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High-resolution imaging reveals how the spindle
midzone impacts chromosome movement

Melissa C. Pamula'@®, Lina Carlini!, Scott Forth?, Priyanka Verma3, Subbulakshmi Suresh!, Wesley R. Legant*>, Alexey Khodjakov®®, Eric Betzig’®, and

Tarun M. Kapoor'®

In the spindle midzone, microtubules from opposite half-spindles form bundles between segregating chromosomes.
Microtubule bundles can either push or restrict chromosome movement during anaphase in different cellular contexts, but how
these activities are achieved remains poorly understood. Here, we use high-resolution live-cell imaging to analyze individual
microtubule bundles, growing filaments, and chromosome movement in dividing human cells. Within bundles, filament
overlap length marked by the cross-linking protein PRC1 decreases during anaphase as chromosome segregation slows.
Filament ends within microtubule bundles appear capped despite dynamic PRC1 turnover and submicrometer proximity to
growing microtubules. Chromosome segregation distance and rate are increased in two human cell lines when microtubule
bundle assembly is prevented via PRC1 knockdown. Upon expressing a mutant PRC1 with reduced microtubule affinity, bundles
assemble but chromosome hypersegregation is still observed. We propose that microtubule overlap length reduction,
typically linked to pushing forces generated within filament bundles, is needed to properly restrict spindle elongation and

position chromosomes within daughter cells.

Introduction

Specialized microtubule arrays perform critical functions in di-
verse cellular contexts. During cell division, kinetochore mi-
crotubules assemble from stabilized filaments and, in anaphase,
drive chromosome-to-pole movement (Asbury, 2017). During
anaphase, an array of overlapping microtubules called the
spindle midzone or central spindle assembles between segre-
gating sister chromosomes (Eggert et al., 2006). Within this
structure, microtubules from opposite half-spindles interdigitate
at their plus ends, forming bundles of antiparallel microtubules
(Euteneuer and McIntosh, 1980; Heidemann and McIntosh,
1980). Microtubule bundles assemble during anaphase in di-
verse eukaryotes including yeast, worms, and humans, sug-
gesting a conserved function (Ding et al., 1993; Mastronarde
et al., 1993; Oegema and Hyman, 2006).

The organization of midzone microtubules has been exam-
ined using electron microscopy, which has revealed that mi-
crotubules in the midzone overlap extensively and likely
undergo relative sliding as anaphase progresses (McIntosh et al.,
1975a,b). Live-cell imaging has revealed that these bundled

microtubules coexist alongside polymerizing microtubules in
the spindle midzone and undergo two kinds of dynamics
(Shelden and Wadsworth, 1990; Mastronarde et al., 1993;
Yamashita et al., 2015). First, compared with unbundled growing
microtubules, which have a half-life of tens of seconds, a subset
of midzone microtubules are stabilized ~10-fold (Salmon et al.,
1984; Saxton et al., 1984). The plus ends of these filaments, re-
vealed by driving monopolar spindles into anaphase, are capped
in a Kif4-dependent manner, an activity that likely suppresses
plus end dynamics in bipolar spindle midzones as well (Hu et al.,
2011). Second, the length of filament overlap within microtubule
bundles decreases with increasing chromosome segregation
distance, proposed to be a result of relative microtubule sliding
(Saxton and McIntosh, 1987; Mastronarde et al., 1993). However,
due in part to challenges in imaging microtubule bundles within
the full volume of the spindle midzone at high temporal fre-
quency and with isotropic resolution, we do not know how the
3D organization of microtubule bundles changes during the fast
dynamics of anaphase in human cells.
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Early laser-cutting experiments in fungi support a model in
which midzone bundles function to limit the separation rate of
chromosomes during anaphase (Aist and Berns, 1981). Similar
results were observed in the first mitotic division of Caeno-
rhabditis elegans embryos (Grill et al., 2001), where molecular
dissection has revealed a role for kinesin-5 motors in restricting
relative filament sliding and pole separation during anaphase
(Saunders et al., 2007). In contrast, laser-cutting experiments in
diatoms, fission yeast, human cells, and C. elegans oocytes sup-
port a model in which microtubule bundles in the spindle
midzone function to drive chromosome separation and spindle
elongation (Leslie and Pickett-Heaps, 1983; Khodjakov et al.,
2004; Laband et al., 2017; Vukusi¢ et al., 2017). In human cells,
a specialized array of overlapping microtubules termed “bridg-
ing fibers” have been described that link kinetochore fibers on
sister chromatids during metaphase (Kajtez et al., 2016). Sev-
ering both kinetochore microtubules and bridging fibers during
early anaphase in human U20S cells prevents the segregation of
sister chromatids (Vukus$i¢ et al., 2017). In contrast to these data,
a study using another vertebrate species (porcine kidney cells)
has shown that the spindle midzone restricts chromosome seg-
regation in a kinesin-5-dependent manner (Collins et al., 2014).
We note that the use of fast infrared laser in recent studies
has partially overcome the potential toxicity of UV radiation
(Brugués and Needleman, 2014; Vukusi¢ et al., 2017); however, it
is still difficult to exclude potential indirect effects due to local
protein damage, and accounting for the conflicting results re-
mains challenging.

Targeted protein knockdown has revealed the requirement
for several key proteins in the assembly of the spindle midzone
(Glotzer, 2009). Among these is PRC1, a member of the con-
served Asel/PRCI/MAP65 family of microtubule cross-linking
proteins. Knockdown of PRC1 or its homologues prevents
midzone microtubule bundle assembly in diverse eukaryotes
without preventing metaphase bipolar spindle formation or
activating the spindle assembly checkpoint (Jiang et al., 1998;
Verbrugghe and White, 2004; Verni et al., 2004). This approach
has been used extensively in human cells to examine the con-
sequence on metaphase microtubule bundle assembly, anaphase
midzone assembly, and cytokinesis (Jiang et al., 1998; Mollinari
et al., 2002, 2005; Kurasawa et al., 2004; Polak et al., 2017).
However, the consequence on chromosome segregation rates in
human cells has not been studied. Further, it is unclear how
select biochemical properties of PRCI1, such as microtubule
binding affinity, are tuned to allow microtubule bundles in the
midzone to accomplish species-specific functions.

Here, we combine high-resolution live-cell imaging with
protein knockdown and structure-guided mutagenesis to in-
vestigate how microtubule bundle assembly in the midzone
impacts chromosome segregation dynamics in human cells. We
use lattice light sheet microscopy (LLSM) to relate anaphase
chromosome movement to the dynamics of bundled micro-
tubules and growing filaments in different stages of anaphase.
We examine time-dependent changes in bundle overlap marked
by PRC1 in cells expressing wild-type or mutant GFP-tagged
protein. Our data suggest that the proper functioning of the
midzone brake depends not only on the assembly of microtubule
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bundles but also on the timely reduction in overlap length
within microtubule bundles during chromosome segregation.

