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ABSTRACT

During mitosis the spindle undergoes considerable morphological and dynamic changes.
Particularly the central spindle reorganizes drastically at the onset of anaphase when the
antiparallel microtubule bundler PRC1 starts to accumulate and recruit a subset of spindle
proteins to the midzone. Little is known about how the dynamic properties of the central
spindle change during its morphological changes in human cells. Using CRISPR/Cas9 gene
editing, we generated human RPE1l cells that express from their endogenous locus
fluorescently tagged versions of the two cytoskeletal network hub proteins PRC1 and the end
binding protein EB1 to be able to quantify their spindle distribution and binding/unbinding
turnover under native conditions. We find that throughout mitosis EB1 binds central spindle
microtubule bundles in a PRC1-dependent manner using a binding mode different from EB1
at growing microtubule ends. Both proteins, PRC1 and EB1, progressively accumulate and
bind increasingly strongly to compacting central antiparallel microtubule overlaps. These
results show that the central spindle gradually 'solidifies' during mitosis, suggesting that the
two protein interaction networks around PRC1 and EB1 cooperate to stabilize the shortening
central spindle, explaining the importance of both proteins for correct chromosome
segregation and cytokinesis.
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INTRODUCTION

During cell division, the mitotic spindle that is responsible for segregating the two sets of
chromosomes to the new daughter cells, undergoes dramatic morphological changes. During
anaphase which lasts ~ 10 min in animal cells, chromosomes are pulled to the spindle poles,
while the spindle dynamically reorganises and elongates'. At the same time, microtubules
that constitute major elements of the spindle become more stable, with their average lifetimes
decreasing from ~ 20 s in metaphase to several minutes in anaphase and telophase®.
Concomitantly, the spindle concentrates antiparallel microtubule overlaps in its centre, a
region also called the midzone, that is critically important for spindle stability and function,
as well as for intracellular signalling events ensuring correct cytokinesis” 8. The molecular
mechanisms underlying the changes of spindle morphology and internal spindle dynamics
are, however, only poorly understood.

The mirror-symmetric structure of the spindle is enforced by antiparallel microtubule
overlaps stabilised by microtubule-crosslinking proteins. PRC1 (Protein Regulator of
Cytokinesis 1) is an evolutionary conserved crosslinker that specifically connects
microtubules in an antiparallel configuration®*!. In metaphase, PRC1 localises to "bridging
fibres" which are mixed polarity microtubule bundles connecting opposing sister kinetochore
fibres' 3. As the spindle reorganises in anaphase as a consequence of the decreasing activity
of Cdk1/cyclin B kinase, PRC1 is dephosphorylated and concentrates at the forming spindle
midzone™?#. PRC1 also recruits several other midzone proteins, including kinesins, kinases
and signalling proteins”®?. Together they stabilize the central antiparallel microtubule
overlaps which have alength of ~ 2 um in animal cells'® "% ?’_However, little quantitative
information exists about how PRCL1 redistributes in the spindle over the entire duration of
mitosis, particularly under conditions of non-overexpressed protein. Whereas the dynamic
properties of the conserved PRC1 homolog Asel have been investigated in budding yeast
spindles®, much less is known about its binding/unbinding turnover on microtubules during
different stages of mitosis in animal cells*, limiting our understanding of the structure and
dynamic properties of the spindle during its reorganization in mitosis.

Another important cellular recruitment factor for the microtubule cytoskeleton is the
end binding protein EB1% %. EB1 family members (EBs) track growing microtubule plus
ends dynamically, with their N-terminal calponin homology domain binding preferentially to
the growing part of microtubules where the GTP cap is*>*°. Their C-terminal EB homology
(EBH) domain recruits binding partners that either contain a CAP-Gly domain or a linear
sequence motifs such as a SxIP motif * %, Interestingly, some EB1 interactors are also
known interaction partners of PRC1%* EB1 end tracking is a very dynamic process with
characteristic single molecule dwell times being in the range of hundreds of milliseconds® 3*
3, EB1 proteins are often used as ectopically expressed fluorescent microtubule end markers
in living cells® *%. The localization pattern of EB1 in mitotic spindles is however not clear.
Depending on the studied cell type and the method of visualization, EBs were reported to

either exclusively track growing microtubule ends'” *> ***! or to localize also to central
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microtubule bundles in both metaphase and anaphase®® °>*°. This localization to the central
anaphase spindle could be a reflection of reports of end binding proteins playing a role in
promoting correct cytokinesis® *" %,

Here, we examined the distribution and the dynamic properties of PRC1 and EB1 in
spindles of diploid human cells during mitosis. To alow measurements under close-to-native
conditions, we engineered RPE1 cells using CRISPR/Cas9 gene-editing technology to
express fluorescently tagged PRC1 and EB1 from their endogenous genetic loci. We
quantified the redistribution of PRC1, imaging the transformation of bridging fibres in
metaphase to central midzone bundles in anaphase and telophase. We found that PRC1
turnover slowed down dramatically, as microtubule overlaps compacted. We also found that
EB1 bound to the central spindle in a PRC1-dependent manner, provided that it can interact
with its binding partners. This binding mode differs from its microtubule end tracking mode
as EB1 displays also strongly reduced binding/unbinding turnover in the compacting central
spindle. These results suggest, that the protein interaction networks of both hub proteins
PRC1 and EB1 are interlinked in mitosis and both contribute to solidify the central spindle as
mitosis proceeds.

RESULTS

Antiparallel microtubule overlaps marked by PRC1 shorten during mitosis as the
spindle elongates

To be able to monitor central spindle characteristics during mitosis using fluorescently
labelled PRC1 expressed a naturd levels, we gene-edited hTERT-RPEL cells using
CRISPR/Cas9 technology to insert amonomeric GFP (mGFP) gene at the 5' end of the PRC1
gene. Genotypic analysis of single cell clones showed that the mGFP gene was inserted at the
correct genomic locus (Suppl. Fig. 1A) and that both PRCL alleles were modified (Suppl.
Fig. 1B). Consequently, all expressed PRC1 molecules, including different splice isoforms,
carry a N-terminal mGFP tag in these cells. The clone that expressed the most similar level of
fluorescently tagged PRC1 compared to untagged PRCL1 in control cells (Suppl. Fig. 1C) was
selected for further studies (Suppl. Table 1).

