores (Figure 1F).
Thus instability of KMT interactions with the back-to-back sister ki-
netochores renders biorientation insensitive to the initial kineto-
chore orientation. Together these results imply that a combination
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of the restrictive kinetochore geometry and
indiscriminate KMT turnover could in principle
enable proper segregation of 23 chromosomes
in one dividing human cell, a dramatic improve-
ment relative to the random kinetochores with
stable KMT attachments. Interestingly, a faster
rate of the KMT turnover brings no improvement
to this result (Figure 2E). Indeed, we have varied
the rate of KMT turnover, but the steady-state
fraction of bioriented chromosomes did not
change significantly (Figure 2F), demonstrating
that when a mitotic system is given sufficient
time, the final KMT attachment accuracy is de-
fined by the system’s geometry and not by the
rate of KMT turnover.

Stringent geometric constraints inhibit
K-fiber formation

The above results suggest that more restrictive
geometric constraints could in principle enable
the cell to achieve a higher accuracy of biorien-
tation. A typical mammalian kinetochore, how-
ever, has relatively relaxed geometric constraints
(Supplemental Video 1). They do not prevent
merotelic attachments completely, suggesting
that very stringent geometry might have some
drawbacks. To examine the impact of kineto-
chore geometry and mechanics, we varied dif-
ferent model parameters. Changes up to four-
fold in the rigidity of the interkinetochore spring
had little impact on the steady-state biorienta-
tion outcome (Supplemental Figure S3E). Vary-
ing the thickness of the kinetochore corona from
60 to 140 nm led to a moderate decrease in the
fraction of bioriented kinetochores (Supplemen-
tal Figure S3F). A stronger effect on attachment
accuracy was seen when the corona area was

decreased. We have quantified this effect by introducing geometry
parameter B (Figure 3A). When B = 0, the corona occupies the en-
tire outer surface of a primary constriction, so the constraints are
minimal; when B = 1, the corona is represented by a geometric
point. Thus, for large values of B, the congressed and properly ori-
ented kinetochore is almost entirely protected from the improper
MT contacts, which nonetheless are still possible due to thermal
kinetochore motions. We estimate that, for a kinetochore geometry
shown in Figure 1B, B = 0.16-0.18; this range corresponds to the
6-7.5% probability that the newly attached KMT is merotelic.
Figure 3B shows that increasing B from 0 to 0.5 improves the
chances to biorient by approximately twofold. Interestingly, with a
further increase in the stringency of geometric constraints, the
chances to biorient begin to decline (Figure 3B). This decline takes
place because the time to establish a first MT contact increases
significantly when corona area is small (Figure 3C). Even more im-
portantly, the number of KMTs in the K-fiber at steady state de-
clines strongly with increasing B (Figure 3D). When B > 0.5, the
number of bound KMTs is so low that some chromosomes remain
mono-oriented, even though the kinetochore occupancy and the
simulation time are not limited (Figure 3B, open circles). Because
MTs attach with equal probability in our model regardless of
whether they are merotelic or amphitelic, stringent geometry inhib-
its binding efficiency of all KMTs. We conclude that strong geomet-
ric constraints are not beneficial for mitotic cells because they
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prevent the establishment and mainte-
nance of large K-fibers.

Slower KMT turnover boosts the
K-fiber size and improves its “quality”
but significantly delays biorientation
Data in the preceding paragraph suggest
that the inability to reach a normal K-fiber
size may be the main factor preventing cells
from using very stringent geometric con-
straints. A reasonable strategy to compen-
sate for this undesired consequence of the
restrictive geometry is to increase the stabil-
ity of KMT attachments. Indeed, when KMTs
detach less frequently (longer KMT half-life
and therefore slower turnover), the steady-
state number of MTs in the K-fiber increases,
and the K-fiber size becomes limited only
by the maximal kinetochore occupancy
(Figure 4A). Interestingly, the final size of the
K-fiber does not depend on initial mitotic
configuration: in simulations that started
from monastrol-induced configuration, the
steady-state number of KMTs was the same
as from random configurations (Figure 4B).
In addition to increasing the size of the
K-fiber, a slower turnover also improves its
“quality,” as judged by the ratio of the num-
ber of merotelic to amphitelic KMTs (M/A;
Supplemental Figure S4D). As we have
shown earlier in this study, for all KMT turn-
over rates (and therefore K-fiber sizes), about
half of the kinetochore pairs can achieve
biorientation (Figure 2F), so for these am-
phitelic chromosomes, M/A = 0. However,
the remaining half of the chromosomes have
on average 1.4-1.7 merotelic KMTs. The
M/A ratios for these chromosomes are dis-
tributed broadly (Figure 4C). Interestingly,
large K-fibers tend to have on average a
lower M/A ratio, while in cells with thinner
K-fibers, some kinetochores exhibit a very
large M/A ratio (Figure 4D). This effect
results directly from the cross-talk between
the KMT dynamics and kinetochore geome-
try, which is characteristic of the error-correc-
tion mechanism that combines these two

