7%
university of 5%,
groningen % %

i

University Medical Center Groningen

University of Groningen

Non-muscle Myosin-Il Is Required for the Generation of a Constriction Site for Subsequent
Abscission

Wang, Kangji; Wloka, Carsten; Bi, Erfei

Published in:
iScience

DOI:
10.1016/j.isci.2019.02.010

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2019

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Wang, K., Wloka, C., & Bi, E. (2019). Non-muscle Myosin-1l Is Required for the Generation of a Constriction
Site for Subsequent Abscission. iScience , 13, 69-81. https://doi.org/10.1016/j.isci.2019.02.010

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/lUMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 21-04-2021


https://doi.org/10.1016/j.isci.2019.02.010
https://research.rug.nl/en/publications/nonmuscle-myosinii-is-required-for-the-generation-of-a-constriction-site-for-subsequent-abscission(df1ca029-5205-46c3-8e7c-69fc8c94aeb6).html
https://doi.org/10.1016/j.isci.2019.02.010

iScience

Cell

Non-muscle Myosin-II Is Required for the
Generation of a Constriction Site for Subsequent

Abscission

Furrow ingression

Diameter (D):
>10 pm

constriction & disassembly

2nd AMR constriction to generate
the future site of abscission

localization

for ICB thinning for ICB thinning

AM-based “global force” 2nd AMR-based “local force”

Abscission

9

D: <250 nm
ESCRT “spreading” to
the site of abscission

Cytoskletal clearance
(MT and F-actin)

2nd AMR
Microtubule (MT)
Actomyosin (AM)
Midbody
Intercellular bridge
(ICB)

ESCRT

Kangji Wang,
Carsten WIloka,
Erfei Bi

carstenwloka@gmail.com
(Cw)
ebi@pennmedicine.upenn.
edu (E.B.)

HIGHLIGHTS

Myosin-Il motor activity is
required for the
generation of an
abscission site

Myosin-Il, F-actin, and
septin 9 are associated
with the site of abscission

ESCRT-IIl cannot generate
an abscission site
independently of
myosin-Il motor activity

Different myosin-I|
isoforms display distinct
localization patterns
during abscission

Wang etal., iScience 13, 69-81
March 29, 2019 & 2019 The
Author(s).
https://doi.org/10.1016/
j.isci.2019.02.010



mailto:carstenwloka@gmail.com
mailto:ebi@pennmedicine.upenn.edu
mailto:ebi@pennmedicine.upenn.edu
https://doi.org/10.1016/j.isci.2019.02.010
https://doi.org/10.1016/j.isci.2019.02.010
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2019.02.010&domain=pdf

iIScience

Non-muscle Myosin-II Is Required
for the Generation of a Constriction
Site for Subseguent Abscission

Kangji Wang,* Carsten Wloka,*?* and Erfei Bi%:3*

SUMMARY

It remains unknown when, where, and how the site of abscission is generated during cytokinesis. Here,
we show that the sites of constriction, i.e., the sites of future abscission, are initially formed at the
ends of the intercellular bridge during early midbody stage, and that these sites are associated
with the non-muscle myosin-11B (not myosin-llA), actin filaments, and septin 9 until abscission. The
ESCRT-IlIl component CHMP4B localizes to the midbody and “spreads” to the site of abscission only
during late midbody stage. Strikingly, inhibition of myosin-Il motor activity by a low dose of Blebbis-
tatin completely abolishes the formation of the constriction sites, resulting in the localization of all the
above-mentioned components to the midbody region. These data strongly suggest that a secondary
actomyosin ring provides the primary driving force for the thinning of the intercellular bridge to allow
ESCRT-mediated membrane fission.