We first imaged mGFP-PRC1 expressed from its endogenous locus in gene-edited
cells over the time course of mitosis in the presence of the DNA marker Hoechst. To
synchronise the cells, they were arrested before mitosis at the G1/S transition by the addition
of thymidine and then released by thymidine removal. As soon as the nuclear envelope broke
down, indicative of the beginning of prophase, PRC1 started to localize to the spindle (Fig.
1A, Suppl. Movie 1). During metaphase when chromosomes were aligned in the spindle
centre, PRC1 localized evenly to microtubule bundles throughout the entire spindle, as noted
previously by immunostaining PRC1 in fixed cells™ * *° or by visualising over-expressed
GFP-tagged PRC1 in bridging fibres of metaphase spindles in live cells ** ™. Over the time
course of anaphase when chromosomes were segregating, PRC1 became more confined to
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the central spindle where it selectively accumulated (Fig. 1A, Suppl. Movie 1), as observed
previously using either immunostaining or overexpressing fluorescently labelled PRC1**% %
%’ In telophase, PRC1 strongly accumulated at the midbody (Fig. 1A, Suppl. Movie 1), as
expected® %,

Individual kymographs (space-time plots) generated along the pole-to-pole axis of the
spindle and an average kymograph generated from 17 individual spindlesillustrate the strong
accumulation of PRC1 in the spindle centre during anaphase (Fig. 1B, Suppl. Fig. 2A).
mMGFP-PRC1 and DNA intensity profiles obtained from the average kymographs show that
after chromosomes started to separate, the PRC1 profile transformed from a roughly
Gaussian distribution in metaphase to a distribution with one central peak and two lower
shoulders or side peaks (Fig. 1C, Suppl. Fig. 2B). The central PRC1 peak represents the
midzone with antiparallel microtubules, whereas the side peaks likely represent spindle
regions with mostly parallel microtubules to which PRC1 binds only weakly. Fitting these
anaphase profiles using a sum of three Gaussians allowed us to extract the time evolution of
both the overall spindle length and the central antiparallel overlap length (Fig. 1D, Methods).

During the first ~ 5 min of anaphase, spindles in these RPEL cells extended from an
initial length of ~ 8 wm roughly at the same rate as chromosomes separated up to a maximum
length of 20 um (Fig. 1D). After the start of cytokinetic furrow ingression (at ~ 4 min of
anaphase, not shown) the chromosomes continued to separate more slowly while spindle
length did not change anymore. The central antiparallel microtubule overlaps shortened
initially fast (although their exact length could not be reliably extracted from our fits until ~ 3
min of anaphase) and then slowly approached a final length of ~ 1.7 um (full width at half
maximum FWHM) (Fig. 1D), in agreement with previous measurements in Hela and RPE1
cells using overexpressed fluorescently tagged PRC1. The density of the PRC1 molecules
in the midzone increased strongly after about 3 min of anaphase as indicated by a strong
increase of the central peak intensity of the PRC1 profile (Fig. 1D), as observed previously
for overexpressed PRC1'® ?’. These results indicate that the PRC1 binding strength to the
central midzone increases over time of anaphase. Taken together, our data demonstrate that in
cells with natural PRC1 expression levels, the length of antiparallel microtubule overlaps
continuously decreases towards a final end length in the micrometer range as PRC1 becomes
more and more concentrated in the spindle midzone.

PRC1 turnover decreases asthe central spindle compacts

Recently the binding/unbinding turnover of ectopically expressed GFP-PRCL1 in an anaphase
RPE1 cell was found to be slow, with a fluorescence recovery time after photobleaching
(FRAP) of several tens of seconds’. To determine how the dynamics of PRC1 binding to the
central spindle develops during mitosis, we performed FRAP experiments using gene-edited
RPE1 cells expressing mGFP-PRC1 from its endogenous locus at different mitotic stages
(Fig. 2A). Average intensity profiles of mGFP-PRC1 and Hoechst-stained DNA, visualizing
the extent of midzone compaction and chromosome pasition, respectively (Fig. 2B), together
with the corresponding average mGFP-PRC1 fluorescence recovery curves at the different
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stages of mitosis were generated from at least 15 individual bleached spindles per condition
(Fig. 2C). We observed that the recovery time decreased continuously during the course of
mitosis, with valuesof 6.1 +£0.2s,11+0.6s,11+0.4 s, 44 + 3sand 124 + 20 smeasured in
metaphase, early anaphase, mid-anaphase, |ate anaphase and telophase, respectively (Fig. 2D,
E, Suppl. Movie 2). A similar trend was observed previously for the PRC1 orthologue Asel
in budding yeast spindles 2. These results demonstrate that the binding/unbinding turnover of
PRC1 slows down the more PRC1 concentrates and accumulates at the central spindle region,
indicative of a gradual solidification of the central part of the spindle as mitosis proceeds
until hardly any PRC1 turnover is measurable at the midbody in telophase.

