Cell Reports

A Regulatory Switch Alters Chromosome Motions at
the Metaphase-to-Anaphase Transition

Graphical Abstract

Metaphase Anaphase

Sister Separatlon
—_’
Dephosphorylation

Anaphase

Unperturbed
Dephosphorylation

Inhibiting
Dephosphorylation

Kymograph of
Chromosome
Dynamics

Poleward Motion High Rate of Oscnlatlon

Highlights
e A live-imaging assay was used to track anaphase
chromosome motion in human cells

e Sister chromatid separation is insufficient to induce
anaphase chromosome behavior

e Global dephosphorylation controls anaphase chromosome

motion

e Chromokinesin and kinetochore-derived forces promote
chromosome oscillations

Su et al., 2016, Cell Reports 77, 1-11
November 8, 2016 © 2016 The Author(s).
http://dx.doi.org/10.1016/j.celrep.2016.10.046

Authors

Kuan-Chung Su, Zachary Barry,
Nina Schweizer, Helder Maiato,
Mark Bathe, lain McPherson Cheeseman

Correspondence
icheese@wi.mit.edu

In Brief

Su et al. perform tracking analysis of
chromosome motion in anaphase human
cells. They find that changes in global
phosphorylation are crucial for normal
anaphase chromosome dynamics.
Inhibiting dephosphorylation induces
anti-polar motion of chromosomes in
anaphase. The authors also identify
molecular players that contribute to these
chromosome movements.

Cell


mailto:icheese@wi.mit.edu
http://dx.doi.org/10.1016/j.celrep.2016.10.046

Please cite this article in press as: Su et al., A Regulatory Switch Alters Chromosome Motions at the Metaphase-to-Anaphase Transition, Cell Reports
(2016), http://dx.doi.org/10.1016/j.celrep.2016.10.046

OPEN

Cell Reports

ACCESS
CellPress

A Regulatory Switch Alters Chromosome Motions
at the Metaphase-to-Anaphase Transition

Kuan-Chung Su,' Zachary Barry,® Nina Schweizer,*5 Helder Maiato,*5¢ Mark Bathe,®

and lain McPherson Cheeseman?:2:7-*

1Whitehead Institute for Biomedical Research, Nine Cambridge Center, Cambridge, MA 02142, USA

2Department of Biology, Massachusetts Institute of Technology, Cambridge, MA 02142, USA

3Department of Biological Engineering, Massachusetts Institute of Technology, Cambridge, MA 02139, USA

4Chromosome Instability and Dynamics Laboratory, Instituto de Biologia Molecular e Celular, Universidade do Porto, 4200-135 Porto,

Portugal

5i3S - Instituto de Inovacao e Investigagao em Saulde, Universidade do Porto, 4200-135 Porto, Portugal
6Cell Division Unit, Department of Experimental Biology, Faculdade de Medicina, Universidade do Porto, 4200-135 Porto, Portugal

“Lead Contact
*Correspondence: icheese@wi.mit.edu
http://dx.doi.org/10.1016/j.celrep.2016.10.046

SUMMARY

To achieve chromosome segregation during mitosis,
sister chromatids must undergo a dramatic change
in their behavior to switch from balanced oscillations
at the metaphase plate to directed poleward motion
during anaphase. However, the factors that alter chro-
mosome behavior at the metaphase-to-anaphase
transition remain incompletely understood. Here,
we perform time-lapse imaging to analyze anaphase
chromosome dynamics in human cells. Using multiple
directed biochemical, genetic, and physical perturba-
tions, our results demonstrate that differences in the
global phosphorylation states between metaphase
and anaphase are the major determinant of chromo-
some motion dynamics. Indeed, causing a mitotic
phosphorylation state to persist into anaphase pro-
duces dramatic metaphase-like oscillations. These
induced oscillations depend on both kinetochore-
derived and polar ejection forces that oppose pole-
ward motion. Thus, our analysis of anaphase chro-
mosome motion reveals that dephosphorylation of
multiple mitotic substrates is required to suppress
metaphase chromosome oscillatory motions and
achieve directed poleward motion for successful
chromosome segregation.

INTRODUCTION

During mitosis in vertebrate cells, several sequential phases
occur to distribute replicated sister chromatids to daughter cells.
First, during prometaphase, chromosomes form attachments
to spindle microtubules and are moved to the center of the cell
in a process termed congression. At metaphase, chromosomes
align at the metaphase plate where they undergo oscillations
(Jagaman et al., 2010; Skibbens et al., 1993). Finally, during

anaphase, sister chromatids are separated and segregated
toward opposite spindle poles (Maiato and Lince-Faria, 2010).

Chromosome congression and metaphase chromosome os-
cillations have been the subject of intense investigation (re-
viewed in Vladimirou et al., 2011). These studies have revealed
that multiple factors acting on chromosomes are integrated to
achieve the observed chromosome motion. This includes the
attachment of kinetochores to microtubules, changes in micro-
tubule dynamics that act to push or pull on kinetochores
(Dumont et al., 2012; Inoué and Salmon, 1995), chromosome
cohesion between replicated sister chromatids that provides
a spring-like connection between them, and chromokinesin-
dependent polar ejection forces (Civelekoglu-Scholey et al.,
2013; Joglekar and Hunt, 2002).

Despite extensive work on metaphase chromosome dy-
namics, the nature and molecular origin of anaphase chromo-
some motion are less well understood. Here, we established a
procedure to image the metaphase-to-anaphase transition and
anaphase chromosome motion, with high temporal resolution
in human cells, to assess the dynamics of anaphase chromo-
some motion and the mechanisms that direct sister chromatid
segregation. Our results indicate that changes in chromosome
motion at anaphase onset do not result from the physical sepa-
ration of sister chromatids. Instead, we find that poleward chro-
mosome motion in anaphase requires critical changes to the
global phosphorylation state of the cell. Our results suggest
that a change in the phosphorylation state of factors required
for kinetochore-derived forces and chromokinesin-dependent
polar ejection forces provides a regulatory switch to alter chro-
mosome motion between metaphase and anaphase. Thus, the
regulatory changes that occur at anaphase onset and the precise
timing of sister chromatid separation act together to ensure the
proper segregation of sister chromatids to daughter cells.

RESULTS
Tracking Analysis of Anaphase Chromosome Motion

To analyze the behavior of anaphase chromosome motion
in human cells, we generated human cancer (HelLa) and
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Figure 1. Analysis of Anaphase Chromosome Dynamics in Human Cells

(A) Still images from a time-lapse movie of HelLa cells expressing 3x GFP-CENP-A, 3x GFP-centrin. Box indicates the section used to generate the kymograph.
(B) Color-coded kymograph of the time-lapse movie from (A) is shown.

(C) Representative image of time-lapse series displayed in (A) is overlaid with selected tracks of particles.