INTRODUCTION

Mammalian cytokinesis occurs via two major steps, ingression of the cleavage furrow followed by abscis-
sion (Bhutta et al., 2014; Mierzwa and Gerlich, 2014, D avino et al., 2015). Ingression is driven by contrac-
tion of a cortical actomyosin ring (AMR) that disassembles at the midbody stage, whereas abscission, i.e.,
the nal cut of a narrow intercellular bridge (ICB) between sibling cells, requires endosomal sorting com-
plex required for transport-lll (ESCRT-Ill)-mediated membrane ssion (Hurley and Hanson, 2010; Guizetti
et al., 2011; Elia et al., 2011; Agromayor and Martin-Serrano, 2013). Abscission also requires generation
and release of tension as well as cytoskeletal clearance at the ICB (Burton and Taylor, 1997; Yang
et al.,, 2008; Lafaurie-Janvore et al., 2013; Fremont et al., 2017a, 2017b). However, it is unclear how
each mechanism operates at the molecular level and how these distinct mechanisms are spatiotemporally
coordinated to enable abscission. More importantly, it remains unknown when, where, and how the site of
abscission (SOA) is formed during cytokinesis and what drives the thinning of the ICB from its initial size of

1.5 2.0 mm (midbody diameter) (Mullins and Biesele, 1973, 1977) to 100 300 nm to allow ESCRT la-
ment assembly and function in abscission (Henne et al., 2012; Agromayor and Martin-Serrano, 2013;
Chiaruttini et al., 2015; Alonso et al., 2016). In this study, we found that the motor activity of non-muscle
myosin-Il (NM-11) is required for the generation of the site of constriction (SOC), which becomes the future
SOA, and that different isoforms of NM-II play distinct roles in this process. In addition, our study sug-
gests that NM-II motor activity may spatiotemporally coordinate the various mechanisms involved in
abscission.

RESULTS

NM-II Isoforms Display Distinct Localization Patterns and Dynamics during Cytokinesis

We began the study by asking the key question whether different isoforms of NM-II carry out distinct roles
in mammalian cytokinesis. We chose to address the question in HeLa-Kyoto cells because the expression of
all three isoforms (IlA, 1B, and IIC) has been quantitatively assessed by RNA sequencing (l1A, 100.00%; 11B,
3.78%; 1IC, 0.02%) and mass spectrometry (lI1A, 100.00%; 1IB, 6.20%; IIC, 0.74%) (Maliga et al., 2013). Thus 1A
is the major isoform expressed in these cells, approximately 16- and 135-fold higher than IIB and IIC,
respectively.

To determine whether the HeLa-Kyoto cells are appropriate for our functional analysis, we rstassessed the
overall requirement of NM-II activity for cytokinesis in these cells. When treated with 25 mM Blebbistatin, a
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displayed the stereotypical behavior of furrow initiation, followed by regression, leading to the formation of
binucleated cells (Figure 1A). Thus NM-II activity is essential for furrow ingression in HeLa-Kyoto cells.

We next directly compared the localization patterns and dynamics of the isoforms using cells stably trans-
formed with the chromosome marker H2B-mCherry and GFP-tagged IIA (human), IIB (human), or [ICO
(mouse). NM-II isoforms were expressed from the same promoter on the same plasmid vector. All three
isoforms (IIA 1IC) began to enrich at the cell equator after the onset of anaphase (Figures 1B, 1C, and
S1A). The accumulation of IlA at the division site was strong during the early stage of furrowing, but grad-
ually decreased toward the midbody stage (29 of 29 cells) (Figure 1B). In some cells, lIA was slightly
enriched near the ends of the ICB (Video S1, left). In contrast, 11B localized at the division site throughout
cytokinesis, including a prominent localization at the ICB during midbody stage (17 of 17) (Figure 1C; Video
S1, right). The localization of 1IC was similar to that of 1IB throughout cytokinesis (13 of 13) (Figure S1A;
Video S2, left).