Endogenous mGFP-EB1 colocalizeswith PRC1 to the central spindle
To investigate the morphology of the central spindle and simultaneously the growth
dynamics of microtubules during mitosis, we generated hTERT-RPEL cell lines in which
both PRC1 and EB1 were fluorescently tagged at their endogenous locus using CRISPR/Cas9
gene editing. We first generated a cell line with a mGFP gene inserted at the 5-end of the
EB1 gene, and then additionally inserted a mCherry gene at the 5-end of the PRC1 gene.
Genotypic analysis of single cell clones showed that mGFP and mCherry genes were inserted
at the correct genomic locus (Suppl. Fig. 3A, 3D) and that both EB1 and PRC1 alleles were
modified (Suppl. Fig. 3B, 3E). Western blot anaysis showed that mGFP-EB1 was about
twofold less abundant than untagged EB1 in control RPE1 cells (Suppl. Fig. 3C). As
observed for our mGFP-PRC1 cells, mCherry-PRC1 expressed at similar levels compared to
untagged PRC1 in unmodified control cells (Suppl. Fig. 3F). One cell line simultaneously
expressing mGFP-EB1 and mCherry-PRC1 was selected for further studies (Suppl. Table 1).
N-terminally mGFP-tagged EB1 expressed from its endogenous locus tracked
growing microtubule plus ends in interphase and mitosis (Suppl. Movie 3, Fig. 3A, B), as
observed previously for over-expressed N-terminally tagged EB3* or C-terminally tagged
EB1%. When we simultaneously imaged mGFP-EB1 and mCherry-PRC1 at different stages
of mitosis, we noticed that the overall distribution of EB1 in the spindle was surprisingly
similar to that of PRC1 (Fig. 3C, Suppl. Movie 4). Whereas EB1 localized more evenly
throughout the spindle during metaphase (and also to the spindle poles as noted previously™),
it started to accumulate more and more in the central spindle from anaphase on, showing a
striking colocalization with PRC1. Midzone co-localization of EB1 with PRC1 after
chromosomes started segregating was very evident in an average kymograph generated along
the pole-to-pole spindle axis (Fig. 3D). Quantification of the normalized mGFP-EB1 and
mCherry-PRC1 intensity in the spindle centre demonstrates a striking synchronous
accumulation of EB1 and PRCL1 in the central spindle during the later stages of mitosis (Fig.
3E).

Central spindlelocalization of EB1 depends on the presence of PRC1
To test whether EB1 localizes autonomously to the central spindle or whether this
localization is PRC1-dependent, we knocked down PRC1 using SSRNA in the RPE1 cells that
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expressed mCherry-PRC1 and mGFP-EB1 from their endogenous locus (Fig. 4A). Spindles
could till form after PRC1 knockdown, but were less organised and cells showed
chromosome segregation effects, as observed before™ " *°. Whereas in control cells during
metaphase MGFP-EB1 tracked astral microtubules and aso localized prominently to
microtubule bundles, in PRC1-depleted cells the bundle localization of EB1 was lost and it
only tracked growing microtubule ends (Suppl. Movie 5, Fig. 4B). Even more strikingly, the
pronounced central spindle localization of EB1 in anaphase was lost upon PRC1 depletion
(Suppl. Movie 6, Fig. 4B, C). These results demonstrate that the localization of EB1 to
central spindle bundles depends on the presence of PRCL.

An accessible C-terminal part of EBLlisrequired for central spindlelocalization

Several proteins known to interact with EB1, such as CLASPs and centralspindlin, also
interact with PRC1 ¥, To test the hypothesis that EB1 may be recruited by these proteins to
the central spindle in anaphase, we decided to examine the localization of EB1 carrying a C-
terminal GFP tag in RPEL cells. Fusing a fluorescent protein to the EB1 C-terminus interferes
with the interaction with binding partners, particularly with CAP-Gly domains whose
interaction with EB1 critically involves its C-terminal residue® ®. To this end, we generated
a hTERT-RPEL cell line with endogenously expressed mCherry-PRC1 using CRISPR/Cas9-
mediated gene editing (Suppl. Figs. 4A, B) and ectopically expressed EB1-GFP using
lentiviral transduction. Western blot analysis demonstrated that again similar levels of
mCherry-PRC1 were produced as untagged PRC1 in control cells (Suppl. Fig. 4C) and that 2-
3 fold more EB1-GFP was expressed in the selected stable cell line than endogenous EBL1 in
control cells, hence showing mild EB1-GFP overexpression from the ectopic promotor
(Suppl. Fig. 4D, Suppl. Table 1).

As expected, EB1-GFP tracked growing microtubule ends both in interphase and in
mitosis (Fig. 5A, B). Simultaneous live cell imaging of mCherry-PRC1 and EB1-GFP at
different mitotic stages showed no evident central spindle localization of EB1-GFP or any
pronounced colocalization of EB1 with PRC1 (Suppl. Movie 7, Fig. 5C). An average
kymograph generated along the spindle axis shows very clearly that mCherry-PRC1 started
to strongly accumulate in the central spindle when chromosomes started segregating (Fig. 5C,
D), as we observed before (Fig. 3D). This was in clear contrast to EB1-GFP whose
localization decreased in the central spindle region over time (Fig. 5D, E). This result
indicates that EB1 is recruited to the central spindle in mitosis via interactions involving its
C-terminal part that can be blocked by fusing a fluorescent protein to the EB1 C-terminus.

EB1 turnover in the central spindle dows down as the midzone compacts

Plus end tracking EB1 has been shown to bind only transiently to growing microtubule ends,
displaying fast binding/unbinding turnover®3* 3 4 To examine whether EB1 turnover is
different when it is recruited to the central spindle, we performed FRAP analysis of mGFP-
EB1 in gene-edited cells expressing mGFP-EB1 and mCherry-PRC1 at different stages of
mitosis (Fig. 6A). Average intensity profiles of mGFP-EB1 (Fig. 6B) and average mGFP-
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EB1 fluorescence recovery curves at the different stages of mitosis were generated from at
least 8 individual bleached spindles per condition (except for telophase where 5 individua
spindles were used) (Fig. 6C). We observed that the EB1 binding/unbinding turnover was
significantly slower than at growing microtubule ends and further slowed down during
mitosis. The recovery times for mMGFP-EB1 were2.1+0.2s,3.1+0.2s, 70+ 1s,and 11+ 2
s in metaphase, early anaphase, mid-anaphase, and late anaphase, respectively (Fig. 6D, E).
There was no significant recovery of EB1 observed in telophase (Fig. 6C-E, Suppl. Movie 8).
Remarkably, this means that EB1 showed the same trend of decreasing turnover in the central
spindle as PRC1, even if EB1 turnover was a little more dynamic at all times. Consequently,
the accumulation of EB1 increased over time in the central spindle during mitosis (Fig. 6B).
As recovery slowed down during mitosis, the mobile fraction of mGFP-EB1 that recovered
after photo-bleaching decreased concomitantly (Fig. 6E). Recovery times and mobile
fractions of EB1 displayed a strikingly similar trend as those of PRC1 as mitosis proceeded
(Fig. 6F). These data indicate a general slowdown of protein binding/unbinding turnover in
the central spindle as it compacts during the course of mitosis.