(D) Graph showing the distances over time for the distance between spindle poles (top; to measure spindle elongation) and the kinetochore-to-pole distance
(bottom; to visualize chromosome motion) using tracks of an Hela cell. The average kinetochore-to-pole distance is indicated as a black line, with individual
kinetochores indicated in color. The time of anaphase onset is indicated by the dashed line.

(legend continued on next page)
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non-transformed (hnTERT RPE-1) cell lines stably expressing the
centromere protein CENP-A and the centriole component Cen-
trin (CETN1), each fused to 3x tandem repeats of GFP. We per-
formed live-cell imaging of these cells progressing through
mitosis (Figure 1) to visualize the trajectories of individual kinet-
ochores and their motion relative to the spindle pole (Figure 1D;
Figure S1A). Using single-particle tracking and trajectory anal-
ysis, we were able to assess anaphase chromosome segrega-
tion to distinguish the anaphase A-based motion of kinetochores
toward the spindle poles (Figures 1D, 1E, and 1H, lower graphs)
and the anaphase B-based separation of the spindle poles (Fig-
ures 1D, 1E, and 1H, upper graphs; Table S1) in a model-free
manner (Monnier et al., 2015). We found that the overall dy-
namics of spindle pole separation and chromosome motion
were similar in HeLa and hTERT RPE-1 cells (see Table S1).

Prior work in other organisms has found that the forces acting
on bi-oriented sister chromatids prevent spindle elongation until
the sister chromatids are separated at anaphase onset (Desai
et al., 2003). Consistent with this, we observed that spindle elon-
gation initiated coincident with visually discernible sister chro-
matid separation in both HeLa and hTERT RPE-1 cells (Figures
1D, 1E, and 1H). We predicted that the loss of a physical connec-
tion between sisters at anaphase onset also would induce the
rapid motion of chromatids toward their associated poles. How-
ever, although hTERT RPE-1 cells displayed a rapid increase in
overall poleward motion shortly following anaphase onset,
Hela cells showed a delay of ~80 s in achieving a maximal
rate of average poleward motion (Figure 11). Once chromosomes
reached a distance of ~3 um from the spindle pole, they main-
tained this position as the spindle poles continued to elongate
(Figures 1D, 1E, and 1H). At the end of anaphase, the kineto-
chore-to-pole distance increased suddenly and synchronously
(Figure 1D; Figure S1B), indicating the release of the kineto-
chores from the spindle poles by eliminating kinetochore-micro-
tubule interactions. This provides an assay to systematically
analyze anaphase chromosome motion in human cells.

Disrupting the Opposing Forces Acting on Sister
Chromatids Is Insufficient to Explain the Suppression of
Chromosome Oscillations at Anaphase Onset

The metaphase-to-anaphase transition is characterized by
a switch between metaphase chromosome oscillations and
directional anaphase poleward motion. To analyze this switch
in behavior, we classified distinct periods of kinetochore motion
as either poleward or anti-poleward (see the Supplemental
Experimental Procedures and Figure S1F). In cases where a
kinetochore moved less than the experimentally determined
localization error (see Figures S1C and S1D) between succes-
sive time points, it was classified as having indeterminate motion
during this corresponding time interval.

During metaphase, Hel a cells displayed an equivalent fraction
of poleward and anti-poleward motion, with 33% + 2% (mean +
SD; mean was measured as cell-to-cell variation after averaging
kinetochore motion in individual cells; see the Supplemental
Experimental Procedures for additional information) poleward
events and 33% + 3% anti-poleward events (Table S2). In
contrast, during the early phase following anaphase onset
(240 s in HelLa and 152 s in hTERT RPE-1), we observed both
poleward and anti-poleward motions, but the majority of kineto-
chore motion was poleward, as expected for anaphase A sister
chromatid segregation (Figure 1J; Table S1). For example, kinet-
ochores in HelLa cells moved poleward for 54% + 2% of events
detected during early anaphase, with only 20% + 3% of their mo-
tion spent in the anti-poleward state. However, in comparison
with hTERT RPE-1 cells, HelLa cells were delayed in achieving
a maximal proportion of poleward motion (Figure 1J; Table S1).

To determine the molecular origin of the transition from clearly
distinct chromosome motions in metaphase versus anaphase,
we first considered the physical connections that differ between
these two phases. At anaphase onset, physical associations
between sister chromatids are eliminated by the cleavage of
cohesin molecules (Hauf et al., 2001). To disrupt sister chromatid
cohesion prematurely in our human cell culture system, we
depleted the cohesin complex subunit Rad21 by RNAI (Fig-
ure 2A). Rad21-depleted cells displayed separated sister chro-
matids that failed to congress to the metaphase plate, but these
chromatids continued to exhibit both poleward (33% + 5%) and
anti-poleward (44% + 8%) motions (Figure 2A; Figure S2A),
consistent with prior studies using tobacco etch virus (TEV)
protease-induced cohesion cleavage in Drosophila embryos
(Oliveira et al., 2010). We also used laser ablation to eliminate a
single kinetochore from a pair of sister chromatids in a meta-
phase cell, thereby removing the pulling forces created by the
connection to the opposing spindle pole (Figure 2B). In these
laser ablation experiments, the released kinetochore initially
moved away from the metaphase plate during the first 20 s after
ablation, displaying net poleward motion (69% + 25% poleward
motion and 13% + 18% anti-poleward motion). However, these
released kinetochores then displayed a balance of poleward
(40% = 8%) and anti-poleward (35% + 10%) motions (Fig-
ure S2A) that resembled the behavior of bi-oriented metaphase
chromosomes (Figure 2B; Figure S2B; Table S2; also see Rieder
et al., 1986; Skibbens et al., 1995).

Reciprocally, to cause connections between sister chromatids
to persist into anaphase, we treated cells with the topoisomerase
Il inhibitor ICRF193, which prevents the resolution of ultra-
fine DNA bridges (UFBs; Wang et al., 2008). UFBs are generated
between sister chromatids during DNA replication, but they
are resolved in metaphase and early anaphase (Liu et al,
2014). Treatment with 1 uM ICRF193 significantly delayed UFB

(E) Average spindle pole-to-pole distance (upper graph) and kinetochore-to-pole distance (lower graph) for HeLa cells undergoing anaphase (n = 10). Colored

dotted lines indicate SD between cells.

(F-H) Stillimages from a time-lapse movie of an hTERT RPE-1 cell expressing 3x GFP-CENP-A, 3x GFP-centrin. (G) Color-coded kymograph of time-lapse movie
still displayed in (F). (H) Average spindle pole-to-pole distance (upper graph) and kinetochore-to-pole distance (lower graph) of hTERT RPE-1 cell undergoing

anaphase is shown (n = 10). Blue dotted lines indicate SD between cells.