The turnover rates of all three isoforms during cytokinesis were determined by uorescence recovery after
photobleaching (FRAP). Signi cant differences among the isoforms were observed. A region of GFP-IIA at
the division site was photobleached, and recovery at that region was followed over time (Figure S2A).
Consistent with a previous report (Kondo et al., 2011), IIA was very dynamic during cytokinesis (Figures
1D and 1E; Video S3, left). In contrast, IIB was much less dynamic than IlA (Figures 1D, 1E, and S2B; Video
S3, right). Furthermore, IIB appeared to display more pronounced cell-to-cell variation (Figures 1D and 1E),
with most cells exhibiting a slower turnover rate (5 of 8) and the rest resembling IIA (Figure 1E). The dy-
namics of [IC during cytokinesis was similar to that of 1B, although the turnover rate was further reduced
(Figures S1B, S1C, and S2C; Video S2, right). The larger range of 1IB behavior could be explained by the
following considerations: IIA and 1IB are able to self-assemble and co-assemble into homotypic and het-
erotypic laments in stress bers as well as in the contractile ring (Beach et al., 2014). Because IlA is the
dominant isoform, in cells expressing a lower level of GFP-IIB, most of the protein could be in the form
of 1IA-1IB heterotypic laments that might exhibit similar dynamics as lIA. The differential turnover rates
of IIA and IIB observed during cytokinesis are similar to those reported during cell migration (Sandquist
and Means, 2008), suggesting that this is an isoform-speci ¢ property.

Collectively, these data indicate that different NM-Il isoforms display distinct localization patterns and dy-
namics during cytokinesis.

A Tail Fragment of NM-IIA Causes a Defect at the Terminal Stage of Cytokinesis

To determine the roles of different NM-Il isoforms in cytokinesis, an RNA interference approach was used
to knock down the levels of 1A and 1IB. IIC was not included in this study due to the lack of reliable detection
of its low-level expression by western blot. Small interfering RNA (siRNA) speci c to IIA or IIB was trans-
fected individually or in combination. Under this condition, uorescently labeled control RNA was trans-
fected at 100% ef ciency. Western blot showed that IIA and IIB were reduced by more than 80% and
60%, respectively (Figure S3). Despite the signi cant knockdown in both IIA and IIB levels, there was no
obvious increase in the number of binucleated cells at the population level. Few cells appeared to show
a defect in abscission. These data suggest that the residual activity of IIA and 1IB, perhaps coupled with
the extremely low level of IIC, is largely suf cient to drive furrow ingression and enable abscission in
Hela-Kyoto cells.

As an alternative approach to dissect the roles of different isoforms in cytokinesis, we designed expression
constructs with the potential to act in adominant-negative manner. A short tail fragment containing the as-
sembly competent domain (ACD) of an NM-Il isoform is known to interact with and compete for bipolar

lament assembly of the endogenous protein. Such a tail fragment for IIA or for the budding yeast
myosin-Il heavy chain has been shown to localize to the division site in a manner that depends on the pres-
ence of the endogenous protein (Beach and Egelhoff, 2009; Fang et al., 2010). We tried this approach on IIB

rst, as it displayed a prominent localization at the division site during the midbody stage, which suggests a
possible role in abscission. Previous work showed that a tail fragment containing the ACD of IIB (residues
1672 1976) could inhibit enucleation of human erythroblasts (Ubukawa et al., 2012). Thus, we fused GFP
to the N terminus of a 348-amino-acid fragment (residues 1629 1976) of the C-terminal tail of 1IB (GFP-
11B-348-tail) and expressed this after transfection into HeLa-Kyoto cells from the cytomegalovirus (CMV) pro-
moter (Figure 2A). In interphase cells, GFP-IIB-348-tail formed bright punctae in the cytoplasm, and during
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Figure 1. Distinct Localization Patterns and Dynamics of NM-IIA, NM-11B, and NM-IIC during Cytokinesis

(A) The motor activity of NM-Il is essential for furrow ingression. Cells were treated with 25 mM Blebbistatin. Scale bar,

5mm.