A functional C-terminal tail of EB1isimportant for cytokinesis

The absence of EB1 and its homolog EB3 has been shown previously to cause cytokinesis
defects™ °" 8, Given that we observed a central spindle localization of EB1 in addition toits
microtubule end tracking behaviour in mGFP-EB1 expressing cells, we asked whether the
interaction of EBs with central spindle proteins, possibly by reinforcing the structure of the
central spindle in mitosis, is important for the cell to be able to correctly go through the later
stages of mitosis. To this end, we selectively depleted endogenous EB1 and EB3 in the RPE1
cells expressing mCherry-PRC1 and C-terminally tagged EB1-GFP. After 24 h depletion, we
observed the appearance of binucleated and multinucleated cells by fluorescence microscopy,
indicating a cytokinesis defect (Suppl. Fig. 5A-C). The percentage of binucleated
cells/multinucleated cells increased from 1.2 + 0.3 % in control cellsto 11 + 3 % in cells
expressing an EB1 that can track growing microtubule ends, but that cannot interact with its
binding partners as a consequence of the C-terminal GFP fusion. These results suggest a
function for the PRC1-dependent localization of EB1 to the central spindle in mitosis.

DISCUSSION

We measured the mitotic distribution and binding/unbinding dynamics of two major hub
proteins of the cytoskeleton in live human cells, PRC1 and EB1. To ensure a situation that is
as natural as possible, fluorescent fusion proteins were expressed from their endogenous loci
in diploid RPE1 cells. We found that not only PRC1, but aso EB1 localized to central
spindle bundles and that the binding/unbinding turnover of both proteins strongly decreased
from metaphase to telophase as the midzone compacted. This suggests that both proteins are
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part of a solidifying interconnected protein network stabilizing the central spindle as mitosis
proceeds.

Confirming previous observations either with immuno-stained fixed cells or with live
cells in which fluorescently tagged PRC1 was overexpressed, we observed that PRC1
localized to extended microtubule bundles in the metaphase spindle, where it was recently
shown to localize to microtubule bundles bridging sister kinetochore fibres' 25199 From
anaphase on, it strongly accumulated in the spindle midzone, as previously observed™*® 2%
27_Since PRC1 is known to preferentially bind antiparallel microtubules®™, our data suggest
that antiparallel microtubules exist throughout most of the metaphase spindle that then
become focused in anaphase within ~ 5 min into short bundled antiparallel overlaps of ~ 1.7
um length. The shape changes of the PRCL1 profiles measured along the spindle axis over
time reveal a process of longitudinal compaction, probably by a combination of motor-
mediated microtubule sliding and microtubule stabilization in the midzone, and a pronounced
reduction of binding/unbinding turnover of PRC1 over time.

The increasingly tighter binding of PRC1 could be due to an enhanced microtubule
binding affinity when PRC1 becomes dephosphorylated at the transition from metaphase to
anaphase, or due to protein trapping in compacting three-dimensional antiparallel overlaps
consisting of multiple microtubules, or a combination of both factors. The similar slow-down
in binding/unbinding turnover of EB1 indicates a general gradual solidification of the central
spindle over mitosis time, probably involving multiple protein-protein interactions in
interconnected networks of locally increasingly highly concentrated proteins. This local
accumulation of microtubule associated proteins in turn then also slows down microtubule
dynamics with their lifetimes increasing from tens of seconds to several minutes™®.

Recent in vitro reconstitution experiments with purified PRC1 and the kinesin KIF4A
produced microtubule bundles with antiparallel overlaps by a 'bundle, slide and compaction'
mechanism that had similar properties as the midzone bundles characterized here in living
cells . The kinetics of formation, the antiparallel overlap length and the low turnover of
PRC1 in reconstituted minima midzone bundles mimicked the physiological behaviour
measured here, despite the absence of other prominent midzone proteins. This suggests that
the activities present in the in vitro system, namely antiparallel microtubule bundling,
antiparalel motor dliding, and protein compaction are key activities required for the
formation of abasic midzone overlap architecture.

An interesting observation of our study is the striking PRC1-dependent colocalization
of endogenously expressed and N-terminally tagged EB1 with PRC1 in microtubule bundles
in the metaphase spindle and in the midzone of anaphase spindles. The EB1 orthologue Bim1
in budding yeast is well established to bind to the anaphase spindle depending on the PRC1
orthologue Asel?® %2, Midzone localisation of EB1 has also been reported for Drosophila
cells®® >, However, for vertebrate cells, the situation has been less clear, because EB1 has
often been reported to only track growing microtubule plus ends without showing any co-
localization with PRC1, particularly when EB1 fusions with a fluorescent protein were
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used” 474831 '\ hereas immunofluorescence imaging showed midzone localization of EB1

in anaphase™ .