merotelic KMTs does not depend on the
K-fiber size, but the M/A ratio decreases with
increasing total number of KMTs in the K-fiber.
(E) Half-time for biorientation increases
exponentially with increasing KMT half-life
(left axis; line is exponential fitting). The
maximum number of merotelic KMTs found at
kinetochore during the time course for KMT
attachment also increases with increasing
KMT stability (right axis); these data represent
peak values from the kinetic curves as shown
in Figure 2B. Number of simulations for each
KMT half-life is 50.
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properties. Indeed, in a thin K-fiber, the detachment of any one of
the KMTs, or the attachment of a new one, has a noticeable effect on
the balance of forces and torques at this kinetochore pair. The spin-
dle-axial orientation of the kinetochores with thin K-fibers is less
stable, which promotes encounters with wrong MT ends, further de-
stabilizing the orientation. Conversely, more robust K-fibers mechan-
ically stabilize the spindle-axial kinetochore orientation, engaging a
positive feedback for the error-correction mechanism. Consistent
with this view, we find that the probability that the newly attached
KMT is merotelic decreases with an increasing number of KMTs (Sup-
plemental Figure S4A). A similar mechanism leads to the increase in
the probability of acquiring merotelic KMTs by the kinetochores that
already have merotelic KMTs, explaining why multiple merotelic at-
tachments (high M/A ratio) slow the rate of correction (Cimini et al.,
2003, 2006). Thus, increasing stability of KMT attachments has pro-
nounced beneficial effects: it allows formation of robust K-fibers and
improves the M/A ratio.

However, very stable KMT attachments also have negative con-
sequences. First, we noticed that high stability is associated with the
increase in the maximum number of merotelic KMTs found during
the simulation time courses (Figure 2B). The number of merotelic
KMTs peaks and then declines toward the steady-state values that
do not depend on the rate of KMT turnover (Figure 4D). However,
the peak values increase with increasing KMT stability. For example,
there are almost threefold more merotelic KMTs when the KMT half-
life increases from 2 to 16 min (Figure 4E). Although this effect is
transient and has no consequences for the steady-state solution, it
becomes important later in this paper when we consider model pre-
dictions in cases in which the duration of mitosis is limited. Second,
the rate of KMT turnover significantly affects the kinetics with which
cells can achieve the best possible (for a given kinetochore geome-
try) biorientation: when KMTs are more stable, the wrong KMTs are
replaced more slowly, and the steady-state level for biorientation
takes longer to achieve (Figure 4E). For example, for KMT half-lives
of 6 and 16 min, the K-fibers reach their steady-state sizes similarly
quickly (15-20 min), but the corresponding biorientation times differ
more than fourfold. This dependency is highly nonlinear, so error
correction with slow KMT turnover requires a significantly longer cell
division time. Thus there are competing constraints on the rate of
KMT turnover, and the negative effects we found from a slow KMT
turnover may prevent cells from using more stable attachments.