Results
3D analysis of microtubule bundles and chromosomes
during anaphase
To relate the dynamics of microtubule bundles to chromosome
segregation, we imaged dividing hTERT-RPEI cells stably ex-
pressing GFP-tagged PRCI (hereafter referred to as GFP-PRCI)
and treated with a DNA dye (SiR-DNA). In vitro studies have
shown that PRCI selectively binds antiparallel microtubule
overlaps (Bieling et al, 2010; Subramanian et al, 2010).
Therefore, we reasoned that GFP-PRCI localization in dividing
cells could be used as a readout of antiparallel overlap within
microtubule bundles. We used LLSM to image whole cell vol-
umes (101 frames at 300-nm step size) in two colors at rates up
to 20 cell volumes/min (see Materials and methods; Chen et al.,
2014). Consistent with our immunofluorescence staining of
hTERT-RPEI1 cells (Fig. S, A and B), GFP-PRC1 signal was de-
tected in between the segregating chromosomes and between
poles and the cell cortex (Fig. 1 A and Video 1) likely corre-
sponding to end tags, micrometer-sized zones at the plus ends of
microtubules that accumulate PRC1 and Kif4 (Subramanian
et al., 2013). We also note that the localization pattern of PRC1
is reminiscent of the “stem bodies” observed in the midzone of
anaphase spindles by electron microscopy (Brinkley and
Cartwright, 1971; McIntosh and Landis, 1971). We examined se-
lect cross-sectional planes perpendicular to the spindle pole-to-
pole axis and selected the plane equidistant from the two spindle
poles (hereafter, the spindle midplane) for further examination
(Fig. 1 B). In the spindle midplane, GFP-PRCI appeared as spots of
signal intensity throughout anaphase, typically <1 um in diam-
eter, revealing individual bundle cross sections and spatial dis-
tributions (Fig. 1 C). As the majority of GFP-PRCI signal was
localized to microtubule bundles located in the midzone (Fig. S1,
C and D), we focused on this region for further examination.
To identify the localization of GFP-PRCI, we processed the
LLSM image data using a multistep approach that included 3D
watershed and segmentation analysis (see Materials and
methods). We examined the length of GFP-PRCI decoration on
microtubule bundles in the spindle midzone and tracked
chromosome segregation distance (Fig. 1 D). At T = 0, the
frame immediately before that with detectable chromatid
separation (anaphase onset), the average length of GFP-PRC1
decoration was 4.0 + 0.4 um (mean # SD, n = 5 cells), spanning
~40% of the total spindle length (Fig. 1 E, green points). The
length of GFP-PRC1 decoration began to decrease after an ~50-s
delay, reaching 2.1 + 0.3 um at T = 200 s. During this time
window, chromosome separation distance increased from
3.4 + 0.6 pm (T = 50 s) to 11.1 + 0.8 pm (T = 200 s; Fig. 1 E,
magenta points). After this time, a substantial change in the
length of GFP-PRCI decoration or chromosome separation
distance was not observed. We determined the rate of chro-
mosome separation in different time intervals (50-s bin size)
and found that the fastest rate of chromosome movement
occurred between 50 and 100 s (4.3 + 0.2 pm/min, n = 5 cells;
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Figure 1. 3D analysis of microtubule bundles and chromosomes in dividing cells. (A and C) Near-simultaneous two-color LLSM was used to image GFP-
PRC1and chromosomes during anaphase in hTERT-RPEL cells. Cell volumes (101 images in each channel at 300-nm step size) were captured at 3-s intervals. T
= 0 was assigned to the frame immediately before that with detectable chromatid separation. (A) Single-channel images (maximum-intensity projections) and
overlays from select time points show GFP-PRC1 (green) and chromosomes (magenta). Time-lapse recording is provided in Video 1. Scale bar, 3 um.
(B) Schematic of an anaphase spindle shows PRC1 (green) and chromosomes (magenta) at a plane incident with the pole-to-pole axis and at the spindle
midplane, a cross-sectional plane orthogonal to the pole-to-pole axis and equidistant between the two poles. (C) Single-channel images (single image planes)
and overlays show the spindle midplane of the cell shown in A. Scale bar, 3 um. (D) Schematic of an anaphase spindle shows region of microtubule overlap
marked by PRC1 (green) and chromosomes (magenta). The length of microtubule overlap and interchromosome distance is indicated. (E) Plots of average
microtubule overlap length (green dots) and interchromosome distance (magenta dots) versus time in hTERT-RPE1 cells. Average microtubule overlap length
was determined for each cell at each frame (n = 5 cells). (F) Average chromosome segregation rates following anaphase onset. Data were binned in 50-s time
intervals. Error bars are SD. (G) LLSM was used to image Halo-PRC1 during anaphase in Hela cells. Cell volumes (101 images at 300-nm step size) were
captured at 9.5-20.5-s intervals. Single-channel images (maximum-intensity projections) show select time points from an example cell imaged at 20.5-s
intervals. T = 0 was assigned to the frame immediately before that with detectable spindle elongation. Scale bar, 3 um. (H) Plot of average microtubule overlap
length versus time in Hela cells. Average microtubule overlap length was determined for each cell at each frame (n = 3 cells).
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Figure 2. Dynamics of microtubule bundles and FRAP analysis of PRC1. (A) Schematic indicating position of PRC1-tagged microtubules (green bars) and
position of the spindle midplane, the plane formed by passing through yellow and blue vectors, orthogonal to the red vector, equidistant to the two spindle
poles (green spheres). (B) Schematic of an anaphase spindle shows GFP-PRC1 (green) localization in a plane incident with the pole-to-pole axis and in the
spindle midplane. (C-E) LLSM was used to image GFP-PRC1 during anaphase in hTERT-RPEL cells. T = O s was assigned to the frame immediately before
detectable pole separation. Cells were imaged at 4.4-s intervals. (C) Single-channel images (single cross-sectional plane) at select time points. Scale bar, 3 um.
(D) Inset from yellow boxes in C, magnified 5.3x. Two spots of GFP-PRCI intensity in consecutive frames are indicated (yellow circles). (E) Single-channel
images (single cross-sectional plane) after watershed processing. Images from two consecutive frames are shown. Scale bar, 3 pm. (F) Plot of the number of
spots versus time detected in watershed-processed images (mean + SD). (G) Schematic of FRAP experiment. Single microtubule bundles were targeted for
photobleaching and the fluorescence recovery monitored over time. (H) Analysis of GFP-PRC1 FRAP in hTERT-RPE1 cells imaged using spinning disk confocal
microscopy. Time = 0 is time of photobleach laser pulse. Overlay indicates region targeted for photobleaching (red box) and an egivalent unphotobleached
control area (gray box). Scale bar, 3 pum. (1) Plot of normalized recovery for photobleached GFP-PRC1 signal (red dots) and unbleached GFP-PRC1 control signal
(gray dots) for the cell shown in H. Data were fitted to the following equation: f(x) = A[1 - exp(~kx)]; k = 0.035 (95% confidence bounds 0.023 to 0.047).

Fig. 1 F), approximately four times faster than the rate of GFP-
PRCI length shortening (~1 pm/min) during this time. We
repeated these analyses in an independent cell line (HeLa cells
expressing Halo-tagged PRCl [hereafter, Halo-PRCl]) and
found similar results (Fig. 1 G). In Hela cells, the length of
Halo-PRCl1 decoration was 3.4 + 0.2 pm at T = O s and de-
creased to 2.4 + 0.2 um by T = 200 s (n = 3 cells; Fig. 1 H). It is
likely that the change in GFP-PRC1 and Halo-PRC1 decoration
reflects a change in the overlap length of microtubules in
bundles. Together, these data suggest that in the absence of
filament growth within microtubule bundles, changes in the
length of filament overlap are unlikely to contribute sub-
stantially to chromosome separation distance during ana-
phase in human cells.

Dynamics of microtubule bundles and FRAP analysis of PRC1

To determine how chromosome segregation is temporally cor-
related with changes in the organization of microtubule bundles
within the spindle midzone, we examined GFP-PRCI localization
in the spindle midplane (Fig. 2, A and B). We found that GFP-
PRCI spots frequently appeared to change shape between se-
quential frames (Fig. 2 C). Occasionally, we observed spots
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approaching one another in consecutive image frames and fus-
ing, forming a single spot with higher signal density (Fig. 2 D)
that rarely split back into two spots. Such bundle fusion events
could be detected throughout anaphase before furrow ingression
and typically could be detected once every few frames (~10 s).

In metaphase, the number of PRCI-tagged microtubule bun-
dles has been proposed to be determined by the number of
chromosome pairs (Polak et al., 2017) and likely corresponds to
the number of bundles at the start of anaphase. In hTERT-RPEI
cells, which have 46 chromosomes, as few as five fusion events
could decrease the number of bundles by 10%. To investigate this
possibility, we performed 2D watershed analysis on segmented
LLSM images of GFP-PRC1 in the spindle midplane (Fig. 2 E). We
counted the number of spots in each frame and found that the
total number of spots fluctuated in consecutive image frames
and overall exhibited a modest increase (Fig. 2 F), suggesting
that fusion between bundles is supplemented by the assembly of
additional microtubule bundles. This observation is consistent
with centrosome-independent microtubule formation pathways
being active during anaphase and the observation that midzone
bundles can assemble in the absence of preanaphase micro-
tubules (Canman et al., 2000; Goshima et al., 2008).
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To examine the dynamics of PRCI1 cross-linkers within mi-
crotubule bundles during early to midanaphase when the length
of microtubule overlap within bundles is actively decreasing, we
performed FRAP experiments in hTERT-RPEI cells expressing
GFP-PRCI1 (Fig. 2 G). In the absence of chromosome markers, we
estimated the time in anaphase based on the length of micro-
tubule overlap marked by GFP-PRC1. We selected cells that had
microtubule bundle overlap lengths of 2-3.5 ym, indicating that
cells were in the first ~2 min of anaphase (Fig. 2 H). We found
that the rate of recovery of GFP-PRCI within microtubule bun-
dleshad at,;, of 36 + 9 s (n = 5 cells; mean + SD; Fig. 2 I). Previous
studies have shown that microtubules in the midzone are sta-
bilized during anaphase, with turnover times of several minutes
(Saxton and McIntosh, 1987; Hu et al., 2011). Our FRAP data
suggest that the PRC1 molecules turn over faster than the mi-
crotubules to which they bind. Further, these data suggest that
unlike PRC1-tagged microtubule bundles found in metaphase
spindles (Polak et al., 2017), the position of anaphase microtu-
bule bundles do not appear to be constrained by the position of
kinetochore pairs. Overall, these results uncover unappreciated
midzone bundle dynamics that occur as chromosomes separate.