Our data suggest that these difference may be due to the position of the fluorescent
protein fused to EB1, because we observe colocalisation of EB1 with PRC1 only for N-
terminally, but not C-terminally tagged EB1. Typicaly, EBs are well known to very
transiently bind to microtubule ends and to dynamically recruit other proteins that interact
with the EB1 C-terminus® * 3”3 an interaction that can be disrupted by the presence of a
fusion protein at the C-terminus® ®. Because we observed that mGFP-EB1 with a freely
accessible C-terminus became strongly bound to the central spindle, displaying increasingly
slower binding/unbinding turnover, similar to PRC1, it is likely that in addition to recruiting
other proteins to growing microtubule plus ends, EB1 may itself be recruited to PRC1-
containing microtubule bundles via central spindle proteins that are part of both the PRC1
and EB1 protein interaction networks®>“2,

In this scenario, EB1 recruited to the central spindle could still contribute to
microtubule binding, even if its affinity for the microtubule distant from the growing end is
lower than for growing end binding®. A similar end-independent role of EB1 as a
microtubule bridging factor within a larger protein network has been proposed for Golgi-
microtubule connections™. Interconnecting both the EB1 and PRC1 protein interaction
networks in the central spindle, is expected to lead to strong protein accumulations as a
conseguence of multiple local protein-protein interactions in this part of the cytoskeleton.
This would explain the strikingly similar central bundle localizations and very slow binding
dynamics of PRC1 and EB1 particularly at late mitotic stages. It could also provide an
explanation for the reported role of EB1 for correct cytokinesis that depends on its ability to
interact with other proteins viaits C-terminus as our experiments showed™ *" %,

In conclusion, we have quantified here morphological and dynamical properties of the
central spindle during mitosis in gene-edited RPEL cells using endogenously expressed
fluorescent PRC1 and EBL1 as reporters. Both proteins report a gradual compaction and
solidification of the central spindle as mitosis proceeds, suggesting that central spindle
stability is achieved by interconnecting two maor protein interaction networks of the
microtubule cytoskeleton, particularly in late mitosis. The previous observation of the EB1
orthologue Bim1 being recruited by the PRC1 orthologue Asel to the budding yeast spindle,
and the slowing down binding/unbinding turnover of Asel in the same organism in anaphase
may suggest that the interaction between these EB1 and PRC1 protein networks during late

mitosisis evolutionarily conserved to stabilize a shortening central spindle® ®,

METHODS

Donor vector constructs, guide RNA design and cloning: To generate human telomerase
reverse transcriptase-immortalized retinal pigmented epithelium (hTERT-RPEL) cell lines
expressing fluorescently tagged PRC1 and/or EB1 from their endogenous locus, we used
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CRISPR/Cas9-mediated gene editing to fuse mGFP or mCherry sequences to the PRC1
and/or EB1 genes®™ . Homology arms of the donor vectors were made from genomic DNA
of hTERT-RPEL cells by PCR amplification of the flanking regions (1.2 kb each) of the
PRC1 and EB1 genes. The coding sequences of mGFP and mCherry were PCR amplified
from plasmids. Then the homology arms and fluorescent protein sequences were assembled
and cloned into the BamHI site of a pUC19 vector using Gibson assembly (Clontech). The
primer sequences for the mGFP-EB1, mGFP-PRC1 and mCherry-PRC1 donor constructs are
listed in Suppl. Material 1 and 2. The reverse primers for the generation of the donor
constructs encoded also a sequence encoding a five-glycine linker sequence to be inserted
between mGFP or mCherry and PRCL1 or the sequence AQAGGSGGAGSGGEGAVDG to
be inserted between mGFP and EB1 (Suppl. Material 1 and 2). The latter linker is identical to
the previously used linker in a GFP-EB3 construct that was overexpressed in human cells®.
The protospacer adjacent motifs (PAM) in the donor plasmids were modified to silent
mutations by site directed mutagenesis to ensure that the donor plasmids are not cleaved by
Cas9 nuclease.

Guide RNA (gRNA) sequences specifying the site of Cas9 cleavage in endogenous
DNA were designed from the genomic EB1 and PRC1 sequences using the guide RNA
design resource (http://crispr.mit.edu/) selecting the top gRNA hits (Suppl. Material 1 and 2).
Each guide RNA par was cloned into either the *All-in-one-mCherry’ plasmid (AlIO-
mCherry, gift from Steve Jackson (Addgene plasmid # 74120; http://n2t.net/addgene: 74120;
RRID: Addgene 74120)) or into ‘All-in-one-GFP' plasmid (AIO-GFP, gift from Steve
Jackson  (Addgene plasmid # 74119  http://n2t.net/addgene:74119;  RRID:
Addgene 74119))%. The AlO plasmids also expresses Cas9 nickase.

CRISPR/Cas9-mediated gene editing: hTERT-RPEL cells were cultured at 37°C
and 10% CO, in Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% fetal
bovine serum, 1 x non-essential amino acids (Thermofisher Scientific) and 1x penicillin-
streptomycin (Thermofisher Scientific). hTERT-RPEL cells were transfected with donor
plasmid and AlO plasmid with the appropriate gRNAs using a Neon transfection system
(Thermofisher Scientific). For 5 x 10° cells, 5 pg of donor plasmid and 5 pg of gRNA
plasmids were used for transfection (1050 V pulse voltage, 35 ms pulse width, and pulse
number 2). After 16-18 hours, cells were selected by flow cytometry on the basis of
expression of the fluorescence protein marker of the Al1O plasmid. The selected cells were
pooled and after two weeks of cell growth, flow cytometry was performed again, this time
based on fluorescent protein expression of the edited endogenous genes, to collect single cells
in 96 well plates. After 2 - 3 weeks when the cells became confluent, the monoclonal cultures
were transferred to 24 well plates. A minimum of 30 clones per cell line to be generated were
selected at this stage for further analysis. Genomic DNA was extracted and a genotypic
characterization of the single cell clones was performed to verify the correct locus insertion
and to determine the number of modified aleles. Primers pairs (Suppl. Materia 1 and 2)
consisting of one primer that binds outside of one of the homology arms in the genomic
region and another primer that binds inside either the mGFP or mCherry sequence were used
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to verify insertion into the correct locus. Primer pairs (Suppl. Material 1 and 2) consisting of
one primer that binds in the genomic region just outside of one of the homology arms and the
other primer that binds inside the other homology arm, were used to detect the number of
modified alleles. One hTERT-RPEL cell clone expressing mGFP-EB1 was further edited to
express also endogenous mCherry-PRC1. The CRISPR/Cas9 gene-edited cell lines were
further characterized by determining protein expression levels of the individua clones by
western blotting.