Limiting time of mitosis renders the biorientation sensitive
to initial chromosome configuration and to slow rate of
KMT turnover

Our above analysis demonstrates that when the error-correction
mechanism based on the kinetochore geometry and KMT turnover
is given enough time to reach the steady-state levels for all system
parameters, the final biorientation outcome is not dependent on
the initial system configuration (Figures 1F and 2F). This contrasts
experimental results with cell lines, where monastrol treatment has
been shown to cause a significant increase in lagging chromosomes
in anaphase and a higher chromosome mis-segregation rate
(Thompson and Compton, 2008, 2011; Bakhoum and Compton,
2012; Kabeche and Compton, 2013; Silkworth et al., 2012). Interest-
ingly, when the duration of mitosis is limited in our model and the
biorientation outcome is evaluated before the steady state is
reached, model predictions are more in tune with the results of ex-
perimental perturbations. Indeed, Figure 5A shows that the calcu-
lated fraction of biorientated chromosomes for 11, = 4 min in cells
starting from monastrol configuration drops from the steady-state
value of 0.50 down to 0.24 and 0.36 (at 20 and 40 min from the
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beginning of the simulation, respectively). However, since time to
achieve the steady state depends on the KMT turnover rate, this
detrimental effect is stronger in cells with more stable KMTs
(compare with monastrol configuration for t1,, = 16 min, Figure 5A).
Similar interplay between the KMT stability and duration of mitosis
is seen when simulations start from a normal configuration. When
KMT turnover is slow (t1,2 = 16 min, Figure 5A), only 14% of kineto-
chore pairs become bioriented during 20 min, and waiting an addi-
tional 20 min improves this result approximately twofold. However,
when the KMT turnover is fast (t1,2 = 4 min), waiting for 20 more min
improves the outcome only slightly because the steady state for
KMT configurations has nearly been reached during the first 20 min
(Figure 5A, horizontal gray bar).

Thus, when the simulation time course is interrupted to mimic the
start of anaphase, the number of biorientated chromosomes be-
comes sensitive to both the initial spindle configuration and KMT
turnover rate. Our model therefore suggests that in cell lines in which
monastrol is found to have a strong adverse effect on chromosome
segregation, anaphase initiation is triggered before the basic biorien-
tation mechanism has reached its maximum effect. Normal cell lines,
which tend to have faster KMT turnover (Bakhoum et al., 2009), are
predicted to respond to perturbations in the initial spindle configura-
tions less strongly because these cells receive the error-correcting
benefits from the indiscriminate KMT turnover much sooner.

Chromosome lagging in anaphase is likely to be affected

by the number of merotelic KMTs, but not by the ratio

of merotelic to amphitelic KMTs

Next we applied our model to seek new insights into the mecha-
nisms that cause chromosome lagging during anaphase. In cancer
cell lines, the frequency of anaphases with lagging chromosomes
correlates positively with the half-life of metaphase KMTs, such that
more chromosomes are lagging in cells in which the KMTs turn over
slowly (Bakhoum et al., 2009; Figure 5B). Because lagging chromo-
somes are likely to result from merotelic KMTs (Cimini et al., 2001),
we calculated how the percent of kinetochores with merotelic KMTs
depends on KMT stability. If calculations are carried out until the
steady state is reached, the number of kinetochores with merotelic
KMTs does not depend on the turnover rate (Figure 2F). When cell
division time is shorter (20-40 min), the frequency of kinetochores
with merotelic KMTs in the model tends to increase with increased
KMT stability (Figure 5C). This increase is brought about by the
slower rate of resolving erroneous KMTs (Figure 4E, black circles),
and also by the larger number of merotelic KMTs acquired during
early mitotic stages (Figure 4E, white circles).