Examining PRC1 and EB1 localization in cross-sectional planes
of dividing cells

In the spindle midzone, PRC1-tagged microtubule bundles are
interspersed within a dense network of EBl-tagged dynamic
filaments. To analyze the dyanmics of these filaments we gen-
erated stable hTERT-RPEI cells expressing both GFP-tagged EB1
(hereafter, GFP-EBI), a plus end tip-tracking protein, and Halo-
PRC1. We imaged dividing cells using two-color LLSM after
treating with a Halo-reactant dye (Fig. 3, A and B; and Video 2;
see Materials and methods). We examined cells after spindle
elongation began, which is coordinated with anaphase onset
(sister chromatid separation) in these cells (Su et al., 2016).
Halo-PRC1 signal intensity was highest near the spindle mid-
plane (Fig. 3, A and B), similar to endogenous PRCI (Fig. S1, A
and B). We performed 3D tracking of EBI comets (Fig. S2, A and
B) and found that the average track velocity (0.33 + 0.08 pm/s;
mean + SD) was similar to that reported in a previous study
(Yamashita et al., 2015).

We next examined Halo-PRC1 and EBI1-GFP at the spindle
midplane (Fig. 3, C and D). Halo-PRC1 and GFP-EBI signal in-
tensity both appear as spots typically <1 pm in diameter (Fig. 3
E). Two-color overlays showed that PRCI-tagged microtubules
and dynamic EBl-tagged microtubules coexist in a dense net-
work at the spindle midplane (Fig. 3 E and Video 3). We per-
formed 2D localization analysis on GFP-EB1 and Halo-PRC1 spots
and measured the nearest-neighbor distance between spots
(Fig. 3 D). The average nearest-neighbor distance between Halo-
PRCI and other Halo-PRCI spots was ~1 pm and did not change
over the course of the video (100 frames at 1 frame/s; Fig. 3 F).
We observed a similar trend for the nearest-neighbor distance
between GFP-EB1 and other GFP-EBI spots (Fig. 3 G). The av-
erage nearest-neighbor distance between PRC1 and EBI spots
was smaller, ~0.6-0.7 pm (Fig. 3 H). We pooled the data from
the first 30 frames of each video (n = 3 cells; n = 44 + 10 EB1-EBI
pairs per frame; 39 + 12 PRC1-PRCI pairs per frame; Fig. 3 I) and

Pamula et al.

Midzone MTs restrict chromosome segregation

found this difference to be significant (P < 0.02; two-tailed
t test). Importantly, each of these measurements was similar
for cells at different stages of anaphase, regardless of the length
of microtubule overlap.

To address whether the observed changes in microtubule
overlap length were directly related to the extent of microtubule
sliding, we considered the possibility that microtubules in
bundles could be growing. We inspected individual Halo-
PRCI-tagged microtubule bundles, focusing on the ends of mi-
crotubule overlap regions. The region of overlap marked by
Halo-PRC1 appeared spatially separated from GFP-EBI signal
(Fig. 3 J). In one rare example, we could observe GFP-EBI co-
localizing with one end of a microtubule overlap region, but we
did not detect an increase in overlap length (Fig. S2 C). These
data suggest that the ends of microtubules in overlap regions are
nondynamic and support a model in which the change in overlap
length within microtubule bundles during anaphase is directly
related to the extent of microtubule sliding. Earlier work has
shown that tubulin subunits can incorporate into midzone fila-
ments (Saxton et al., 1984). However, this occurs over the course
of several minutes in late anaphase and telophase cells, time
points that we did not examine. Therefore, we do not believe
these data are contradictory. Together, these data show that the
spacing of PRC1 decorated microtubule bundles and growing
EBI-tagged microtubules are largely independent of each other
and of chromosome position along the spindle’s long axis during
anaphase.

Selective disruption of microtubule bundling results in
increased chromosome segregation rates and pole

elongation rates

To examine how selective disruption of microtubule bundle
assembly impacts chromosome segregation dynamics, we
knocked down PRCl. We adopted an inducible shRNA-based
approach, as genetic deletion leads to cumulative defects that
result in senescence (McKinley and Cheeseman, 2017). Western
blots of metaphase-arrested cell lysates showed that the effi-
ciency of PRC1 knockdown was 95 + 1% (n = 3 blots) in HeLa cells
~72 h after shRNA induction (hereafter, shPRCI; Figs. 4 A and S3
A). The mitotic index in these cells (4.3 + 1.6%, n = 1,225 cells)
was not significantly different from that in HeLa controls (HeLa
lacking the shRNA construct; 5.8 + 2.0%, n = 2,944 cells; P > 0.2;
Fig. 4 B). Consistent with PRCI’s role in completion of cell di-
vision, a substantial fraction of cells in this population appeared
to have more than one nucleus, indicating at least one cell di-
vision failure (Fig. S3 B). In HeLa control cells, endogenous PRCI
localizes to microtubules between segregating chromosomes
(Fig. 4 C), similar to what we observed in hTERT-RPEI cells (Fig.
S1, A and B). PRCI signal was detected on 100% of anaphase
spindles in control cells (n = 77 cells), indicated by a peak in
signal intensity at the center of the spindle in linescans drawn
across the pole-to-pole axis. In contrast, PRC1 signal was not
detected over background in >90% of shPRCI cells (Fig. 4 D). In
shPRC1 cells where endogenous PRCI signal was detected, the
intensity was relatively low and appeared to associate with only
a few (<10) microtubule bundles. Anaphase cells were detected
at a similar frequency (~10%) in both shPRC1 and control cells,
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Figure 3. Examining PRC1 and EB1 localization in cross-sectional planes of dividing cells. (A and B) Near-simultaneous two-color LLSM was used
to image Halo-PRC1 and GFP-EB1 during anaphase in hTERT-RPE1 cells. Cell volumes (58 images in each channel at 350-nm step size) were captured at
1-s intervals. A select time point from an early anaphase (A) and a late anaphase (B) spindle from two different cells is shown. Single-channel images
(maximum-intensity projections) and overlays show Halo-PRC1 (green) and GFP-EB1 (magenta). Time-lapse recording is provided in Video 2. Scale bar, 3 um.
(C and D) Schematics of anaphase spindles show PRC1 and EBI decoration in a plane incident with the pole-to-pole axis (C) or in the spindle midplane, the
plane equidistant from the two spindle poles and perpendicular to the spindle long axis (D). (C) The position of the spindle midplane is indicated (dashed line).
(D) Inset shows schematic of nearest neighbor distances measured between two PRC1 spots (dashed line), two EB1 spots (dotted line), or one PRC1 and one
EB1 spot (solid line). (E) Midplane of the cell shown in B. T = 0 indicates the start of movie. Time-lapse recording is provided in Video 3. (F-H) Nearest-neighbor
distances versus time show mean + SD for each frame of the video for the cell shown in B and E. T = 0 indicates the start of movie. Measurements between
pairs of PRC1 spots (F), pairs of EB1 spots (G), and PRC1 and EB1 spots (H) are shown. (1) Average nearest-neighbor distance measurements (pooled from the
first 30 frames of each movie, n = 3 cells; PRC1-PRC1: 1.03 + 0.12 um; EB1-EB1: 1.04 + 0.09 pm; PRC1-EB1: 0.71 + 0.06 pum; **, P < 0.02; ***, P < 0.004). Error
bars are SD. (J) Time series of a select region (single plane) in the midzone from the cell shown in B, indicating relative position of a single microtubule bundle
and GFP-EBL1 signal. Single-channel images and overlays show Halo-PRC1 (green) and GFP-EB1 (magenta) in consecutive frames. Scale bar, 3 um.

indicating that the loss of PRCI does not alter metaphase-to-
anaphase progression, consistent with earlier work (Jiang et al.,
1998; Mollinari et al., 2002, 2005).