(B) Localization pattern of NM-IIA during cytokinesis. See also Video S1, left. Scale bar, 5 mm.

(C) Localization pattern of NM-1IB during cytokinesis. See also Video S1, right. Scale bar, 5 mm. See also Figure S1A for the

localization pattern of NM-1ICO during cytokinesis. Scale bar, 5 mm. See also Video S2, left.

(D and E) FRAP analysis of NM-IIA and NM-IIB during cytokinesis. See also Figures S2A and S2B and Video S3. Data for
uorescence recovery at the bleached region of all cells examined for each strain are presented as mean G SD (D) or as

individual curves (E). See also Figures S1B, S1C, and S2C, and Video S2 (right) for FRAP analysis of NM-1ICO during
cytokinesis.
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Figure 2. A Tail Fragment of NM-IIA Causes a Defect at the Terminal Stage of Cytokinesis

(A) Diagram of the GFP-tagged IIA and IIB tail fragments used in this study.

(B) Cells expressing the GFP-11A-349-tail fragment are defective in abscission (top) in contrast to the control cells not
expressing the fragment (bottom). Cells were imaged 24 48 h after transfection. Scale bar, 10 mm.

(C) Quanti cation of binucleated cells caused by GFP-11A-349-tail. Imaging data acquired in (B) were used for the count.

mitosis and cytokinesis, it localized weakly to the division site (Figure S4; Video S4). This weak localization
suggests that the furrow-targeting signal, which is de ned as the ability of a fragment to target to the di-
vision site in the absence of the endogenous or full-length protein, is missing in the [IB ACD construct. This is
a reasonable possibility, as IIA is known to contain a furrow-targeting signal and the ACD near the middle
and C terminus of its tail, respectively (Beach and Egelhoff, 2009). A similar arrangement of the furrow-tar-
geting signals and a putative ACD occurs in the tail of NM-Il in budding yeast (Fang et al., 2010). The weak
localization of the GFP-1I1B-348-tail is also consistent with the low-level expression of endogenous IIB (Na-
garaj et al., 2011; Maliga et al., 2013) and suggests that that the IIB tail fragment interacts only with the
full-length 1B, and not IIA, at the division site. No apparent defect in cytokinesis was observed for the
GFP-positive cells, either at the population level by counting binucleated cells or at the individual cell level
by time-lapse microscopy.

We then constructed a plasmid expressing GFP-11A-349-tail (residues 1612 1960) (Figure 2A). In interphase
cells, GFP-11A-349-tail associated with stress bers, and during mitosis and cytokinesis, it localized to the
cell cortex and cleavage furrow (Figure 2B). All GFP-positive cells (n = 50) underwent normal furrow ingres-
sion, but, strikingly, 62.5% paused at the midbody stage. This pause was accompanied by the enrichment of
the tail fragment at the division site for up to 2 h, which was followed by furrow regression to form binucle-
ated cells (Figure 2C). Some cells paused at the midbody stage for 6 h or more before they underwent
furrow regression. This phenotype could in principle be due to dominant negative effects on endogenous
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IIA. However, the phenotype could also be caused by combined disruptions of all three isoforms, because a
similar tail fragment of IIA (residues 1633 1960) was previously shown to interact with the full-length 1A
or 1IB at the division site (Beach and Egelhoff, 2009) and it is known that full-length IIA can co-assemble
with full-length 1I1B or IIC into heterotypic laments (Beach et al., 2014).

Taken together, these data indicate that the major isoform IIA, possibly in combination with the minor iso-
forms IIB and IIC, play an essential role at the terminal stage of cytokinesis in HeLa-Kyoto cells.