To compare theoretical data in Figure 5C with the experimental
dependency for lagging chromosomes (Figure 5B), we considered
two specific hypotheses about how the merotelic KMTs can cause
lagging. During anaphase, the merotelic KMTs are thought to en-
gage in a tug-of-war with the opposing, amphitelic KMTs (Cimini
et al., 2003, 2004), but what determines whether a merotelic kineto-
chore produces an anaphase lagging chromosome is not well un-
derstood. According to one hypothesis, lagging depends on the
ratio of the merotelic to amphitelic KMTs (M/A) in the K-fiber, such
that, when M/A > 0.5, the amphitelic KMTs cannot overpower the
merotelic ones, and this chromosome lags behind the chromosomes
with low or zero M/A ratio (Cimini et al., 2003, 2004). Interestingly,
for the physiological KMT half-life (4-8 min), our model predicts that
2-8% of merotelic kinetochores have an M/A > 0.5 (Supplemental
Figure S4B), which is in agreement with the observed frequency of
chromosome lagging in PtK1 cells (7%; Cimini et al., 2003, 2004).
However, when we calculate M/A ratio for different KMT half-life
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times, the lagging is predicted to decrease with increasing KMT sta-
bility (Figure 5D). This is in contrast with the experimental result in
Figure 5B and is explained in the model by the low “quality” of K-
fiber (high M/A ratio) when KMT turnover is fast (Figure 4C and
Supplemental Figure S4D). A second hypothesis posits that the tug-
of-war at the merotelic kinetochore is resolved successfully owing to
a high absolute number of amphitelic KMTs. When the model as-
sumes that a small number of merotelic KMTs does not cause chro-
mosome lagging, the same trend is observed as in the experiment
(Figure 5E). Additionally, the model predicts that, for the same KMT
half-life, the lagging should be less pronounced in cells with longer
mitotic time (Figure 5E, black vs. open circles). This contrasts with
the high rate of anaphase lagging in U20S cells (Figure 5B), in which
mitosis lasts significantly longer than in RPE1 cells (30 vs. 18 min;
Brito and Rieder, 2009), suggesting that the increased KMT stability
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is not the sole factor that explains higher frequency of chromosome
lagging in cancer cells.

DISCUSSION

A basic mechanism of chromosome biorientation and error
correction during mitosis

We report here the results of theoretical investigation of chromo-
some biorientation and error correction during mitosis. Our model
contains a highly simplified bipolar spindle and one kinetochore
pair, so this framework is not applicable to the analyses of all mitotic
phenomena. Importantly, our model includes two critical kineto-
chore properties: the constraints on MT binding imposed by the
back-to-back kinetochore geometry and the indiscriminate KMT
turnover, that is, when the attachment and detachment of proper
and improper connections take place with the same probability for
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all MTs. For the physiological KMT half-life at metaphase (4-8 min),
despite its simplicity this model can reproduce well several impor-
tant aspects of kinetochore-MT interactions in mammalian cells: the
kinetics of acquisition of MTs by the kinetochore (10-15 min; Figure
4A), the biorientation time (20-40 min; Figure 4E), and the resulting
size and MT distribution of the K-fiber (18-30 KMTs; Figure 4A and
Supplemental Figure S3C) (Wendell et al., 1993; McEwen et al.,
1997, 2001; Yang et al., 2008; Brito and Rieder, 2009). This situation
has allowed us to evaluate the error-correction potential of the
mechanism that includes only the geometric constraints and indis-
criminate KMT instability. We quantify complex relationships that
exist between these two features and show how they affect the
overall behavior of the mitotic system.

Importantly, when the duration of mitosis in simulations is not
limited and all kinetic processes reach their respective steady states,
the geometric constraints fully determine the final accuracy of KMT
attachments, as summarized in Figure 6. This conclusion is in con-
trast with a classic view of the biorientation mechanism, in which the
primary role of steric constraints has been suggested to minimize
the initial MT attachment errors (Nicklas, 1997). We demonstrate
that avoiding the initial improper connections is not essential for
achieving the best possible biorientation for a given set of model
parameters (e.g., Figures 2E and 4E). If the system is given sufficient
time, the improper MT attachments formed during prometaphase
are reduced to a steady-state level via the indiscriminate turnover of
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KMTs. Thus the rate of KMT turnover determines the kinetics of
achieving the best possible final state (Figure 4, A and E), while the
resulting fraction of bioriented chromosomes is insensitive to the
rate of KMT detachment and is determined exclusively by the sys-
tem'’s geometry (Figures 1F and 2F). We think that these major con-
clusions from our model are applicable to real cells because the
calculated time to achieve the steady state for biorientation is simi-
lar to the kinetics of mitotic progression in mammalian cells, imply-
ing that the duration of unperturbed mitosis is sufficient to take full
advantage of this mechanism. Moreover, prolonging mitosis in cells
appears to elicit a relatively small decrease in chromosome lagging
(2.7-fold; Cimini et al., 2003), suggesting that the mitotic clock
matches closely the kinetics of achieving the steady state for the
processes included in our model. We therefore propose that a com-
bination of two features, the geometric constraints on KMT attach-
ments and indiscriminate KMT turnover, constitute the basic biori-
entation mechanism in dividing mammalian cells.