We also generated “addback” cells expressing both shRNA to
endogenous PRC1 and shRNA-resistant GFP-tagged full-length
PRC1 (hereafter, shPRC1+GFP-PRCIFL; see Materials and meth-
ods). We imaged all three cell lines live after treating with a DNA
dye (SiR-DNA,; Fig. 4, E-G; and Videos 4 and 5). In each cell line,
furrow ingression initiated at a similar time following anaphase
onset, and cell length appeared similar in all three cell lines (Fig.
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S3, C and D), suggesting that cell elongation is not impacted. We
tracked chromosome position, taken as the centroid of the
chromosome mask (Fig. 4 H, yellow squares), to monitor in-
terchromosome distance. Shortly after anaphase onset, we ob-
served that the distance between chromosomes was consistently
larger in shPRCI cells (n=19; Fig. 41, blue trace) compared with
control (n = 15; Fig. 4 I, black trace) or shPRC1+GFP-PRCIF" cells
(n = 14; Fig. 4 I, gray trace). At T = 5 min, a time that precedes
furrow ingression in >90% of cells but is after microtubule
bundle overlap reaches a steady-state length, we could observe
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Figure 4. PRC1knockdown results in increased chromosome segregation rate and distance. (A) Western blot analysis of cell lysates of HeLa control cells
and Hela cells containing shRNA to PRC1 before (- tet) and after (+ tet) tetracycline induction of shRNA construct. Antibodies against a-tubulin (a-tub) and
PRC1 are indicated. Expected position of PRC1 protein is indicated (red arrow). Full blots are provided in Figs. S3 and S5. (B) Analysis of mitotic index from
control cells (ctr) and those expressing shRNA to PRC1 (+sh) cells. (C and D) Immunofluorescence of Hela cells. Single-channel images (maximum-intensity
projections) and overlays show DNA (blue), tubulin (green), and PRC1 (red) in HeLa control cells (C) and cells expressing shRNA to PRC1 (D). Scale bar, 3 um.
(E-G) Live-cell imaging of Hela cells. Single-channel (single z slice) and overlay images show differential interference contrast (DIC) images (gray), chro-
mosomes (magenta), and GFP-PRC1 (green) in Hela control cells (E), Hela cells expressing shRNA to PRC1 (shPRC1; F), and Hela cells expressing shRNA to
PRC1 and shRNA-resistant GFP-tagged full-length PRC1 (shPRC1+GFP-PRCI™; G). T = 0 was assigned to the frame immediately before that with detectable
chromatid separation. Time-lapse recordings are provided in Videos 4 and 5. Scale bar, 3 um. (H) Segmented binary image showing outline of cortex and
chromosome mask. The position of chromosome centroid (yellow squares), the axis of chromosome segregation (blue line), the position of the midplane
(dotted line), the distance from the midplane to the cortex (gray line), and the distance from chromosome to cortex (pink line) are indicated. (I-N) Analysis
of chromosome and cortical position in Hela control (black; n = 15), shRNA (blue; n = 19), and shPRC1+GFP-PRC1 (gray; n = 14) cells. Mean + SD.
(1 and J) Interchromosome distance over time (1) and at T = 5 min (J; control: 1.9 + 1.5 pum; shPRC1: 14.5 + 1.4 um; shPRC1+GFP-PRCIF&: 12.1 + 1.5 um; P <
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0.003). (K and L) Chromosome-to-cortex distance over time (K) and at T = 5 min (L; control: 6.0 + 0.9 um; shPRC1: 4.2 + 0.5 um; shPRC1+GFP-PRCIL: 5.9 +
0.7 pum; P << 0.0001). (M and N) Relative chromosome distance to cortex over time (M) and at T = 5 min (N; control: 0.50 + 0.06; shPRC1: 0.63 + 0.04;

shPRC1+GFP-PRCIF: 0.50 + 0.06; P < 0.0001). n.s., not significant.

distinct differences between cell lines. Chromosomes in shPRC1
cells had segregated 20% further (14.5 + 1.4 um; Fig. 4 J) than
control cells by this time (11.9 + 1.5 pm; Fig. 4 J). This chromo-
some “hypersegregation” defect in shPRC1 cells was statistically
significant (P < 0.003, two-tailed t test). Expression of GFP-
PRCIF rescued this defect (12.1 + 1.5 um; Fig. 4 ], gray).

We examined the absolute distance between chromosomes
and the cell cortex (Fig. 4 K). Control and GFP-PRCl1 cells showed
a characteristic decrease in chromosome-to-cortex distance
from anaphase onset until ~5 min, followed by an increase
(Fig. 4 K, black and gray traces, respectively). This increase after
~5 min was not observed in shPRCI cells (Fig. 4 K, blue trace).
Compared with control cells, chromosomes in shPRCI cells were
positioned closer to the cortex by 5 min into anaphase (4.2 =
0.5 pm in shPRC1 cells and 6.0 + 0.9 um in control cells) and this
difference was significant (+SD; P << 0.0001; Fig. 4 L). The ex-
pression of GFP-PRCIFL rescued this defect (Fig. 4 L, gray). We
also determined the relative chromosome distance to the cortex,
defined as the distance between the chromosomes and the cor-
tex (Fig. 4 H, magenta line) divided by the distance between
the midplane and the cortex (Fig. 4 H, gray line). In control
and shPRC1+GFP-PRCIF cells, chromosomes segregated until
reaching ~50% of the distance between the midplane and the
distal cell cortex, while those in shPRC1 cells moved a larger
relative distance (Fig. 4, M and N).

Chromosome segregation is a combination of chromosome-
to-pole movement and spindle elongation. To determine how
loss of microtubule bundle formation in the spindle midzone
impacts these rates, we imaged hTERT-RPE1 cells expressing
GFP-Centrin and GFP-CENP-A (hereafter, control cells), which
mark spindle poles and kinetochores, respectively (Magidson
et al,, 2011; Fig. 5, A and B; and Video 6). We generated a cell
line from these cells that expresses shRNA to PRCI (hereafter,
shPRCI; Fig. 5, C and D; and Video 7). The efficiency of knock-
down was 80 + 8% (Fig. S4 A), and PRCI signal was absent or
below the level of detection in 85% of anaphase cells (n = 13 cells;
Fig. S4, B and C). Kymographs generated by drawing linescans
across the pole-to-pole axis showed that chromosomes in shPRC1
cells segregated without an increased incidence of lagging
chromosomes compared with control cells (Fig. 5, E and F),
similar to what we observed following PRCI knockdown in HeLa
cells (Fig. 4 F).

We examined kinetochore-to-pole distance over time using a
3D localization and tracking algorithm (see Materials and
methods). We were able to track kinetochore position from
anaphase onset through kinetochore release, identified by a
synchronous increase in kinetochore-to-pole distance (Fig. S4, D
and E). In control and shPRC1 cells, tracks of individual kine-
tochores revealed that anaphase onset occurs with a synchro-
nous decrease in kinetochore-to-pole distance (Fig. 5, G and H).
To determine the average rate of kinetochore-to-pole move-
ment, we focused on the T = 0.5-3 min time window when this
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rate is reported to be fastest (Su et al., 2016). We pooled the rates
for individual kinetochore tracks that had fits with R-squared
values 20.85 (Fig. 5 I). The average rate of kinetochore-to-pole
movement for control cells, -0.78 + 0.23 pm/min (n = 59 kine-
tochores), was not significantly different than that for PRC1
knockdown cells, -0.75 + 0.23 um/min (n = 111 kinetochores;
P>0.).

We also tracked the pole-to-pole distance as a function of
time (Fig. 5 J). The pole-to-pole distance began to increase im-
mediately after anaphase onset in control (Fig. 5 J, black traces)
and PRC1 knockdown (Fig. 5 J, red traces) cells. Traces for all
control and shPRCI cells are shown (n = 12 and 21 cells, respec-
tively). A plot of the change in anaphase spindle length
(ALength) as a function of time t highlighted differences in the
rate of pole separation (Fig. 5 K). ALength at each time point was
calculated as the pole-to-pole distance at time ¢t minus the pole-
to-pole distance at t = 0, assigned to the frame immediately prior
to that with detectable sister kinetochore separation. Maximum
pole separation velocities were observed 1-3 min after anaphase
onset in 94% of spindles (n = 33 cells). We therefore determined
the average pole-to-pole separation rates using data from this
time window (Fig. 5 L). Spindle elongation proceeded at an av-
erage rate of 0.98 + 0.31 pm/min in control cells (n = 11 cells).
Spindles in shPRC1 cells elongated ~50% faster, at 1.51 =
0.41 pm/min (n = 21 cells; P < 0.003).