Lentivirus-mediated stable cell line development: The EB1-GFP lentivirus
expression construct was made by PCR amplification of EB1-GFP from pEGFP N1 EB1-
GFP (JB131) (gift from Tim Mitchison & Jennifer Tirnauer (Addgene plasmid # 39299;
http://n2t.net/addgene:39299; RRID: Addgene 39299) followed by cloning into a pLVX-
puro vector (Clontech) using the Xhol and BamHI restriction sites (primers in Suppl.
Material 2). EB1-GFP expressing lentivirus particles were generated by transfecting psPAX2,
pMD2.G (helper plasmids), and pLVX-puro-EB1-GFP plasmids in 293FT cells. hTERT-
RPEL1 cells already expressing endogenous mCherry-PRC1 were transduced using the EB1-
GFP lentivirus particles. nTERT-RPEL cells stably expressing EB1 with a C-terminal GFP
fusion from a randomly inserted ectopic EB1-GFP gene under the control of a CMV
promoter were selected on puromycin (10 pg/ml) for 3 - 4 days. Cells expressing low levels
of EB1-GFP were selected by flow cytometry and were used for live cell imaging. The
expression levels were determined by western blot using EB1 monoclonal antibodies.

siRNA transfection: hTERT-RPEL wild type cells and cells coexpressing mGFP-
EB1 and mCherry-PRC1 were seeded at a density of 0.2 x 10° cells/ml. After one day, cells
coexpressing mGFP-EB1 and mCherry-PRC1 cells were transfected either with 200 nM of
non-targeting SIRNA or SSRNA against PRC1. Lipofectamine RNAimax was used as a
transfection reagent. The degree of protein depletion was analysed and quantified by western
blot. For studying the effect of EB1/EB3 depletion on cytokinesis, ectopically expressing
EB1-GFP and endogenous mCherry-PRC1coexpressing cells were seeded at a density of 0.2
x 10° cells/ml. After one day, cells were either transfected with 200 nM of non-targeting
SRNA or siRNA against both EB1 and EB3. Lipofectamine RNAimax was used as a
transfection reagent. At the time of SIRNA transfection, cells were also treated with 2.5 mM
thymidine and incubated for 16-18 hours to block the cells a the G1/S transition and 8 hours
before live cell imaging, cells were washed several times with 1 x PBS and once with culture
medium. (The time of imaging coincides with 24 hours after sSIRNA transfection).

Live cell imaging: Cells were seeded at a density of 0.5 x 10° cells/ml and six hours
later thymidine was added at a final concentration of 2.5 mM to block the cells at the GL/S
trangition. After 16-18 hours incubation, cells were washed several times with 1x PBS and
once with the culture medium. After washing, cells were seeded with fresh culture medium in
2-well dishes (ibidi) and kept in the CO,incubator at 37°C for 8-10 hours to allow the cellsto
release from at the G1/S transition and enter mitosis. Before imaging the DMEM medium
was replaced with DMEM without phenol red, supplemented with 25 mM HEPES (pH 7.6)
buffer. For the visualization of DNA, the live cell dye Hoechst 33342 was added. The cellsin
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mitosis were imaged at 37°C by spinning disk confocal microscopy on a Zeiss Axio Observer
Z1 equipped with a Yokogawa CSU M1 spinning disk unit, a FRAP unit and Prime 95B
SCMOS camera (3i, London, UK). Time lapse imaging over the entire duration of mitosis
was performed in three different z-planes separated by 0.5 pm using a 63 x oil objective at 2
frames per minute and exposure times of 100 ms for mGFP-PRC1 imaging (488 nm) and 40
ms for Hoechst-stained DNA imaging (405 nm). For fluorescence recovery after
photobleaching (FRAP) of either mGFP-PRC1 or mGFP-EB1, a small area (with 0.6 pum
diameter for mGFP-PRCL1 or 0.63 pm for mGFP-EB1) in the microtubule overlap region was
bleached using the 488 nm laser. Images were recorded in three different z-planes separated
by 0.5 um at 30 frames per minute over a period of 3 min post bleaching. FRAP experiments
of mGFP-PRC1 and mGFP-EB1 were performed using a 63 x oil and 100 x oil objective,
respectively. Time lapse imaging of mGFP-EB1 and mCherry-PRC1 co-expressing cells was
performed in a single z-plane using a 100 x oil objective at 1 frame per second at exposure
times of 50 ms (488 nm) and 30 ms (405 nm and 640 nm) over a period of 10 - 15 min. Time
lapse imaging of cells expressing ectopic EB1-GFP and endogenous mCherry-PRC1 after
selective depletion of both endogenous EB1 and EB3 was performed using a Nikon Eclipse
Ti2 microscope equipped with spinning disk unit using 100 x oil objective a 1 frame per
second and exposure times of 50 ms (488 nm) and 30 ms (405 nm). The effect of EB1/EB3
depletion on cytokinesis was quantitated by counting the number of
binucleated/multinucleated cells. A minimum of 500 cells were counted for control and EB
depleted cells each, the experiment was performed three times. The kymograph of a
metaphase cell ectopically expressing EB1-GFP (Fig. 5B) was generated from a movie,
imaged at 4 frames per second using a 100 x oil objective and exposure times of 50 ms (488
nm).