() Direct comparison of average kinetochore-to-pole distances over time for HeLa (from E) and hTERT-RPE cell data (from H) is shown.
(J) Percentage of poleward motion over time is shown. Scale bars, 2 um. See also Figure S1, Tables S1 and S2, and Movie S1.
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Figure 2. Physical Connections between Sister Chromatids Are Not Required for Anti-poleward Motion

(A) Still image from a representative time-lapse movie shows an Hela cell (3 x GFP-CENP-A, 3x GFP-centrin; n = 20) following depletion of the cohesin subunit
RAD21 (48 hr), displaying tracks until current time point of selected kinetochores used to generate the kinetochore-to-spindle pole distance graph (right).

(B) Image of an HelLa cell (3xGFP-CENP-A, 3xGFP-centrin) before laser ablation (orange hair cross) to inactivate one of two sister kinetochores (n = 29
experiments). Arrowhead indicates the released kinetochore (red) or unaffected kinetochores (blue), which were tracked to generate spindle-to-pole distance
graph (right).

(C) Maximal intensity projections of still images from representative time-lapse sequences show Hela cells expressing mNeonGreen-PICH, 3x GFP-centrin,
entering anaphase in the presence of DMSO (n = 10) or 1 uM of the topoisomerase inhibitor ICRF-133 (n = 14).

(D) Color-coded kymographs show HelLa cells (3x GFP-CENP-A, 3x GFP-centrin) from anaphase onward treated with DMSO (n = 5) or ICRF-193 (n = 7).

(E) Stillimage from a time-lapse movie of an HeLa cell (3 x GFP-CENP-A, 3x GFP-centrin), treated with S-trityl-L-cysteine (STLC) to generate a monopolar spindle
(n = 11), shows tracks of the selected kinetochores used to generate kinetochore-to-spindle pole distance graph (right).

(F) Image from a time-lapse movie of a monopolar HeLa cell (3 x GFP-CENP-A, 3x GFP-centrin) treated with STLC and the Mps1 inhibitor AZ3146 (n = 8). Selected
tracks were used to generate the kinetochore-to-spindle pole distance graph (right). Green arrowheads highlight spindle poles; t = 0 is the beginning of the movie.
Scale bars, 2 um. See also Figure S2, Table S2, and Movie S2.

resolution, as detected by the presence of the UFB marker anti-poleward motion (Figure 2D). We note that UFBs do retard
mNeonGreen-PICH (Chan et al., 2007), resulting in decreased the rate of chromosome movement, possibly by acting to pro-
spindle elongation (Figures 2C and 2D). However, in cells treated  vide resistance similar to that created by sister chromatid cohe-
with ICRF193, the majority of the kinetochores moved toward the  sion. In summary, although a physical connection between sister
spindle poles, and we did not detect a noticeable increase in chromatids controls the amplitude and period of metaphase
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chromosome oscillations (Burroughs et al., 2015; Wan et al.,
2012), removing these connections is not sufficient to induce
the change in the proportion of poleward and anti-poleward
motions that occurs at anaphase onset.

Preventing Protein Dephosphorylation Induces

Dramatic Chromosome Oscillations in Anaphase

We next considered whether changes to the cell regulatory envi-
ronment are responsible for the altered chromosome dynamics
at anaphase onset. To test the relative contributions of the forces
acting on the sister chromatid and the cell regulatory state, we
generated monopolar spindles using S-trityl-L-cysteine (STLC)
to inhibit the kinesin-5 motor Eg5, which causes all poleward-
pulling forces to emanate from a single origin. Despite the
absence of bi-oriented attachments in STLC-treated cells, we
observed both poleward and anti-poleward motions (Figure 2E).
However, triggering anaphase onset by inactivating the spindle
assembly checkpoint using an Mps1 inhibitor was sufficient to
induce a synchronous directional motion toward the single
pole (Figure 2F; also see Canman et al., 2003).

Protein dephosphorylation is a hallmark of mitotic exit (Wur-
zenberger and Gerlich, 2011), and it alters microtubule dynamics
required for chromosome segregation (Higuchi and Uhlmann,
2005). To inhibit protein dephosphorylation, we treated meta-
phase Hela cells with 1 uM Okadaic acid, a potent inhibitor of
both PP1 and PP2A phosphatases. Okadaic acid treatment re-
sulted in dramatic metaphase-like chromosome oscillations
that persisted into anaphase (Figures 3A and 3B). These oscilla-
tions reflect a statistically significant increase in the proportion of
anti-poleward motion (30% =+ 5%; Figure 3C; Table S2), with a
similar proportion of anti-poleward-moving kinetochores to
that observed in metaphase cells (33% + 3%; Figure 3D; Fig-
ure S3A). The change in chromosome movement was not due
to the persistence of UFBs based on mNeonGreen-PICH fluo-
rescence (Figure S3B). In addition to altering the proportion of
poleward/anti-poleward motions, Okadaic acid treatment signif-
icantly increased the velocity of both poleward- and anti-pole-
ward-moving kinetochores (Figure 3C; Figures S3C and S3D;
Table S2). Interestingly, this rate was higher than that observed
for metaphase kinetochores (Figure S3D; Table S2), likely due
to opposing forces, derived from the attached sister kinetochore
in metaphase, that act to retard chromosome motion.

We also observed a similar effect following treatment with the
phosphatase inhibitor cantharidic acid (data not shown). This ef-
fect was considerably more severe than that observed in prior
work that inhibited a subset of PP1 function by the depletion of
Sds22 or Repo-man, which induced occasional pausing and
infrequent anti-polar motion in anaphase (Wurzenberger et al.,
2012). Previous work expressing high levels of a non-degradable
version of cyclin B, to prevent the downregulation of CDK1 activ-
ity, found that this prevented normal anaphase progression after
sister chromatid separation, resulting in a metaphase-like arrest
(Vazquez-Novelle et al., 2014). We found that expression of lower
levels of non-degradable cyclin B permitted full progression into
anaphase and cytokinesis but resulted in dramatic anaphase
chromatid oscillations (Figure 3E), similar to Okadaic acid treat-
ment (Figure 3A). Therefore, dephosphorylation of target pro-
teins downstream of CDK1 by PP1 and PP2A is essential for

the changes in chromosome dynamics that occur at anaphase
onset. Allowing a metaphase phosphorylation state to persist
into anaphase results in dramatic metaphase-like chromosome
oscillations, despite the separation of sister chromatids.

Both Chromosome and Kinetochore-Derived Forces
Contribute to Anaphase Anti-poleward Motion in
Okadaic Acid-Treated Cells

We next sought to determine the origin of the induced chromo-
some oscillations that occur during anaphase when protein
dephosphorylation is perturbed. To assess the sources of the
force acting on the sister chromatids, we first tested whether
Okadaic acid-induced anti-poleward motion requires polar ejec-
tion forces. The chromokinesins KID and KIF4A act on the chro-
mosome arms during metaphase to push chromosomes away
from the spindle poles, and, thereby, they contribute to meta-
phase chromosome oscillations (Antonio et al., 2000; Funabiki
and Murray, 2000; Levesque and Compton, 2001; Wandke
et al., 2012).