Together, these data show that the increased rate of chro-
mosome separation observed in two human cell lines after PRC1
knockdown is due to an increase in pole separation speed, rather
than an increased rate of kinetochore-to-pole movement.

Mutations in PRC1 that reduce microtubule binding affinity
can form microtubule bundles but cannot rescue chromosome
hypersegregation defects

Previous structural studies of PRC1 have identified the amino
acids involved in contacting microtubules (Subramanian et al.,
2010; Kellogg et al., 2016). We generated two mutant constructs,
one with two point mutations (K387A and K3904) in the spec-
trin domain (GFP-PRCI*%) and one with a truncation of the
terminal 464-620 residues in the unstructured C-terminus
(GFP-PRCIAC), Based on in vitro characterization of similar
constructs, both constructs are likely to reduce microtubule
binding affinity while maintaining the ability to dimerize, a
prerequisite for microtubule cross-linking (Subramanian et al.,
2010, 2013). Unlike the point mutations in GFP-PRCI*4, the
truncation in GFP-PRCIA€ likely disrupts interaction with some
MAPs that interact with PRCI at the C-terminus (Jiang et al.,
1998; Neef et al., 2007).

We examined three shRNA-resistant constructs—full-
length GFP-PRC1 (GFP-PRCIF) and our two mutant constructs,
GFP-PRC1#% and GFP-PRCI*“—in the context of endogenous
protein knockdown. Western blot analysis of metaphase-
arrested cell lysates showed that the expression levels of the
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Figure 5. Defects in microtubule bundle assembly increase the rate of anaphase spindle elongation. (A-D) Live-cell imaging of centromere and spindle
pole position by spinning disk confocal microscopy. Example hTERT-RPE1 cells expressing GFP-CENP-A to label the kinetochores and GFP-Centrin to label the
centrosomes are shown. Select images from time series are shown. A control cell (A and B) and a cell expressing shRNA to PRC1 (shPRCI; C and D) are shown.
T = 0 was assigned to the frame immediately prior to that with detectable sister kinetochore separation. (A and C) Maximum-intensity projections (MIPs) show
select time points from a cell in anaphase. Time-lapse recordings are provided in Videos 6 and 7. (B and D) Single image planes show consecutive images (15-s
intervals) from the cells shown in A (B) or C (D). Selected kinetochore pairs are highlighted (orange and yellow circles). (E and F) Kymograph generated from
the time-lapse videos of the cell shown in A (E) or C (F). Horizontal scale bar, 3 um. Vertical scale bar, 2 min. (G and H) Analysis of normalized kinetochore-to-
pole (k-to-p) distance show individual kinetochores (thin lines) and average (bold line) traces from an example control cell (G) and an example shPRC1 cell (H).
Error bars are SD. (1) Box-and-whisker plots of kinetochore-to-pole velocity. Each point represents the velocity of a single kinetochore. Velocity was de-
termined by linear fit to kinetochore-to-pole distance versus time in the T = 0.5-3-min time window. Negative sign indicates direction of slope. Data were
pooled data from all experiments (n = 59 and 111 kinetochores for control and shPRC1 cells, respectively) and fit to a Gaussian. (J) Plots of pole-to-pole distance
versus time for control (n = 12 cells; black traces) and shPRC1 (n = 21 cells; red traces) cells. (K) Plot of relative pole separation distance (ALength), defined as
the pole-to-pole distance at time t (L;) minus the pole-to-pole distance at T = 0 (Ly). (L) Pole separation velocity for control and shPRC1 cells (***, P < 0.003).
Mean + SD.

GFP constructs were comparable to those of endogenous PRC1 PRC1 was high (shPRC1+GFP-PRCIF: 94 + 1%, n = 3;
in control cells (GFP-PRCIF: 69 + 44%, n = 3; GFP-PRC1*4:  shPRC1+GFP-PRC1#%: 93 + 3%, n = 4; Fig. S5 A). Knockdown
140 + 95%, n = 4), and knockdown efficiency of endogenous efficiency in shPRC1+GFP-PRC12€ cells could not be measured
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Figure 6. Mutations in PRC1 that reduce microtubule binding affinity can form microtubule bundles but cannot rescue chromosome hyper-
segregation defects. (A-C) Immunofluorescence analysis of Hela cells in anaphase. Single-channel images (maximum-intensity projections) and overlays
show DNA (blue), PRC1 (red), and tubulin (green). GFP fluorescence (maximum-intensity projection) is shown as reference (gray). Hela cells coexpressing
shRNA to endogenous PRC1 (shPRC1) and shRNA-resistant GFP-PRC1F- (A), GFP-PRC1* (B), or GFP-PRCIAC (C). Scale bar, 3 pum. (D) Analysis of the number
of PRC1-tagged microtubule bundles in cells with interchromosome distances between 12 and 16 um. Error bars are SD. (E-G) Analysis of PRCL signal in-
tensity in fixed cells. (E) PRC1 channel image from A showing position of linescan (yellow) used to measure PRC1 signal intensity along the pole-to-pole axis.
(F and G) Plots show example traces from cells expressing shRNA to PRC1 (shPRC1) and shRNA-resistant GFP-PRC1F (F) or GFP-PRCI* (G). Signal intensity
data were fit to a Gaussian (red traces) to determine the FWHM. Gaussian fits with R values >0.90 were retained for analysis. (H) Bar chart of average FWHM,
binned by interchromosome distances. Error bars are SD. (1) Histogram of the number of anaphase cells, binned by interchromosome distance. n = 53
(shPRC1+GFP-PRCIFY) and 28 (shPRC1+GFP-PRCI) cells.

to PRC1 knockdown alone (Fig. 4 D), and therefore we did not
examine them further. The average number of microtubule

because GFP-PRC14C ran to a similar position as the endoge-
nous PRC1 protein and could not be resolved by SDS-PAGE.

However, Western blots revealed a GFP-reactant band at the
expected size, indicating that the protein was expressed in
cells (Fig. S5 B). Immunofluorescence analysis of fixed cells
showed that the decoration of GFP-PRCIFL appeared similar to
that of endogenous PRCI in unmodified control cells (Fig. 6 A).
GFP-PRCI1#4 also decorated microtubules in the midzone in
anaphase cells (Fig. 6 B). We did not detect PRCI signal above
background on microtubules in any anaphase cells expressing
GFP-PRCI4€ in the context of endogenous protein knockdown
(Figs. 6 C and S5 B). These cells looked morphologically similar
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bundles in mid- to late anaphase spindles (chromosome segre-
gation distance 12-16 pm) was similar in both cell lines
(shPRC1+GFP-PRCIFL: 32 # 9; shPRC1+GFP-PRCI*A: 30 + 12; P >
0.04; Fig. 6 D). These data suggest that after knockdown of en-
dogenous PRCI, expression of either GFP-PRCIFL or GFP-PRCIAA
can rescue the assembly of microtubule bundles.

When comparing cells with equivalent chromosome segre-
gation distances, we observed that the decoration of GFP-PRCIAA
tended to be wider than that of GFP-PRCIFL on microtubules in
the midzone. To quantify this difference, we determined the full
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width at half-maximum (FWHM) signal in maximum-intensity
images of fixed cells by drawing linescans across the pole-to-
pole axis (see Materials and methods; Fig. 6 E). In each cell, we
also measured the interchromosome distance and used it to
separate the data into 4-pum bins (Fig. 6, F and G). The average
FWHM of PRC1 signal in shPRC1+GFP-PRCIFL cells decreased
with increasing interchromosome distance, indicating a reduc-
tion in the length of microtubule overlap (Fig. 6 H, gray). This
trend was not observed in cells expressing GFP-PRC1A4. Instead,
the FWHM measurement was similar for cells with different
interchromosome distances (Fig. 6 H, red), suggesting that mi-
crotubule overlap length did not decrease as chromosomes
separated. Based on the location of the mutations within the
microtubule-binding spectrin domain in the PRC1 homodimer
(Subramanian et al., 2010, 2013), we favor the possibility that
the mutations do not impact the specificity of PRCI antiparallel
cross-linking and that the decoration of GFP-PRCIA# does indeed
track the region of microtubule overlap in cells. However, fur-
ther studies will be needed (e.g., correlative light and electron
microscopy) to examine this.