Inhibition of NM-1I Motor Activity by a Low Dose of Blebbistatin Causes Delayed Removal of
Actin and Myosin Filaments from the Division Site at the Midbody Stage

Treatment of cells with 25 mM Blebbistatin completely blocked cytokinesis at the furrowing stage (Fig-
ure 1A), whereas transfection of cells with the IIA tail fragment caused a defect at the terminal stage of cyto-
kinesis (Figure 2). These observations raised the possibility that an incomplete inactivation of NM-Il might
cause a defect at the midbody stage before abscission. To test this possibility, we treated HeLa-Kyoto cells
with different concentrations of Blebbistatin and found by time-lapse analysis that in the presence of 7.5 mM
Blebbistatin, cells underwent furrow ingression that was often followed by regression (Figure 3A). Furrow-
ing had reached the midbody stage, as indicated by the cell-cycle-controlled localization of GFP-CEP55 at
the division site in all drug-treated cells (n = 16) (Figure 3B) (Bastos and Barr, 2010). These data indicate that
NM-II motor activity plays a role at the midbody stage during cytokinesis.

To determine whether the Blebbistatin treatment affects the localization of actin and myosin laments at the
division site, we rst monitored the NM-II behavior in cells transfected with GFP-tagged full-length IIA or 1IB
in the presence of 7.5 mM Blebbistatin or DMSO (a nal concentration of 0.44%) by time-lapse analysis. For
the non-transfected cells treated with Blebbistatin, 79% (n = 62) became binucleated 2 h after furrow ingression
(Figure 3C). This number is likely an underestimate, as some cells could undergo regression 6 h or more after the
midbody stage. In contrast, only 3.3% (n = 61) of the non-transfected cells treated with DMSO became binucle-
ated within the same imaging period (Figure 3C). Strikingly, Blebbistatin treatment prolonged the localization of
IIAand IIB at the ICB. As expected, I|A localized to the cleavage furrow, but disappeared at or near the midbody
stage in DMSO-treated cells (Figure 3D, left). However, in the presence of 7.5 mM Blebbistatin, I|A was clearly
enriched at the ICB with a duration of 81 G 24 min (n = 13) (Figure 3D, right). [IB localized to the cleavage furrow
and theICBin DMSO-treated cells, with a duration at the ICB of 56 G 21 min (n = 14) (Figure 3E, left). Blebbistatin
treatment prolonged its duration at the ICB to 80 G 17 min (n = 13) (Figure 3E, right). Similarly, F-actin, as re-
vealed by GFP-tagged LifeAct, was enriched and prolonged at the ICB (Figure 3F; Video S5). Importantly,
regression was always preceded by the removal of actin and myosin laments from the ICB (Figures 3D 3F).
These data indicate that NM-II motor activity is required for the ef cient removal of actin and myosin laments
from the ICB, and that these laments are likely involved in the attachment of the midbody or its associated
microtubule (MT) arrays to the plasma membrane.

NM-1I Motor Activity Is Required for Midbody Maturation and the Generation of a Site of
Constriction

To further explore the mechanisms for the role of NM-IlIs at the terminal stage of cytokinesis, we synchro-
nized HelLa-Kyoto cells using the sequential treatments of thymidine, nocodazole, and MG132 (see Trans-
parent Methods for details) and then examined the localizations of the endogenous Cep55 (a midbody
marker), NM-IIA, NM-IIB, Sept9, and F-actin in 7.5 mM Blebbistatin- or DMSO-treated cells at the early
or late midbody stages, as indicated by tubulin staining, respectively. As expected, Cep55 localized to
the midbody regardless Blebbistatin treatment or the midbody stage (Figure 4A). However, the diameters
of the midbodies were clearly different in Blebbistatin- versus DMSO-treated cells. During the early mid-
body stage, the diameters for the drug-treated and untreated cells were 2.6 G 0.9 mm (n = 169) and
1.8 G 0.3 mm (n = 117), respectively (Figure 4B). During the late midbody stage, the diameters for the
drug-treated and untreated cells were 2.2 G 0.8 mm (n = 111) and 1.5 G 0.3 mm (n = 111), respectively (Fig-
ure 4B). Strikingly, in DMSO-treated cells, an SOC was formed at both sides of the midbody during the early
stage, and this site presumably became the SOA during the late stage. The distance between the SOC and
the midbody was 1.0 G 0.4 mm (n = 89) (Figure 4B). The diameter of the midbody displayed a small change
from the early ( 1.8 mm) to late stage ( 1.5 mm), whereas the diameter of the SOC was reduced substan-
tially from 1.1 G 0.3 mm (n = 117) during the early stage to 0.5 G 0.3 mm (n = 111) during the late stage
(Figure 4B). Remarkably, Blebbistatin treatment abolished the generation of the SOC (Figure 4A). Not
only did the midbody diameter fail to shrink but also the MT arrays at the ICB failed to condense, as
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Figure 3. Inhibition of NM-II Motor Activity by a Low Dose of Blebbistatin Causes Delayed Removal of Actin and
Myosin Filaments from the Division Site at the Midbody Stage