To test the role of polar ejection forces during anaphase, we
generated CRISPR/Cas9-mediated knockout cell lines for the
chromokinesins KID and KIF4A (Figure S4A). Individual elimina-
tion of KID or KIF4A resulted in a reduced distance between
kinetochores and the spindle poles in cells with monopolar spin-
dles, consistent with a role for these motors in generating polar
ejection force. The KID + KIF4A double-knockout cell line dis-
played an enhanced reduction in the kinetochore-spindle pole
distance (Figure S4B), consistent with previous RNAi-based ex-
periments (Barisic et al., 2014; Wandke et al., 2012). However,
despite this strong effect on chromosome-pole distances during
mitosis, the KID + KI4A double-knockout cell line was viable
(Figure S4A).

We next assessed whether polar ejection forces act during
an unperturbed anaphase. As described above, control cells
display a plateau in poleward motion during anaphase A such
that they halt their next poleward motion when they reach a dis-
tance of ~3 um away from the spindle pole. In contrast, we found
that the KID + KIF4A double-knockout cell line displayed a
reduced kinetochore-to-pole distance at the end of anaphase
A (Figure S4C). This suggests that the activity of these chromo-
kinesins persists into anaphase, where they contribute to the
plateau in poleward motion (Figure 1D). However, KID + KIF4A
double-knockout cells did not otherwise display a striking differ-
ence in anaphase chromosome dynamics in untreated cells.
Interestingly, we found that the proportion of anti-poleward
motion in anaphase was modestly but statistically significantly
decreased in the KID + KIF4A double knockout in Okadaic
acid-treated cells (Figures 4A and 4B; Table S2). Thus, chromo-
kinesin-based polar ejection forces contribute to the Okadaic
acid-induced, anti-poleward anaphase motions.

We next tested the contributions of the kinetochore-associ-
ated motor Kif18A, which acts to dampen the chromosome
dynamics in metaphase (Du et al., 2010; Stumpff et al., 2008,
2012). HelLa cells depleted of Kif18A by RNAi displayed
increased metaphase chromosome oscillations (Figure S4D),
defects in chromosome congression, and a delay in the mitotic
progression (Figure S4E). Using the Mps1 inhibitor AZ3146 to
control the timing of anaphase onset in Kif18A-depleted cells
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treated with 1 uM Okadaic acid, we observed a further increase
of anaphase chromatid oscillations (Figures 4C and 4D; Table
S2), similar to the enhanced metaphase oscillations that occur
in Kif18A-depleted cells (Stumpff et al., 2008).

Finally, to test whether kinetochore-derived forces contribute
to the observed anaphase motion, we used a mutant of the kinet-
ochore protein Ska1 complex, which we previously have shown
inhibits chromosome oscillations during metaphase (Schmidt
et al., 2012). We generated stable cell lines expressing mCherry
fused to RNAi-resistant versions of wild-type Ska1 or a mutant of
Ska1 lacking the microtubule-binding domain (AMTBD). In cells
in which Ska1 was replaced with the SkalAMTBD mutant, we
did not detect a significant change in chromosome dynamics
during anaphase in untreated cells (Figure S4F). Strikingly, we
observed a complete loss of the Okadaic-induced oscillations
during anaphase in SkalAMTBD mutant cells (Figures 4E and
4F). We observed a significant decrease in the fraction of anti-
poleward motions and the rate of both polar and anti-poleward
motions, such that these were similar to anaphase cells in the
absence of Okadaic acid (Figures 4E-4H; Table S2). Together,
these analyses indicate that both chromosome and kineto-
chore-derived forces are required for the Okadaic acid-induced
chromosome oscillations during anaphase.

DISCUSSION

A Phospho-Regulatory Switch Regulates Anaphase
Chromosome Dynamics

By analyzing the dynamics of chromosome movements under
diverse conditions, including physical, pharmacological, and ge-
netic perturbations, our work demonstrates that the movement
behavior of mitotic chromosomes in human cells is determined
primarily by the cellular regulatory environment (Figure 5). The
physical connections between sister chromatids contribute to
controlling the period and amplitude of sister chromatid oscilla-
tions during mitosis, but they do not control the proportion of
poleward and anti-poleward motions. Indeed, in prometaphase,
the premature removal of cohesin or the loss of a connection to
one of the spindle poles does not preclude anti-poleward and
oscillatory motions (Figures 2A and 2B), similar to prior observa-
tions in Drosophila embryos (Oliveira et al., 2010; Parry et al.,
2003). Reciprocally, causing a metaphase regulatory state to
persist into anaphase using phosphatase inhibition or non-
degradable cyclin B expression dramatically increases anti-
poleward motion (Figures 3A and 3E; Table S2).

We found that the anti-poleward motion requires proteins
that have been implicated in metaphase oscillations, including
factors that contribute to kinetochore-derived forces and polar
ejection forces. An overall change in the microtubule turnover
takes place at the metaphase-to-anaphase transition (Zhai
et al., 1995). Consistent with this, previous work found that
Kif18A (Hafner et al., 2014), which acts to dampen microtubule
dynamics, and the chromokinesin KID (Ohsugi et al., 2003) are
regulated downstream of CDK. A change in their phosphoryla-
tion status at anaphase onset may act to dampen chromosome
oscillations and reduce polar ejection forces. Similarly, kineto-
chore-derived forces that depend on the Skal complex also
must be altered upon mitotic exit to suppress the persistence
of oscillations into anaphase. Thus, a broad spectrum of targets
is regulated directly and indirectly downstream of CDK, and their
combined action alters the dynamics of microtubules and chro-
mosome motion. In summary, our work reveals that the switch of
chromosome motion from metaphase to anaphase is not simply
the result of a physical separation of sister chromatids but
additionally requires changes in the phosphorylation of multiple
mitotic targets that collectively regulate chromosome poleward
motion. This may ensure that chromosome segregation is
precisely coordinated with other phosphorylation-regulated
steps of mitotic exit, such as furrow ingression or nuclear
membrane reformation, to ensure proper genome separation
and integrity.

EXPERIMENTAL PROCEDURES

Cell Culture and Cell Line Generation

HelLa and hTERT RPE-1 cells were maintained under standard tissue condi-
tions (Schmidt et al., 2012). Cells expressing fluorescent tag fusions of Centrin
(CETN1), CENP-A, PICH, Ska1l wild-type, or AMTBD (Schmidt et al., 2012)
were generated using retroviral infection of cells with pBABE-based vectors,
as previously described (Cheeseman et al., 2004). CRISPR/Cas9-mediated
knockout cells were generated by co-transfection of px330 (Cong et al.,
2013) targeting KID (GCAGAGGCGACGCGAGATGG) or KIF4A (GCTCTCCGG
GCACGAAGGAA) with CS2 + mCherry (1:10) using FUGENE HD (Promega),
according to the manufacturer’s instructions, and sorting for single cells using
mCherry signal after 2 days. Clones were verified via western blotting using an-
tibodies (Abcam) against KID (1:1,000, ab69824) or KIF4A (1:2,000, ab124903)
and a-tubulin (1:2,000, ab40742). For a list of cell lines used in this study, see
the Supplemental Experimental Procedures.