We next examined the distribution of chromosome segrega-
tion distance in anaphase cells expressing shRNA to endogenous
PRCI and detectable GFP-PRCI™ or GFP-PRC14 (Fig. 6 I). Only a
small fraction (<9%) of anaphase cells expressing GFP-PRCIF"
were found to exhibit interchromosome distances >16 pm,
suggesting that this may be the upper limit to chromosome
segregation distance in this context (Fig. 6 I, gray). By contrast,
~39% of cells expressing GFP-PRCI** were observed with in-
terchromosome distances >16 pm, some up to 20 pm (Fig. 6 I,
red). This chromosome hypersegregation defect was similar to
that observed in PRCI knockdown cells alone (Fig. 4 D). To-
gether, these observations suggest that the reduction of micro-
tubule overlap length within bundles may be needed for the
midzone to act as a brake to properly restrict spindle elongation
and position chromosomes within daughter cells.

Discussion

Our data show that microtubule bundle assembly is required to
restrict chromosome segregation during anaphase. We find that
the region of microtubule overlap marked by GFP-PRC1 de-
creases in length as chromosomes segregate, while the in-
terbundle spacing does not. Impairing microtubule bundle
assembly by knockdown of PRCI results in increased distance
and rate of chromosome segregation largely due to an increase in
spindle elongation rate. Cells expressing a mutant PRC1 with
reduced microtubule affinity assemble microtubule bundles that
have unusually long regions of GFP-tagged mutant PRC1 and
cannot rescue chromosome hypersegregation defects. Together,
these data suggest an unexpected requirement for the reduction
in overlap length within microtubule bundles to restrict chro-
mosome movement and properly position chromosomes within
daughter cells.

Why would the reduction in microtubule overlap length
within bundles be important for the midzone to function
as a brake? In vitro, PRCI forms a complex with Kif4, and to-
gether these proteins can function in two ways: to suppress
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microtubule plus end dynamics and to slide microtubules apart
(Bieling et al., 2010; Wijeratne and Subramanian, 2018). One
study, which used microtubule minus ends anchored to the as-
say chamber, showed that PRC1/Kif4 can regulate microtubule
overlaps through Kif4-dependent capping of filament plus ends
(Bieling et al., 2010). A study that used unanchored, nondynamic
microtubules showed that PRC1-Kif4 complexes can also slide
antiparallel microtubules apart (Wijeratne and Subramanian,
2018). In this assay, the density of both PRCI and Kif4 in the
region of antiparallel overlap increased as microtubules slid
apart. Kif4-mediated sliding stalled before the microtubules
completely slid apart, likely due to molecular crowding that
inhibits motor stepping (Leduc et al., 2012; Wijeratne and
Subramanian, 2018). We propose that these crowded PRCI-
Kif4 complexes may not just stall but also resist relative fila-
ment sliding.

At this stage, we cannot exclude the possibility that PRCI
itself acts as a brake, as has been proposed for Asel, the budding
yeast homologue. We do not favor this possibility for the fol-
lowing reasons. First, our FRAP experiments reveal that the
turnover of PRCI in the midzone of early anaphase spindles is
relatively fast, ~10x faster than that of GFP-Asel in the budding
yeast midzone (Schuyler et al., 2003). In vitro experiments have
shown that Asel accumulates in overlap regions as a direct result
of the reduction in overlap length and resists further filament
movement due to entropic forces (Lansky et al., 2015). This
mechanism of force generation requires a long residence time of
protein cross-links. Given the relatively fast rate of PRCI turn-
over during early stages of anaphase, when overlap length is
decreasing and chromosomes are segregating, it is unlikely that
such entropic forces could be generated. However, at later
stages, as PRCl and several other proteins accumulate, the
turnover may be slower and such entropic forces may become
more important. Second, optical trap measurements of the
force-velocity relationship show that single human PRCI bound
to a microtubule can generate frictional forces, but the relative
magnitude of these forces are low and therefore not likely to be
sufficient to resist motor proteins, particularly at relatively slow
velocities (<0.1 pN at 1 pm/min sliding velocity; Forth et al.,
2014). Third, unlike Asel, which increases in density in over-
lap regions as filaments slide apart (Braun et al., 2011; Lansky
et al., 2015), human PRCI alone does not (Subramanian et al.,
2010). However, the range of PRC1 concentrations that have
been examined in vitro is narrow, and the possibility remains
that at high soluble PRCI concentration, different interaction
modes, including those that involve PRC1-PRCI binding, may be
possible.

Other candidate proteins that can contribute to the brake-like
function of the spindle midzone microtubules are Mklpl (a ki-
nesin-6) and kinesin-5. PRCI interactions with centralspindlin
(a 2:2 complex of Mklpl and RacGap) are required to maintain
the mechanical resilience of the central spindle in C. elegans (Lee
et al., 2015). Consistent with this, knockdown of Mklpl disrupts
the stability of microtubules in the spindle midzone, and thus
deciphering its role in relative filament sliding during anaphase
has been challenging (Vukusi¢ et al., 2017). In the case of
kinesin-5, there are conflicting data. Experiments using porcine
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cells suggest that kinesin-5 activity restricts spindle elongation
(Collins et al., 2014), while a more recent report using cultured
human cells indicated that kinesin-5 does not impact sliding
rates in early anaphase (Vukusi¢ et al., 2017). Within the met-
aphase spindle, the extent of microtubule overlap near the
spindle equator is likely high, as suggested by PRCI immuno-
fluorescence, electron microscopy studies, and our examina-
tion of GFP-PRCI signal in live cells at the start of anaphase
(McIntosh and Landsis, 1971; Mastronarde et al., 1993; Jiang et al.,
1998; Mollinari et al., 2002). As cells transition to anaphase, the
relative sliding of the filaments associated with poleward flux
(Mitchison, 1989) reduces and nearly stops (Zhai et al., 1995;
Ganem et al., 2005). Our near-simultaneous GFP-EB1 and Halo-
PRC1 imaging support a model in which the dynamics of mi-
crotubule plus ends within bundles are suppressed in anaphase
of mammalian cells. Therefore, kinesin-5 inhibition effects may
be revealed only if the initial phase of relative sliding is blocked.
Photo-switchable chemical probes (Sadakane et al., 2018) or
similar faster-acting inhibition strategies are needed to properly
dissect the role of kinesin-5 in anaphase microtubule sliding. In
vitro, ensembles of kinesin-5 can resist filament sliding, and the
magnitude of this resistance scales with the number of motors
and length of microtubule overlap (Shimamoto et al., 2015). Our
data show that cells with longer microtubule overlaps exhibit
chromosome hypersegregation, suggesting that increasing the
length of microtubule overlap is not sufficient to restrict chro-
mosome segregation speed. Therefore, at this stage, we favor the
idea that kinesin-5 is not the primary molecule responsible for
the midzone brake.

Our LLSM data show that microtubule bundles and dynamic
microtubules coexist within the spindle midzone. Once ana-
phase starts, the dynamic organization of each of these two
populations are largely independent of each other. Remarkably,
while the length of microtubule overlap within bundles de-
creases as chromosomes separate, the spacing between neigh-
boring microtubule bundles (i.e., interbundle) remains nearly
constant. This is distinct from the spacing between overlapping
filaments within bundles (i.e., intrabundle), which our imaging
approach does not have sufficient resolution to analyze. Main-
taining this interbundle spacing under compression or exten-
sion likely involves anchoring of microtubules near minus ends
by microtubule cross-linking proteins (e.g., NuMA [Elting et al.,
2017] or ASPM [Jiang et al., 2017]) or proteins that can bind
chromatin and microtubules (e.g., chromokinesins; Wang and
Adler, 1995). The chromosomes themselves may serve as phys-
ical spacers that prevent interactions between bundles, allowing
only the occasional fusion events (one event/10 s) that we ob-
serve. The number of bundles in early anaphase is likely es-
tablished by the chromosomes and kinetochore fibers (Polak
et al., 2017), but new bundles do emerge, reflected in our data
as a moderate increase in the number of PRCI-tagged microtu-
bule bundles. The formation of these new microtubule bundles
may depend on centrosome-independent pathways or the cross-
linking and subsequent stabilization of dynamic microtubules,
which our findings reveal are distributed between these bun-
dles. The addition of new bundles while maintaining a con-
stant interbundle spacing would allow the midzone to retain
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proximity to the cell cortex before furrow ingression and
thereby contribute to the positioning of the cell division plane
(Suetal., 2014). Approaches to specifically inhibit the formation
of these additional bundles or modify their relative spacing will
be needed to dissect the functional importance of these assembly
and fusion dynamics.