Complex interrelationships within the basic biorientation
mechanism

The above analysis appears to suggest that it is advantageous for
mitotic cells to employ very stringent geometric constraints (to
improve accuracy) and to use very fast KMT turnover (to speed up
mitosis). Figure 6, however, illustrates that these parameters cannot
be changed significantly without affecting other aspects of kineto-
chore-MT interactions. For example, increasing the stringency of
geometric constraints improves the accuracy of biorientation, but it
also increases the time required to capture a KMT and reduces the
final K-fiber size (Figure 3). Likewise, faster KMT turnover accelerates
mitotic progression, but it also reduces the number of MTs that can
be maintained at the kinetochore (Figure 4, A and E). Our data sug-
gest that the typical mammalian kinetochore geometry and physio-
logical lifetime of KMT attachments in cells are near optimal to en-
able formation of the K-fiber with 18-25 KMTs. It is not well
understood why mammalian cells use such a large number of KMTs
to segregate their chromosomes (Wendell et al., 1993; McEwen
etal.,, 1997, 2001), given that, in theory, even a single depolymeriz-
ing KMT can overcome a viscous drag acting on a chromosome in
anaphase (Nicklas, 1965; Grishchuk et al., 2012). Reaching the nor-
mal K-fiber size, however, appears to be highly important for cell
division because failure to acquire a normal set of KMTs blocks ana-
phase initiation via a spindle assembly checkpoint mechanism
(Musacchio and Salmon, 2007). Our model suggests that large K-
fiber size is advantageous to chromosome segregation accuracy
because it mechanically stabilizes chromosome orientation, reduc-
ing thermal chromosome rotations and enhancing the benefits of
the basic mechanism. Also, the model shows that larger K-fibers
tend to have better quality, that is, a lower M/A ratio. This is advan-
tageous to mitotic cells because metaphase kinetochores with a
high M/A ratio are more likely to bind improper KMTs (Supplemental
Figure S4C), so the rate of error correction at such kinetochores is
predicted to be slower. Also, the kinetochores with lower M/A ap-
pear to segregate more normally during anaphase (Cimini et al.,
2003, 2004), so the segregation outcome for cells with larger K-fi-
bers may be statistically better. However, when we took into account
how the fraction of kinetochores with M/A < 0.5 changes as a func-
tion of both the KMT half-life and the duration of mitosis, the experi-
ments with different cell lines (Bakhoum et al., 2009) could not be
matched using the M/A ratio as a sole determining factor for ana-
phase lagging (Figure 5D and Supplemental Figure S4D). Thus the
physiological importance of the M/A ratio for anaphase lagging re-
mains to be determined.
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Overall our results support the view that the stability of KMT at-
tachments and geometric constraints must be balanced to optimize
different mitotic features and that changing one such parameter
may have multiple direct and indirect effects on mitotic progression
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(Figure 6). These relationships are not always intuitive, so caution
should be taken when drawing direct correlations between a given
mitotic feature and a specific phenotypic outcome. We hope that
the quantitative relationships we have derived in this work will pro-
mote systematic analysis of these dependencies in different cell
lines, deepening our understanding of the basic biorientation
mechanism.

Optimization of the biorientation outcome using the basic
mechanism: geometric constraints

Our model analysis offers new insights into how cells optimize their
strategy for chromosome biorientation using a basic mechanism
(Figure 7A). As discussed above, modeling predicts that preventing
improper KMT attachments early in mitosis by stringent geometric
restrictions is not entirely beneficial because strong restrictions im-
pede the MT capture and end up costing significant time (Figure 6).
Furthermore, minimizing the initial errors is not required for the ba-
sic biorientation mechanism if the duration of mitosis is matched
well with the kinetics of KMT turnover. This leads us to propose that
the optimal strategy for a mitotic outcome is to relax geometric con-
straints during the initial stages of kinetochore-MT interactions. In-
deed, it appears that mammalian cells do not have very stringent
geometric constraints in prometaphase because at this stage ~10%
of chromosomes have sister kinetochores in a side-by-side orienta-
tion (Loncarek et al., 2007), which is highly permissive to the forma-
tion of multiple merotelic attachments. This observation is explained
by our calculations, which show that the rate of prometaphase KMT
turnover (2-4 min) is fast enough to eliminate the initial MT attach-
ment errors in 16-24 min (Figure 4E), which is comparable with the
total duration of mitosis in normal cells (Brito and Rieder, 2009).
Additional support for the idea that the kinetochore geometry early
in mitosis should not be too restrictive comes from prior studies sug-
gesting that MT capture by the kinetochore may be a rate-limiting
factor for mitotic progression (Magidson et al., 2011). In this case, it
would be highly advantageous for cells to promote MT capture by
weak geometric restrictions despite the increased risk of binding a
wrong KMT. Indeed, mammalian cells appear to have special mech-
anisms to relax geometric constraints, as evidenced by the increased
curvature of the kinetochore and the enlargement of the kineto-
chore corona in prometaphase or when MT capture is impeded
(Hoffman et al., 2001; Magidson et al., 2015).