Drug Treatment and Cell Transfection
Where indicated, cells were incubated in 1 uM ICRF193 (Santa Cruz Biotech-
nology), 1 uM Okadaic acid (Santa Cruz Biotechnology), or 2 uM AZ3146

Figure 3. Perturbing the Cellular Phosphorylation State Induces Anaphase Anti-poleward Chromosome Motion

(A) (Left) Images of untreated Hela cells (3x GFP-CENP-A, 3xGFP-centrin) or cells treated with Okadaic acid (n > 10 cells). Selected kinetochore tracks until
current time point are displayed. (Right) Color-coded kymographs from the corresponding movies starting at anaphase onset are shown.

B) Selected representative curves of individual kinetochore-to-pole distances from the cells shown in (A). Color shades are used to distinguish different tracks

= 0 was set to anaphase onset).

3xGFP-CENP-A, 3xGFP-centrin; n > 10 each).

(
(
(C) Comparison of the distribution of motion stages and velocity for the 240 s post-anaphase onset in untreated or Okadaic acid-treated Hela cells is shown
(
(

D) Comparison of the proportion of anti-poleward motion during metaphase, untreated anaphase (n = 10), or Okadaic acid-treated (n = 18) anaphase HelLa cells is

shown (3xGFP-CENP-A, 3x GFP-centrin).

(E) Kymographs as in (A) for cells expressing either wild-type Cyclin B or a non-degradable Cyclin B mutant. Arrowheads highlight spindle poles (green). Unpaired
t tests were applied for comparison (****p < 0.0001 and **p = 0.0031; not significant, n.s.; C, p = 0.235; D, p = 0.117). SDs were measured across cells using the
average behavior for kinetochores in each cell. Scale bars, 2 um. See also Figure S3, Table S2, and Movie S3.
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Figure 4. Chromosome and Kinetochore-Derived Forces Contribute to Anaphase Anti-poleward Motion in Okadaic Acid-Treated Cells

(A) Representative color-coded kymographs show Hela cells (3x GFP-CENP-A, 3x GFP-centrin) undergoing anaphase either for control cells (left) or KID and
KIF4A double-knockout cells (KID + KIF4A KO; right) treated with DMSO (upper panels; n = 10 or 6) or Okadaic acid (lower panels; n > 10).

(B) Graph shows selected representative kinetochore-to-pole distances from (A).

(C) Kymographs as in (A) display cells treated with nontargeting control siRNAs (left) or KIF18A siRNA after 24 hr (right) incubated in DMSO (upper panels; n =6 or
18) or Okadaic acid (lower panels; n = 6 or 5, respectively) and MPS1 inhibitor AZ3146.

(D) Graph shows selected representative kinetochore-to-pole distances from Okadaic acid-treated cells as displayed in (C).

(E) Kymographs as in (A) displaying cells in which either wild-type mCherry-Ska1 (left) or a Ska1lAMTBD mutant (right) replaces endogenous Ska1(48 hr RNAI).
Cells were treated with AZ3146 and DMSO (upper panels; n = 3 or 4) or AZ3146 and Okadaic acid (lower panels; n = 8 or 5, respectively).

(F) Graph shows selected representative kinetochore-to-pole distances from (E).

(G) Diagram displays the fraction of anti-poleward state of kinetochores 240 s post-anaphase onset for conditions (A)-(F). Unpaired t tests were performed to
Hela cells (n = 18): KID + KIF4A KO (n = 12), *p = 0.0225; KIF18A RNAI (n = 5), *p = 0.0285; Ska1AMTBD (n = 5), **p = 0.0096.

(H) Diagram displays the velocity of kinetochore motion 240 s post-anaphase onset for conditions (A)—(F). Unpaired t tests were performed for poleward motion to
Helacells (n = 18): KID + KIF4AA KO (n = 12), n.s., p = 0.854; KIF18A RNAi (n = 5), ***p < 0.0001; Ska1AMTBD (n = 5), ****p < 0.0001; and for anti-poleward motion:
KID + KIF4A KO (n = 12), **p = 0.0033; KIF18A RNAI (n = 5), n.s., p = 0.3492; Ska1AMTBD (n = 5), ****p < 0.0001. Arrowheads highlight spindle poles (green) and
examples of anti-poleward motion (white). Scale bars, 2 pm. See also Figure S4, Table S2, and Movie S4.
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(Tocris Bioscience) for 5 min or 10 uM STLC (Sigma) for 20 min (Figures 2E and
2F) or 2 hr (Figure S3C) before imaging. For RNAI, cells were transfected with
50 nM ON-TARGET plus small interfering RNAs (siRNAs) (Dharmacon) target-
ing RAD21 (AUACCUUCUUGCAGACUGUUU), KIF18A (GCCAAUUCUUCGU
AGUUUU), SkaT (pool targeting: GGACUUACUCGUUAUGUUA, UCAAUGGU
GUUCCUUCGUA, UAUAGUGGAAGCUGACAUA, and CCGCUUAACCUAUA
AUCAA), or a nontargeting control using Lipofectamine RNAi MAX (Invitrogen),
following the manufacturer’s instructions. Plasmids containing wild-type
cyclin B1-mCherry or the non-degradable mutant (R42A and L45A) (Gavet
and Pines, 2010; Vazquez-Novelle et al., 2014) were transfected into HelLa
cells using FUGENE HD, according to the manufacturer’s instructions, 24 hr
prior to imaging.