Bundled microtubules in the spindle midzone can function to
generate pushing forces or act as brakes (Aist and Berns, 1981;
Leslie and Pickett-Heaps, 1983; Grill et al., 2001). We posit that in
human cells, mechanisms responsible for these activities may
coexist, and transitions between modes of function can be
readily achieved. In early anaphase, microtubule bundles can
contribute to the segregation of chromosomes (Vukusié et al.,
2017), but as anaphase progresses, posttranslational mod-
ifications would dissociate some molecules and recruit others.
Microtubule bundles are recurring motifs across diverse eu-
karyotes, including in the centrosome-free spindles of oocytes
and in the phragmoplast of plant cells. Similar switching be-
tween pushing and braking forces may play critical roles in
achieving the self-organization of these micrometer-scale
structures and for their essential cellular functions.

Materials and methods

Cell lines used for LLSM imaging

Stable hTERT-RPEL1 cells (RRID: CVCL_4388) expressing GFP-
PRC1 were generated by retroviral transduction as described
previously (Subramanian et al., 2013). Stable HeLa T-REx Flp-in
cells expressing Halo-PRC1 were generated following standard
vendor protocol (Invitrogen). The HaloTag sequence (Promega)
was introduced at the N-terminus of human PRC1 isoform II
coding sequence (NCBI accession no. NM_199413). The construct
was cloned into the pCDNA5/FRT/TO (Invitrogen) expression
plasmid. Expression of Halo-PRC1 was induced by adding
2 pg/ml tetracycline (Thermo Fisher Scientific) into the medium
48 h before imaging. Cells were incubated with 50 nM JF549 for
45 min before imaging. Stable hTERT-RPEI cells expressing GFP-
EB1 and Halo-PRC1 were generated by retroviral transduction
following a protocol similar to that described in Subramanian
et al.,, 2013.

Cell lines used for PRC1 knockdown and confocal imaging

To allow for tetracycline-inducible expression of the shRNA
construct in hTERT-RPEI1 cells, we first cloned the tetracycline
repressor sequence into the pMSCVblast expression vector. We
generated cells constitutively expressing the tet repressor pro-
tein via retroviral transduction. The plasmid was first trans-
fected into Ampho-293 cells for retrovirus production. The
medium was then harvested and added directly to hTERT-RPE1
cells in the presence of 4 pg/ml polybrene after filtering through
a 0.45-pm filter. Blasticidin (InvivoGen) was used to select for
cells that had stably incorporated the construct into the
genomic DNA.

We selected the shRNA target sequence in PRCI (5'-GTGATT
GAGGCAATTCGAG-3'), which had been previously shown
to suppress PRCI in cells (Voets et al., 2015). We generated
double-stranded oligomers encoding sense and antisense target
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sequence separated by a 9-bp hairpin sequence. The oligomers
were cloned into the pSuperior.retro.puro (Oligoengine) back-
bone between the BglIl and HindlIII restriction sites. To generate
HeLa and RPEI1 cells with tetracycline-inducible control of PRC1
shRNA expression, we introduced the shRNA construct by ret-
roviral transduction into the appropriate cell lines as described
above. Puromycin (Sigma-Aldrich) was used to to select for cells
that had stably incorporated the construct into the genomic
DNA. To induce shRNA expression, 2 pg/ml tetracycline was
added 72 h before imaging. The medium was replaced with fresh
tetracycline once 24 h before imaging.

We generated an shRNA-resistant PRC1 construct by intro-
ducing three silent mutations into the coding sequence for hu-
man PRCI isoform I (NCBI accession no. NM_003981.3; A888C,
T891A, and A894G, noted as bold letters in the target sequence
above). We introduced a GFP tag at the N-terminus of PRC1
coding sequence and cloned this construct into the pCDNA5/FRT
expression plasmid (Invitrogen). To generate Hela cells con-
stitutively expressing shRNA-resistant GFP-PRCl, we trans-
fected the construct into HeLa T-REx Flp-in cells that had
already stably incorporated the PRC1 shRNA construct following
standard vendor protocol (Invitrogen). Hygromycin B (In-
vitrogen) was used to select for cells that had stably incorporated
the construct into the engineered Flp-in site.

Tissue culture

HeLa T-Rex Flp-in cells were cultured in DMEM (Gibco) sup-
plemented with 10% FBS (Sigma-Aldrich) and 2 mM r-glutamine
(Gibco) and incubated in 5% CO, at 37°C. hTERT-RPEI cells were
cultured in DMEM/F-12 GlutaMAX (Gibco) supplemented with
10% FBS (Sigma-Aldrich) and incubated in 5% CO, at 37°C.

Immunological methods

Cells were grown on 12-mm-diameter glass coverslips for 2 d
before fixation. Cells were fixed in a buffer containing formal-
dehyde (100 mM Pipes, 1 mM MgCl,, 10 mM EGTA, 0.2% Triton
X-100, and 4% formaldehyde, pH 6.8) prewarmed to 37°C for
20 min. Cells were blocked in 1x PHEM (60 mM K-Pipes, 25 mM
Hepes, 10 mM EGTA, and 4 mM MgSO,, pH 6.9) plus 2% BSA for
2 h at room temperature or overnight at 4°C. Coverslips were
then incubated with anti-PRC1 antibody (raised against PRCI [aa
341-466] in rabbit, affinity purified, and used at 0.5 ug/ml)
overnight at 4°C. After three washes with 1x PHEM for 5 min at
room temperature, the coverslips were incubated for 2 h at room
temperature with FITC-conjugated mouse anti-tubulin mono-
clonal antibody (F2168; 1:1,000 dilution; Sigma-Aldrich). After
three washes, coverslips were incubated in donkey anti-rabbit
Texas red-conjugated secondary antibody (1:1,000 dilution;
Jackson Immunoresearch) in 1x PHEM plus 6% donkey serum.
After three washes, DNA was stained with 1 pm/ml DAPI for
10 min at room temperature, mounted (20 mM Tris-HCI, pH 8,
0.5% propyl gallate, and 90% glycerol), and sealed with nail
polish.

For Western blot analysis, the anti-PRCI antibody was used at
0.5 pg/ml, and monoclonal anti-a-tubulin antibody was used at
1:1,000 dilution (T6199; Sigma-Aldrich). Dye-conjugated second-
ary antibodies raised in donkey were purchased from LI-COR.
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Fixed cell analysis

Images of fixed cells were acquired as z stacks with 200-nm
spacing using a 100x, 1.35 NA objective on a DeltaVision Image
Restoration Microscope (Applied Precision Instruments and
Olympus). The immunofluorescence micrographs were pro-
cessed by iterative constrained deconvolution (SoftWoRx; Ap-
plied Precision Instruments). Maximum-intensity projections
were converted to tiff files, and linescans were generated using
Fiji software (Schindelin et al., 2012).