Determination of protein expression levels. Commercial antibodies were used to
check the expression levels of proteins by western blot of cell lysate. EB1 and PRCL1 proteins
were detected by using antibodies sc-47704 and sc-377544 (both Santa Cruz Biotechnlogy),
respectively. Tubulin was used as a loading control and detected using antibody ab18251
(Abcam). For detection of these primary antibodies, horse raddish peroxidase-coupled
secondary antibodies were used.

Average kymograph generation: For each cell of interest, a manua tracking
procedure was used to align the cell: for each frame the position of each centrosome was
marked manually; the image was then translated and rotated to centre the midzone and align
the spindle with the horizontal image axis. A kymograph was then automatically generated
along the centrosomal axis averaging over aline width of 8 um. Kymographs generated from
individual cells were averaged together: for each kymograph the space (x) axis was
normalized to the average metaphase centrosome distance, and the time (y) axis was shifted
to align the start of anaphase, based on the DNA channel. For each fluorescence channel, a
fluorescence profile of the average intensity in the midzone region was produced from the
average kymograph for further analysis.
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Aver age fluorescence kymograph analysis. To extract the time course of the total
PRC1 profile width (a measure for spindle length), the central PRC1 peak width (a measure
of antiparallel overlap length), and the distance between separating chromosomes for Fig. 1D,
the mathematical functions were used for fits to background-subtracted and bleaching-
corrected intensity profiles (using OriginLab): A single Gaussian distribution was found to fit
well metaphase PRC1 profiles, allowing to quantify its full width at half maximum (FWHM),
i.e. the metaphase spindle length as labelled by PRC1. A sum of one central Gaussian peak
with two equidistant side Gaussian peaks with identical heights and widths was used to fit
anaphase PRCL1 profiles; this allowed to quantify (i) the width of the entire profile (defined as
the distance between the side peaks plus one FWHM of the side peaks) and (ii) the FWHM of
the central PRC1 peak (could be determined reliably from t = 3 min onwards). A sum of 2
gpatially displaced and otherwise identical Gaussian distributions was fit to the anaphase
DNA profiles to extract the average distance between separating chromosomes. The
maximum peak intensity was extracted from the PRC1 profiles by averaging the
neighbouring 5 intensity values around the maximum value in each profile.

To visualise the time course of the PRC1 and EB1 intensities in the spindle centre
(and the central DNA intensity as a control) for Fig. 3E and 5E, their intensities were plotted
from a1 pum wide region along central line of the average kymographs (corresponding to an 8
pm x 1 pm region in the cell midzone) where the PRC1 and EB1 intensities peaked in late
mitosis.

FRAP analysis: Images were corrected for drift and centered by manually tracking
centrosomes, as described above. A 20 um long, 80 pixel wide (8 um) line was drawn along
the centrosomal axis. The PRCL/DNA intensity profile was generated along the centrosomal
axis at the time point before FRAP. The background intensity was subtracted and the
intensity profile normalized to the maximum value. In the FRAP movie, the intensity was
measured at the FRAP point (~0.6 um radius circle) at every time point and normalized to the
average intensity of 4 time points before FRAP. FRAP intensity curves from individual
movies were classified into metaphase to telophase stage using the estimated time since
mitosis and further refined using the PRCL/DNA intensity profiles. All FRAP intensity data
for a specific phase were averaged together and fit with a FRAP recovery curve | = Ig + [4(1-
e (Fig. 2D and Fig 6D) to obtain the recovery time t, and the mobile fraction I, /(1- 1o)
(Fig. 2E and 6E).

Time stack to visualize EB1 end tracking in interphase cells. The colour-coded
time-stack images in Fig. 3A and 5A were generated using a previously developed Imagel
macro ®. Each individual frame of 20 time-lapse images acquired at 1s interval were colour-
coded from red to blue sequentialy in accordance to the rainbow order. Subsequently, the
colour-coded time-lapse images were stacked using the z-stack option in Imagel.
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FIGURE LEGENDS

Figure 1. Live cell imaging of endogenously expressed mGFP-PRC1 during mitosis.

(A) Spinning disk confocal microscopy of endogenous mGFP-PRC1 (green) and Hoechst-
stained chromosomes (blue) in gene-edited RPEL cells. Images were acquired every 30
seconds from the start of mitosis to telophase. Representative examples are shown for the
different phases of mitosis as identified by the chromosome position and central spindle
appearance. Scale bar = 10 ym. Time is in min:s. See also Movie Sl1. (B) Individual
kymographs (space-time-plots) along the spindle pole-to-pole axis, were generated from
whole mitosis movies for mGFP-PRC1 (green) and Hoechst-stained chromosomes (blue).
The top image displays a pro-metaphase cell. An average kymograph was generated from 17
individual kymographs (Methods). (C) Example mGFP-PRC1 (left) and DNA (right)
intensity profiles as extracted from the average kymograph. Profiles with error bars are
shown in Suppl. Fig. 2B. (D) Time courses of total PRCL1 profile width, PRC1 central peak
width and maximum intensity as a function of time (from -3.0 to 11.5 minutes) as extracted
from fits to the average mGFP-PRCL1 intensity profiles, and of the chromosome separation
distance as extracted from fits to the DNA intensity profiles (see Methods). The green line is
afit to the PRCL1 central peak width data using a monoexponential decay function. Error bars
indicate the standard error either as obtained directly from the fits to the intensity profiles or
for derived parameters after error propagation.

Figure 2. FRAP analysis of PRC1 turnover during mitosis.