Live-Cell Imaging

Cells were imaged in CO,-independent media (Invitrogen) at 37°C. Allimages
except laser microsurgery were acquired on a Nikon eclipse microscope
equipped with a charge-coupled device (CCD) camera (Clara, Andor), using
a40x Plan Fluor objective 1.3 numerical aperture (NA) (Nikon) and appropriate
fluorescence filters. Images of 3x GFP-CENP-A cell lines were acquired every
8 s using three (Hela) or five ("TERT RPE-1 and Figure S3C) z sections at
0.7-um intervals. Where indicated, cells were imaged at 4-s intervals using a
single-plane focus. The mNeonGreen-PICH cells were imaged every 60 s at
four z sections at 1-um intervals. The laser microsurgery was conducted as
described previously (Pereira et al., 2009), and it is detailed in the Supple-
mental Experimental Procedures. An extended description of the analysis of
the time-lapse movies and kinetochore motion also is included in the Supple-
mental Experimental Procedures.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,
four figures, two tables, four movies, and two data files and can be found
with this article online at http://dx.doi.org/10.1016/j.celrep.2016.10.046.
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Figure S1. Characterization of anaphase chromosome dynamics from single-
particle tracking and trajectory analysis. Related to Figure 1. (A) Kinetochore-to-pole
distances for an example untreated HelLa cell. Representative distance trajectories over
time are labeled in blue. The average distance measured over all trajectories in this cell
over time is depicted by the bold black line. Anaphase onset is labeled as t = 0. (B)
Color-coded kymograph of the time-lapse movie corresponding to Figure 1D aligned to
one pole. The dashed lines indicate distinct anaphase events from sister chromatid
separation onwards. (C) Example serial localizations from a single kinetochore tracked
in a fixed HelLa cell (solid blue dots) plotted together with the mean position of the
kinetochore (magenta x’) determined from the average of the serial kinetochore
localizations. Red circles denote successive standard deviations from the mean
measured by a normal distribution fitted to the localizations. The estimated localization
error for this single kinetochore corresponds to the standard deviation. (D) Histogram of
localization errors estimated from multiple kinetochores as depicted in Figure S1C. The
localization error determined from this fixed cell (n = 18 kinetochores) was 34.2 + 5.8
nm (mean * s.d.). (E) State ratio comparison of untreated HelLa cells during metaphase
(left) or anaphase (right) imaged at 4 second intervals and subsequently coarsened to 8
and 12 second intervals by omitting successive time-frames (n=8 cells). (F) Example
kinetochore distance trajectory in anaphase imaged at 4 seconds/frame. Top: relative
distance of the kinetochore from its spindle pole over the entire observed trajectory.
Each curve is annotated using colors that denote the state of motion of the kinetochore
during the corresponding interval. Middle: displacements (change in distance between
successive time points) along the distance trajectory. The top and bottom dotted lines
denote the localization error threshold that determines whether kinetochore motion is
classified as poleward/anti-poleward or indeterminate. A positive displacement
represents an anti-poleward motion in this regime (an increase in distance from the
spindle pole). Bottom: the state sequence, or series of annotations of poleward/anti-
poleward/indeterminate kinetochore motions, at successive time points in the trajectory.
From left to right, the temporal sampling of the original trajectory is “coarsened”
computationally from the original experimental imaging time sampling of 4
seconds/frame to 8 and 12 seconds/frame to test the role of temporal sampling on
motion classification.
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Figure S2. Effects of removal of physical connections between sister chromatids
on chromosome dynamics. Related to Figure 4. Comparison of distribution of
kinetochore motion stages (A) and velocity (B) during in HeLa cells (3xGFP-CENP-A,
3xGFP-centrin) during untreated Metaphase or Anaphase (n=10 each), after cohesin
subunit SCC1 RNAIi (n=13) or Laser ablation (n=29).
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Figure S3. Effects of Okadaic acid on anaphase cell behavior and comparison to
metaphase. Related to Figure 3. (A) Color-coded metaphase kymograph of an
untreated (left n=10) HelLa cell (3xGFP-CENP-A, 3xGFP-centrin). (B) Representative
time-lapse stills (maximal intensity projections) of HelLa cells expressing mNeonGreen-
PICH, 3xGFP-centrin entering anaphase in presence of DMSO (upper row, n=10) or
Okadaic acid (lower row, n=8). (C) Graphs showing distribution of motion stages, the
average poleward velocity (left) or anti-poleward velocity (right) in untreated HelLa cells
or Okadaic acid treated Hela cells (3xGFP-CENP-A, 3xGFP-centrin) over time (n=10
cells each). (D) Comparison of distribution of anti-poleward motion in metaphase cells,
untreated anaphase, or Okadaic acid-treated anaphase HelLa cells (3xGFP-CENP-A,
3xGFP-centrin; n>10 each; Unpaired t test results: **** p<0.0001, ** p=0.0017). Scale
bars, 2um.
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Figure S4. Characterization of Cell lines and Perturbations. Related to Figure 4. (A)
Western blots probed for KIF4A, KID and a-tubulin (as a loading control) for HeLa cells
(3XxGFP-CENP-A, 3xGFP-centrin) in which the chromokinesins KID and/or KIF4A were
eliminated using CRISPR/Cas9-mediated gene editing approaches. Asterisks indicate
cells lines used in this study. (B) Kinetochore to pole distance in STLC treated cells with
monopolar spindles (n>20 cells each). 2 independent single and double knock out cell
lines of KID, KIF4A were compared to their progenitor HeLa cell line (3xGFP-CENP-A,
3xGFP-centrin). Error bar indicate standard deviation (C) Distribution of kinetochore to
pole distance between control cells and KID, KIF4A double knock out HelLa cells
(3xGFP-CENP-A, 3xGFP-centrin) 6 minutes after anaphase onset (n>174 kinetochores
each pooled from 7 cells). Lines indicate average and standard deviation. P indicates



unpaired t test result. (D) Representative color-coded metaphase kymograph of an
untreated (n=10) HelLa cell (3xGFP-CENP-A, 3xGFP-centrin) or treated with siRNA
against KIF18A after 48h (right n=20). (E) Average nuclear envelope breakdown (NEB)
to anaphase duration of cells after Control (n=104) or KIF18A (n=114) RNA.. P indicates
unpaired t test result. (F) Comparison of relative ratio of states and velocity between
untreated Hela cells (n=10) and cells expressing Ska1-dMT mutant (n=5) after
depletion of the endogenous protein.



Supplemental Movie Legends

Movie 1. Anaphase chromosome dynamics in human cells. Related to Figure 1.
(Left) Untreated HeLa and hTERT RPE-1 cells (both expressing 3xGFP-CENP-A,
3xGFP-centrin) undergoing anaphase. t=0 was set to anaphase onset, 8 s intervals.
(Right) Untreated Hela cell (3xGFP-CENP-A, 3xGFP-centrin) imaged from metaphase
to kinetochore release (with the stages indicated). t=0 was set to anaphase onset, 10 s
intervals.

Movie 2. Physical connections between sister chromatids are not required for
anti-poleward motion. Related to Figure 2. Hela cell (3xGFP-CENP-A, 3xGFP-
centrin) after cohesin (RAD21) depletion (upper left) at 8 s intervals, after kinetochore
laser ablation (upper right) at 5 s intervals, displaying monopolar spindles induced by
STLC treatment alone (bottom left) or additionally treated with MPS1i (bottom right) at
8s intervals. Boxes indicate tracked centrioles (green) or kinetochores displayed in
figure graph. t=0 was set to beginning of movie.

Movie 3. Perturbing the cellular phosphorylation state induces anaphase anti-
poleward chromosome motion. Related to Figure 3. HelLa cells (3xGFP-CENP-A,
3xGFP-centrin) untreated (upper left), in Okadaic acid (bottom left), expressing wild type
(upper right) or non-degradable (bottom right) Cyclin B. t=0 was set to anaphase onset,
8 s intervals.