Live-cell imaging using LLSM

Cells were cultured on 5-mm-diameter coverslips (64-0700;
Warner Instruments). hTERT-RPEI cells were maintained in
standard culture medium (1:1 DMEM/F-12 GlutaMAX [Gibco]
supplemented with 10% [vol/vol] FBS [Sigma-Aldrich]) at 37°C.
Hela cells were maintained in standard culture medium (DMEM
[Gibco] supplemented with 10% [vol/vol] FBS [Signma-Aldrich]
and 2 mM r-glutamine [Gibco]) at 37°C. hTERT-RPEI cells ex-
pressing GFP-PRC1 were incubated in 500 nM SiR-DNA in
standard culture medium for 30-60 min before imaging.
hTERT-RPEI cells expressing GFP-EBI and Halo-PRC1 and HeLa
T-REx Flp-In cells expressing Halo-PRC1 were incubated in 50
nM JF-646 in standard culture medium for 30-60 min before
imaging. Images were collected on a custom-built instrument
located at the Advanced Imaging Center at Janelia Research
Campus, similar to the one described in Chen et al. (2014). The
microscope was controlled by custom-made software (LabView).
3D lattice light-sheet imaging was performed using an annular
mask of outer NA equal to 0.55 and inner NA equal to 0.44.
Images were acquired using an sCMOS camera (Orca Flash 4.0
v2; Hamamatsuy). Cells were imaged in Leibovitz’s L-15 medium
(Gibco), without phenol red, supplemented with 10% FBS
(Sigma-Aldrich) and 2 mM r-glutamine (Gibco) at 37°C. Dividing
cells were selected, and the exposure time for each channel was
adjusted to optimize the signal-to-noise ratio and ranged from 10
to 40 ms. Cells were excited sequentially using a 488-nm laser to
visualize either GFP-PRCI or GFP-EBI and a 642-nm laser to
visualize either chromosomes or Halo-PRCI. For dual GFP-PRC1
and chromosome imaging in hTERT-RPEI cells or for Halo-PRC1
imaging in HeLa cells, 3D stacks consisting of 101 optical sections
spaced 300 nm apart were captured in each channel at rates up
to 20 cell volumes/min. For dual GFP-EBl1 and Halo-PRC1
imaging in hTERT-RPEI1 cells, 3D stacks consisting of 58 optical
sections spaced 350 nm apart were captured in each channel at
rates up to 60 cell volumes/min.

Live-cell imaging using spinning disk confocal
Cells were cultured on 22-mm square coverslips and mounted in
a custom Rose chamber or grown on 35-mm glass-bottomed
plates. Cells were imaged in Leibovitz’s L-15 medium (Gibco)
supplemented with 10% FBS and 2 mM L-glutamine at 35-37°C.
Confocal GFP fluorescence micrographs of hTERT-RPEI cells
expressing GFP-Centrin/GFP-CENP-A were acquired using a
Nikon TE2000 microscope (Morrell Instruments) with a 100x
oil objective (PlanApo, 1.4 NA) equipped with a z piezo stage.
With 0.4-pm spacing between z planes, micrographs were taken
through the entire cell with a PerkinElmer Wallac UltraView
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confocal head and 488-nm excitation laser (Coherent). Images
were acquired with an sCMOS Prime95B camera (Photometrics)
using NIS-Elements software (Nikon).

Confocal fluorescence and differential interference con-
trast micrographs were acquired using an Inverted Axiovert
200 microscope (Zeiss/Perkin-Elmer) with a 100x oil objec-
tive (PlanApo, 1.4 NA). Images consisting of single z planes
were taken with a PerkinElmer Wallac UltraView confocal
head using solid-state 491-nm and/or 644-nm lasers for ex-
citation (Spectral Applied). Images were acquired with an
EMCCD iXon camera (Andor) using Metamorph software
(MDS Analytical Technologies).

FRAP

FRAP experiments were performed on an inverted Axiovert 200
equipped with a spinning disk confocal head (UltraView; Perkin-
Elmer). hTERT-RPE1 cells expressing GFP-PRC1 were excited
with a 491-nm solid state laser (Spectral Applied) and imaged
with an NA 1.49 oil immersion 100x objective lens. Images were
acquired using an EMCCD camera (iXon; Andor). The regions of
interest covering bleached areas were defined with a micro-
mirror array system (Mosaic Digital Diaphragm System; Pho-
tonics). Bleaching was performed with a 2-3-s pulse, and
recovered fluorescence was collected every 3 s with a 200-300-
ms exposure time. Fluorescence recovery, R(t), was normalized
and fitted to the following equation to determine the recovery
constant k: R(f) = A x [1 - exp(-k x t)], where A is a constant.
Fitting was performed in MATLAB (2018a). All acquisition pa-
rameters were controlled with MetaMorph software.

Data analysis on LLSM images

After image acquisition, several processing steps were necessary
before quantitative analyses could be performed. First, due to
the geometry of the excitation/emission objective pair, the raw
image data were deskewed to obtain image stacks in the refer-
ence frame of the cell. Data were then deconvolved using a
Richardson-Lucy algorithm and the system’s point-spread
function, measured in independent experiments using 100-
nm-diameter fluorescent beads. We next compensated for
spindle rotation and translation within the imaging window by
applying a rigid transform using MATLAB’s imregtform func-
tion (MATLAB 2018a). This transform was defined and applied
between subsequent frames in the PRC1 channel and then ap-
plied to each DNA-channel frame. We then translated and ro-
tated the data such that the long axis of the spindle was aligned
to the x axis and centered in the image window.

To describe the geometry of single microtubule bundles in 3D,
LLSM datasets were first denoised using a third-party bandpass
function in MATLAB (Crocker and Grier, 1996). Next, a water-
shed routine (Hodneland et al., 2013) was applied to segment
individual bundles and object geometry was extracted using
MATLAB's regionprops3 function. The midzone was defined as a
region centered between spindle poles that spanned a total of 60
pixels (~6.2 pm) in length along the xy plane, with a height en-
compassing the full diameter of the spindle (100 pixels or
10.4 um). Bundles with a center of mass inside the 60 x 100-pixel
box defining the midzone were analyzed.
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To analyze the number of GFP-PRCl-tagged microtubule bun-
dles at the spindle midplane, datasets were processed using Image]'s
Classic Watershed plugin (Legland et al., 2016). The minimum value
was set to O and the maximum value to one less than the maximum
value in the given frame. The total number of microtubule bundles
in each frame was determined as the total number of particles
identified in the watershed analysis, counted using Image]'s Analyze
Particles command. To determine the nearest-neighbor distance
between EBI1-GFP and/or Halo-PRC1 spots at the spindle midplane,
the position of individual spots was first identified using TrackMate
(Tinevez et al., 2017). An estimated object diameter of 1 um and a
threshold of 200-2,000 was used, determined for each movie based
on maximum intensity values. Typically a value between Y and Z
was used. The 2D distance between each spot and all other spots
was computed in MATLAB.

3D EB1 and CENP-A tracking
Aligned EB1 and CENP-A datasets were processed in three se-
quential steps using the Diatrack software package (Vallotton
et al,, 2017). First, images were background subtracted and
Gaussian filtered with a sigma of 1 pixel to reduce image noise.
Second, local maxima were detected and localized using a 3D
Gaussian fitting routine. FWHMs of 1 and 2 pixels were used for
localizing EB1 comets and CENP-A, respectively; localizations
were intensity-filtered, with an intensity cutoff that depended
on Ebl and CENP-A expression levels. Typically, cutoff intensi-
ties ranged from 200 to 500 analog-to-digital units. Finally, lo-
calized peaks were tracked; peaks belonged to the same track if
they appeared in sequential frames and moved within a radius of
5 and 10 pixels for Ebl and CenpA, respectively. Search radii
varied by up to three pixels per dataset, depending on the
temporal resolution and localization density.

EBI tracks were processed as previously described (Yamashita
et al., 2015). Briefly, tracks longer than three frames, with a
straightness factor defined as the ratio of displacement to length
S > 0.6, were conserved. EB1 speeds were computed using these
processed tracks, where all postprocessing analyses were
performed using custom-written scripts in MATLAB (2018a).
Cenp-A tracks consisting of <30 frames were discarded. Each
track was paired with the nearest cell pole using MATLAB’s
knnsearch function, and kinetochore-to-pole distances were
computed over time.

Quantification and statistical analysis

Data presented in the text are expressed as the mean + SD.
Statistical significance was determined using two-sample un-
equal variance t test with two-tailed distribution. Replicates,
number of quantified microtubules, and statistical results are
indicated in figure legends for the respective experiments.

Online supplemental material

Fig. S1 shows analysis of PRC1 localization in hTERT-RPEI1 cells.
Fig. S2 shows analysis of GFP-EB1 and Halo-PRCI in dividing
cells. Figs. S3 and S4 show Western blot and immunofluores-
cence analysis of cells expressing shRNA to PRCI in HeLa and
hTERT-RPE1 cells, respectively. Fig. S5 shows Western blot
analysis of HeLa cells expressing shRNA to PRCI and shRNA-
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resistant GFP-tagged PRC1 constructs. Video 1 shows a time-
lapse recording of GFP-PRC1 and chromosomes in a dividing
cell. Videos 2 and 3 show time-lapse recordings of Halo-PRC1 and
GFP-EBI in a dividing cell. Videos 4 and 5 show time-lapse re-
cordings of HeLa cells expressing shRNA to PRCI. Videos 6 and 7
show time-lapse recordings of hTERT-RPEI cells expressing
GFP-CENP-A and GFP-Centrin.
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