The same logic leads us to predict that the optimal mitotic strat-
egy should include an expedient chromosome congression, en-
abling the kinetochore pair to assume the position midway be-
tween the poles as quickly as possible (Figure 7A). This is because
the positive feedback for the basic error-correction mechanism op-
erates at maximum when the kinetochore pair is positioned favor-
ably, and achieving this position marks the start of a productive
time toward the steady state with a minimal number of merotelic
KMTs. We find support for this idea in the established ability of
chromosomes to congress via different mechanisms and even with-
out biorientation (Walczak et al., 2010). After the chromosome has
congressed, the level of biorientation that can be achieved with the
basic mechanism depends strongly on how well the sister kineto-
chores are shielded from wrong MT ends. In dividing mammalian
cells, the improper MT attachments are formed even when the sis-
ter kinetochores face opposite poles (Cimini et al., 2003). Optimal
biorientation strategy should therefore include imposing more
stringent constraints on MT attachments later in mitosis, which is
consistent with the observed decrease in kinetochore corona in
metaphase (Magidson et al., 2015). Thus the dynamic changes in
geometric constraints, expedient congression and any mechanical
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spindle features that stabilize the coalignment of the kinetochore
and spindle axes, are the highly important factors that optimize op-
eration of the basic mechanism.

Optimization of the biorientation outcome using the basic
mechanism: the indiscriminate KMT turnover

Although the rate of KMT turnover does not affect the final biorien-
tation outcome when the duration of mitosis matches the kinetics
toward the steady state, the impact of the KMT turnover rate is sig-
nificant if anaphase starts before the steady state is reached. In nor-
mal cells, the inappropriate MT stabilization is sufficient for creating
chromosome segregation errors (Bakhoum et al., 2009). Modeling
suggests that this effect stems from two separate problems. First,
slow KMT turnover promotes formation of a larger number of MT
attachment errors early in mitosis, as evidenced from the increase in
improper KMTs on the kinetochores that have not yet fully oriented
along the spindle axis (Figure 4E). This increase in erroneous attach-
ments exacerbates the second problem: slower than normal KMT
detachment during metaphase, when the KMT turnover works to-
ward reducing the initial errors. The resulting mismatch between the
longer time toward the steady state when KMT turnover is reduced
and the normal (or insufficiently delayed) timing for anaphase initia-
tion explains the negative effect of KMT stabilization on chromo-
some segregation in normal cells. Similar effects explain the bene-
fits of KMT destabilization in cancer cell lines with overly stable
KMTs (Kabeche and Compton, 2013), consistent with previous views
(Godek et al., 2015).

In summary, our modeling predicts the following strategy to op-
timize the benefits of indiscriminate KMT turnover. During the first
3-6 min of mitosis, the relatively fast turnover is highly advanta-
geous because it reduces the number of merotelic KMTs acquired
before chromosome congression (Figure 4E). However, when KMT
lifetime is only 1-3 min, the full-size K-fiber cannot be built, no mat-
ter how long the cell waits (Figure 4A). Thus the normal K-fiber re-
quires increasing the KMT half-life to 4-8 min, even though such a
stabilization delays the steady state by ~15 min. It is of interest that,
in many cells in culture, the KMT turnover slows down in metaphase
in @ manner quantitatively consistent with our calculations (Cimini
etal., 2006; Deluca et al., 2006; Bakhoum et al., 2009; Kabeche and
Compton, 2013). This KMT stabilization seems contradictory to the
previous proposal that indiscriminate KMT turnover works as a posi-
tive factor that reduces segregation errors (Bakhoum and Compton,
2012). Our model explains the KMT stabilization during normal
metaphase as a necessary factor to counteract the negative impact
of the fast KMT turnover on K-fiber size. Thus the overall change in
KMT stability during mitotic progression, which appears to take
place independently from the tension-induced KMT stabilization
mechanism (Kabeche and Compton, 2013), may reflect a compro-
mise caused by the multiple roles played by the KMT turnover dur-
ing mitosis and the apparent need to balance these different
outcomes.