Movie 4. Chromosome and kinetochore-derived forces contribute to anaphase
anti-poleward motion in Okadaic acid-treated cells. Related to Figure 4. HelLa cells
(3XxGFP-CENP-A, 3xGFP-centrin) either untreated, after KIF18A RNAi (+MPS1i), in the
KID+KIF4A knockout, or following Ska1 replacement with a Ska1l AMTBD mutant
(+MPS1i) treated with DMSO or Okadaic acid. t=0 was set to anaphase onset, 8 s
intervals.



Table S1.

Parameters of Anaphase Spindle and Kinetochore Motion. Related to

Figure 1.
Cell Type Anaphase Spindle Length Maximum Pole Separation Speed
. Reached at Time After
Early Late Velocity Anaphase Onset
Hela ~12 um ~20 um 2.7 £0.6 um/min ~1 min
hTERT-RPE1 ~12 um ~19 um 2.6 £ 0.6 um/min ~1.3 min
Cell Type Anaphase Kinetochore to Pole Distance Averaged Maximum Kinetochore to Pole Motion
. Reached at Time After
Early Late Velocity Anaphase Onset
Hela 6.13+0.2 um 3.2+0.3 um 1.17 £ 0.2 um/min ~2 min
hTERT-RPE1 5.9+0.6 um 3.1+0.6 um 2.04 £ 0.7 um/min ~0.66min
Early Anaphase (240s Hela, 152s hTERT-RPE1)
Cell Type Anti- -
Poleward Average Poleward n Average Ant',
State Motion Speed Pause State poleward poleward Motion
P State Speed
Hela 54.5+2.4% 1.631£0.17 ym/min | 25.8+3.8% 19.8+2.6% 1.4640.19 ym/min
hTERT-RPE1 62.6+4.2% 2.03+0.16 ym/min | 17.7+2.5% 19.7+3.6% 1.7640.20 ym/min

Table S2. Kinetochore Dynamics of HeLa Cells. Related to Figure 1-4.

Condition Frequency of State (%) Velocity (um/min)
(Number of Cells) Poleward Indeterminate | Anti-poleward Poleward Anti-poleward
Untreated Metaphase (10) 33.122.0 34.242.9 32.742.9 1.3940.11 1.25+0.08
Untreated Anaphase (10) 54.5:2.4 25.8+3.8 19.842.6 1.63£0.17 1.46£0.19
RNAL 3o RADZT 33.7+4.6 22.246.5 44.1+8.3 2.2740.39 1.66+0.21
oy \Dlation: First 208 69.0+24.7 18.121.0 12.9+18.4 3.50+1.11 2.45+1.08
oy /\Diations After 205 40.317.8 24.749.1 35.0+10.3 | 2.96+0.76 2.48+0.60
(o se inOladaic Acld | 57 644 .4 17.642.1 29.845.3 2.04£0.18 1.8420.10
KO Iy ot i (12) 57.05.4 18.143.5 24.8+5.9 2.01£0.27 1.68+0.18
i ornane e (5 VAL 495435 14.5+2.6 35.9+4.8 2.62+0.31 1.91£0.22
i ornane A (3 TTED | 46.448.6 32.4+7 1 21.148.5 1.54+0.24 1.20£0.21
kA anreo e o 58.8+1.9 23.4%1.5 17.9+2.0 1.62+0.03 1.50+0.05




Supplemental Datasets

Velocity distributions. Related to Figure 1, 3 and 4. Cell-to-cell heterogeneity of
measured velocities for indicated conditions and total number steps of displacement
displayed. Shown are the distributions of instantaneous poleward (positive values) and
anti-poleward velocities (negative values) for every anaphase frame within the window
used for calculations of all trajectories within a particular cell as determined from the
trajectory annotations and displacements. Orange lines and label indicate average
value and standard deviation.

TrackFiles.ZIP. Related to Figure 1-4. Document containing all .mdf files of every cell
tracked in this study.



Supplemental Experimental Procedures

Cell Lines Used in This Study

ckc156:

ckc094:

ckc152:

ckc208:

ckc209:

ckc213:

ckc215:

ckc216:

ckc217:

ckc101:

ckc103:

HelLa - 3xGFP-CENP-A, 3xGFP-centrin

hTERT RPE-1 - 3xGFP-CENP-A, 3xGFP-centrin

HelLa - mNeonGreen-PICH, 3xGFP-centrin

HelLa3xGFP-CENP-A - 3xGFP-centrin, KID knockout
HelLa3xGFP-CENP-A - 3xGFP-centrin, KID knockout
HelLa3xGFP-CENP-A - 3xGFP-centrin, KIF4A knockout
HelLa3xGFP-CENP-A - 3xGFP-centrin, KIF4A knockout
HelLa3xGFP-CENP-A - 3xGFP-centrin, KID knockout, KIF4A knockout
HelLa3xGFP-CENP-A - 3xGFP-centrin, KID knockout, KIF4A knockout
HelLa3xGFP-CENP-A - 3xGFP-centrin, mCherry-Ska1-WT (hardened)

HelLa3xGFP-CENP-A - 3xGFP-centrin, mCherry-Ska1-AMTBD (hardened)

Laser microsurgery

Single kinetochores were ablated by eight consecutive pulses (10 Hz repetition rate;
pulse width: 8-10 ns; pulse energy: 1.5-2 pJ) derived from a doubled-frequency
Elforlight laser (FQ-500-532) mounted on an inverted microscope (TE2000U; Nikon)
equipped with a CSU-X1 spinning-disk confocal head (Yokogawa Corporation of
America). Cells were imaged using a 100x 1.4 NA Plan-Apochromatic differential
interference contrast objective (Nikon). Images were detected with an iXonEM+ EM-

CCD camera (Andor Technology), using the NIS-Elements software (Nikon Instruments

Inc.).



Image processing

Time-lapse images of 3xGFP-CENP-A cell lines were background subtracted (rolling
ball radius: 2 pixels), sum projected and brightness/contrast adjusted in ImageJ/Fiji
before further processing or analysis. Generation of kymographs was performed as
described previously (Pereira and Maiato, 2010). Briefly, guided-kymographs were
generated after manual spindle pole tracking, the coordinates of which were used to
compensate for spindle rotation and translation over time, thereby stabilizing a virtual
equator in the horizontal center of the kymograph. To collapse the kymograph, a routine
was used that assigns an RGB color gradient to the vertical axis of each kymograph

frame.