(A) Anaysis of mGFP-PRC1 binding/unbinding turnover in the central spindle of gene-
edited RPELl cells at different stages of mitosis. The position of Hoechst-stained
chromosomes (top row) and the binding pattern of PRC1 to the spindle (second row) were
used to identify the mitotic stages. For each stage, mGFP-PRC1 bound to the spindle is
shown just before the photo-bleach (pre-bleach, second row), at the time of bleaching a
circular areawith ~ 0.6 um radius (bleach, third row) and 12 s after the bleach mark was set
(12 s post-bleach, bottom row). The position of the photo-bleached area is indicated by the
white arrow heads. Scale bar = 10 um. Time isin min:s. See also Movie S2. (B) Normalized
average PRCL1 (dark green) and chromosome (dark blue) intensity profiles along the spindle
pole-to-pole axis at the time just before photo-bleaching. (C) Average fluorescence recovery
curves (black symbols are average intensities, n > 12 for each condition) at the different
stages of mitosis shown in (A). Error bars are standard deviation. (D) Comparison of the
fluorescence recovery curves from (B) here in a single graph. Error bars are standard error.
(E) The mobile fraction and the recovery time of mGFP-PRC1 after photobleaching at
different times during mitosis. Error bars are standard error.
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Figure 3. Live cell imaging of endogenously expressed mGFP-EB1 and mCherry-PRC1
during mitosis.

(A, B) Spinning disk confocal microscopy of endogenous mGFP-EB1 in RPEL cells (also
expressing mCherry-PRC1). (A) Image of an interphase cell (left) and a time stack from a
time lapse movie of the same cell (right) showing EB1 microtubule end tracking traces in
false colors. See also Movie S3. (B) Image of a metaphase cell (left) and a kymograph from a
time lapse movie of the same cell (right) showing EB1 tracks on astral and some tracks on
spindle microtubules. (C) Confocal microscopy images of gene-edited RPE1 cells co-
expressing mGFP-EB1 (green) and mCherry-PRC1 (magenta) from their endogenous locus.
Chromosomes are stained by Hoechst (blue). Images were acquired every second from
metaphase to telophase. Time is in min:s. See also Movie $4. (D) Average kymograph
generated from 14 movies aong the spindle pole-to-pole axis. The individual fluorescence
channels for chromosomes (blue), EB1 (green) and PRC1 (magenta) are shown under a
representative metaphase spindle image with these channels. (E) Average fluorescence
intensity of mGFP-EB1 (green), and mCherry-PRC1 (magenta) and Hoechst-stained DNA
(blue) in the central spindle (along the dashed line in D) as function of the time of mitosis.

Figure 4. Depletion of PRC1 abolishes the localization of mGFP-EB1 to the central
spindle.

(A) Western blot showing depletion of PRC1 in RPEL cells expressng mGFP-EB1 and
mCherry PRC1 from their endogenous locus. The mCherry PRC1 and mGFP-EB1
coexpressing cells were treated either with non-targeting sSsSRNA (siControl) or siRNA
targeting the PRC1. Tubulin was used as a loading control. (B) Confocal microscopy images
of mGFP-EB1 (green) and mCherry-PRC1 (magenta) expressed from their endogenous locus
in living RPEL cells during metaphase and anaphase. Cells were treated with either control
siRNA (siControl) or PRC1 siRNA (siPRC1). Chromosomes are stained with Hoechst (blue).
See also Movies S5 and S6. (C) Merged and individual kymographs generated along the
spindle pole-to-pole axis from metaphase and anaphase movies showing the localizations of
mGFP-EB1 (green), mCherry-PRC1 (magenta) and DNA (blue) in control and PRC1-
depleted cells.

Figure 5. Ectopically expressed EB1 with a C-terminal GFP does not co-localize with
PRC1.

(A, B) Spinning disk confocal microscopy of ectopically expressed EB1-GFP in interphase
and metaphase cells. (A) Image of an interphase cell (left) and a time stack from atime lapse
movie of the same cell (right) showing EB1-GFP microtubule end tracking traces. (B) Image
of a metaphase cell (left) and a kymograph along the spindle axis of the same cell (right)
showing EB1-GFP tracking astral microtubule ends. (C) Confocal microscopy images of
ectopically expressed EB1-GFP (green) and mCherry-PRC1 (magenta) expressed from its
endogenous locus during different stages of mitosis in living RPE1 cells. Chromosomes are
stained by Hoechst (blue). Images were acquired every second from metaphase to telophase.
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Time is in min:s. See also Movie S7. (D) Average kymograph generated along the spindle
pole-to-pole axis from 14 mitotic movies. (E) Average fluorescence intensity of EB1-GFP,
mCherry-PRC1 and DNA in the central spindle (along the dashed line in D) as function of
the time of mitosis.

Figure 6. FRAP analysis of mGFP-EBL1 turnover during mitosis.

(A) Analysis of the EB1 binding/unbinding turnover in the central spindle of gene-edited
RPE1 cells expressing mGFP-EB1 (green) and mCherry-PRC1 (magenta) from their
endogenous loci. For each mitotic stage shown, mGFP-EB1 bound to the spindle is shown
just before the bleach (pre-bleach, top row), at the time of bleaching a circular area with a
~0.63 um radius (bleach, second row) and 12 s after the bleach mark was set (12 s post-
bleach, bottom row). The position of the photobleached area is indicated by the white arrow
heads. See also Movie S8. (B) Normalized average mGFP-EB1 (dark green) intensity profiles
along the spindle pole-to-pole axis at a time just before photo-bleaching. (C) Average mGFP-
EB1 fluorescence recovery time courses (black symbols, n > 8 for each condition except for
telophase where n = 5) at the different stages of mitosis shown in (A, bottom row). The error
bars are standard deviation. (D) Comparison of the fluorescence recovery curves of mGFP-
EB1 from (B) in asingle graph. Error bars are standard error. (E) The mobile fraction and the
recovery time of mGFP-EB1 after photo-bleaching at different times during mitosis. Error
bars are standard error. (F) Comparison of the recovery times (top) and mobile fractions
(bottom) of mMGFP-EB1 (green circles) and mGFP-PRCL1 (red squares) as a function of
overlap length. Inset: PRC1 overlap length and EB1 localization length as extracted from fits
to the respective intensity profiles. Error bars are standard error.
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