Theoretical estimate of the accuracy of chromosome
segregation via the basic mechanism

Importantly, the values of parameters that describe MT dynamics
and spindle geometry in our model, and which we chose based on
multiple experimental evidences, appear to provide optimal
achievement of multiple mitotic goals. We therefore used this mod-
eling tool to calculate the chromosome mis-segregation rate that
can be achieved with the basic biorientation mechanism. When each
kinetochore binds multiple MTs, the fraction of kinetochores that
fortuitously form connections only with the correct MTs is negligible:
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for 13-24 KMTs, as in human cells, it is close to 108-10""* (Figure
1E). The basic error-correction mechanism provides a vast improve-
ment, leading to correct KMT attachments in ~50% of mitotic chro-
mosomes. If even a single merotelic KMT causes lagging and mis-
segregation of chromosomes during anaphase, this mechanism
would lead to a 5 x 107" mis-segregation rate per chromosome.
However, normal segregation has been reported for some merotelic
kinetochores (Cimini et al., 2003, 2004; Thompson and Compton,
2011), which presumably happens when the number of merotelic
KMTs is low. When the model assumes that up to two merotelic
KMTs (from a total of 18) have no detrimental effects on anaphase
segregation, the predicted mis-segregation rate improves 1.7-fold;
if up to six merotelic KMTs are allowed, the rate improves 50-fold
(Supplemental Figure S4E). If the chromosomes are mis-segregated
only when their M/A ratio exceeds 0.5 (corresponds to six merotelic
MTs in K-fiber with 18 MTs), the mis-segregation rate is 2 x 1072, It is
interesting that these different assumptions do not change our esti-
mates for chromosome segregation accuracy significantly, especially
when compared with the dramatic decrease in accuracy in the ab-
sence of geometric constraints or KMT turnover (Figure 1F). Thus,
although our model is simplified, we think that the mis-segregation
rate in the 1072-10~" range reflects accurately the error-correcting
potential of the basic mechanism.

Interestingly, the predicted chromosome segregation accuracy
in our model differs by approximately two orders of magnitude
from the chromosome loss in diploid human cells (Figure 7B and
Supplemental Table S1). Our above estimate assumes that all chro-
mosomes that are scored as lagging during anaphase would even-
tually become mis-segregated. However, in RPE-1 cells, the mis-
segregated chromosomes have been reported to constitute only
15% of the lagging ones (Supplemental Table S1). Taking this factor
into account improves our prediction for the basic mechanism to
103-102 (for M > 4). Even with this adjustment, the difference be-
tween this theoretical prediction and the experimental mis-segre-
gation rate in RPE-1 cells (1.9 x 107%) is significant, and it appears
that it cannot be bridged by using only the processes included in
our model (i.e., by varying its parameters). Therefore this study pro-
vides theoretical support for the existence of additional error-cor-
rection mechanisms in normal cells, which provide 10- to 100-fold
improvement in the rate of chromosome miss-segregation on top
of the basic mechanism. Interestingly, the chromosome mis-segre-
gation rate in cancer cells is strikingly close to our theoretical esti-
mates (Figure 7B and Supplemental Table S1). This similarly low
chromosome segregation accuracy could arise if the cancer cells
have lost some specialized biorientation mechanism(s) and their cell
division relies only on the basic mechanism. Alternatively, mitosis in
these cells may deviate in some significant way from the normal
features of the basic mechanism, such as kinetochore geometry or
KMT turnover rate. As additional quantitative data become avail-
able for different cell lines, the modeling tools we have developed
will help to reveal the most likely causes of the pathologically high
rate of chromosome mis-segregation that is a hallmark feature of
cancer cells.
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