Analysis of kinetochore motion

All computational analyses of particle trajectories and the downstream analysis of
kinetochore motion were performed using MATLAB 2014a. Single-particle trajectories
(SPTs) of kinetochore motion were generated from sequential spatial localizations using
the MTrackdJ software package (Meijering, 2006) provided in Fiji/lmaged. Individual
kinetochore localizations were obtained manually using centroid fitting with a 9x9 pixel
grid. Care was taken to avoid invalid assignments in which one kinetochore trajectory
was connected with an unrelated kinetochore trajectory. With this in mind, merging and
splitting events (two objects overlapping/separating), as well as gap closing connecting
objects that disappear and reappear in a later frame (Jagaman et al., 2008) were

forbidden to eliminate the chances of these occurrences. In cases where there was



uncertainty in sequential particle localizations between two frames, trajectories were
terminated.

To determine the localization error associated with estimated kinetochore
positions, HelLa cells were fixed (10 min in 4% formaldehyde) and static kinetochores
were imaged using the same imaging protocol that was applied to live cells.
Kinetochores were tracked using the same parameters in MTrackd (centroid fitting) to
generate time-series single particle trajectories of stationary kinetochores. Motions of
individual points along each trajectory were assumed to be due solely to independent
localization errors, excluding stage drift and thermal motion. Under this assumption, the
spatial localizations of individual particles can be modeled as distributed according to a
Gaussian with the mean centered on the true (fixed) particle position and a standard
deviation that is equal to the localization error. Figure S1C shows the localization error
and fitting procedure for a single example kinetochore, where g, is the localization error
associated with the normal distribution fit to the sequential localization measurements.
Analyses of eighteen such trajectories of stationary kinetochores were performed with
their localization errors individually computed in this manner (Figure S1D). The overall
distribution from compiling the individual localization errors for each trajectory estimated
in this manner was then used to obtain the final mean-value estimate of the localization
error that was subsequently used for classification of kinetochore motion behaviors
(34.2 £ 5.8 nm; mean % s.d.). Kinetochores and spindle poles were assumed to have
equal localization errors.

To classify poleward and anti-poleward moving kinetochores (Figure S1F), we

analyzed the single-step-level dynamics of individual kinetochore trajectories.



Kinetochore trajectories were assigned to their corresponding spindle poles based on
the minimum mean distance during anaphase. In KIF18A-depleted cells, chromosomes
do not align to form a proper metaphase plate, so the assignment of the corresponding
spindle pole was based on the minimum distance of the last tracked frame for the
kinetochore in question. The time of anaphase onset for each individual cell was defined
as the time point immediately prior to the separation of sister chromatid populations as
annotated manually using visual inspection based on the distance between the
kinetochore-spindle pole groups. For anaphase motion, we analyzed the first 240
seconds in HelLa cells or 152 seconds in hTERT-RPE1 cells after anaphase onset. For
metaphase, we analyzed motions of the first 320 seconds of a >600 second movie in
which the cell remained in metaphase throughout the imaging process.

After the assignment of kinetochores to spindle poles, the change in distance
(displacement) between each kinetochore and their corresponding spindle poles was
computed over time. Measurements of these displacements will be slight
underestimates due to the possibility of out-of-plane motion that is lost in projection of
kinetochore and spindle pole positions to the imaging plane. Displacements were then
analyzed to determine whether a kinetochore was moving poleward or anti-poleward.
Note that to classify poleward/anti-poleward motion based on the change in distance
between the kinetochore in question and its assigned spindle pole, the uncertainty in the
distance, op, between the two objects rather than simply the localization error, o,, of
each object itself must be considered. This distance uncertainty is derived from the
propagation of error in computing the distance from the localizations of the kinetochores

and spindle poles, where the uncertainty in the distance is related to the localization



error by o, =+v20,. An event was defined as “indeterminate” if the kinetochore

displacement (Ax) between two time points was smaller than v/20,,. Adjusting this ad
hoc threshold results in a trade-off between the detectability of kinetochore
poleward/anti-poleward motions and the mis-assignment of localization noise to these
motion states in the analysis.

Cell-to-cell heterogeneity in kinetochore displacement as well as velocity
distributions were characterized following annotation of trajectories into poleward and
anti-poleward states. Additionally, the percentage of time spent in each state across all
kinetochores for each individual cell was computed over the anaphase period. The
sample mean of each metric for each cell was used to compute the overall distribution
of the metric for each condition or cell line. For the calculation of statistical significance
between treatment conditions or perturbations, Prism 6 (GraphPad) was used to
perform unpaired, two-tailed Student’s t-tests. Independent samples tested represent
measurements from distinct cells in a given condition, with the set of individual
trajectories per cell contributing to the mean behavior for that cell. At least five
independent samples were analyzed in each case. To highlight this point, distributions
of both poleward and anti-poleward velocities were plotted for each cell and are
consistent within their groups. The cell-by-cell distributions of velocities for cells
analyzed in Figures 1, 3 and 4 can be found in the Supplemental Dataset along with the
complete data set from our tracking of each individual cell and condition as both
MATLAB .mat data files as well as MTrackd .mdf trajectory files.

We additionally evaluated the sensitivity of classified kinetochore behaviors to

imaging frame rate, including the classification of poleward versus anti-poleward motion



and their associated state lifetimes. For this analysis, untreated HelLa cell kinetochore
trajectories obtained using 4 seconds/frame imaging conditions were “coarsened”
computationally to decrease sampling to 8 and then 12 seconds/frame by omitting data
from neighboring time-points. Results indicate that trajectory coarsening results in an
overall increase in displacement magnitude between successive frames, as expected
for a random process with drift (Figure S1F; Berg, 1993; Monnier et al., 2015; Monnier
et al., 2012). Accordingly, a smaller fraction of kinetochore displacements is classified
as “indeterminate” (Figure S1E) because more displacements per trajectory exceed the
localization error threshold. Associated estimations of the lifetimes of individual motion
states are also observed to depend strongly on sampling frequency because of the
similar dependence of active versus diffusive transport on the time-scale of observation.
Thus, the local lifetime of a given poleward/anti-poleward processive motion depended
strongly on sampling frequency, and was omitted from analysis.

An example “coarsened” (4s, 8s, 12 s/frame) trajectory is shown in Figure S1F.
This trajectory is annotated in color using its “state sequence” corresponding to the
intervals that the algorithm has classified as poleward, anti-poleward, or indeterminate.
At 4 s/frame, a large fraction of the intervals annotated fall below the minimum threshold
for labeling a particular displacement as poleward or anti-poleward. This is due to the
average step size that the kinetochore moves during the 4 second interval falling near
or below the detection threshold that is imposed by the localization error. Decreasing
temporal resolution (4 s/frame to 8 s/frame) results in larger displacements, leading to
more intervals that are positively annotated as having motion beyond the noise

threshold. Trajectories can be coarsened further (8 s/frame to 12 s/frame) at the cost of



decreased temporal resolution, which may result in the failure to detect motion
dynamics on faster timescales. Given this sensitive dependence of motion state
lifetimes on sampling frame rate, we refrained from reporting motion state lifetime

information.
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