(A) Treatment of cells by 7.5 mM Blebbistatin results in furrow ingression, followed by furrow regression. Cells were treated
with DMSO or 7.5 mM Blebbistatin and observed by time-lapse microscopy. Scale bar, 10 mm.

(B) CEP55 localizes to the midbody region in cells treated with 7.5 mM Blebbistatin. Cells transfected with the plasmid
carrying GFP-CEP55 and treated with 7.5 mM Blebbistatin were analyzed by time-lapse microscopy. Scale bar, 10 mm.
(C) Quanti cation of binucleated cells caused by 7.5 mM Blebbistatin. Cells in the presence of DMSO or 7.5 "M
Blebbistatin were imaged by time-lapse microscopy and then scored for the mono- versus binucleated phenotype.

(D) llA is enriched and prolonged at the ICB in cells treated with 7.5 mM Blebbistatin. Cells transfected with the plasmid
carrying GFP-1IA in the presence of DMSO (left) or 7.5 mM Blebbistatin (right) were analyzed by time-lapse microscopy.
Scale bar, 10 mm.

(E) The duration of 1IB at the ICB is prolonged in cells treated with 7.5 mM Blebbistatin. Cells transfected with the plasmid
carrying GFP-IIB in the presence of DMSO (left) or 7.5 mM Blebbistatin (right) were analyzed by time-lapse microscopy.
Scale bar, 10 mm.

(F) Actin laments are enriched and prolonged at the ICB in cells treated with 7.5 mM Blebbistatin. Cells infected with
Adenovirus carrying GFP-LifeAct in the presence of DMSO (left) or 7.5 mM Blebbistatin (right) were analyzed by time-lapse
microscopy. Scale bar, 10 mm.

See also Video S5.

indicated by the diameter of the ICB at the corresponding position of the SOC (2.5 G 0.8 mm, n = 111;
measured at 1.2 mm away from the midbody) (termed illusionary SOC (iSOC) hereafter for convenience
and simplicity), which is signi cantly larger than the diameter of the midbody (Figure 4B). Taken together,
these data indicate that NM-II motor activity is required for midbody and ICB maturation as well as for the
generation of a SOC.
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Figure 4. NM-II Motor Activity Is Required for Midbody Maturation and the Generation of a Site of Constriction

(A) The sites of constriction are abolished by treatment with 7.5 mM Blebbistatin. HeLa-Kyoto cells were synchronized sequentially with thymidine,
nocodazole, and MG132, and then released into fresh medium for 45 min. Two aliquots of these cells were treated with DMSO or 7.5 mM Blebbistatin for
60 min (early midbody stage) or 120 min (late midbody stage), respectively, before being xed and stained with anti-Cep55 (green) and anti-a-tubulin (red)
antibodies. Arrows, sites of constriction; arrowheads, the site of abscission. Scale bar, 5 mm.
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Figure 4. Continued

(B) Measurements of the diameter of the midbody, the diameter at the site of constriction, as well as the distance between these cellular structures in DMSO-
or Blebbistatin-treated cells during the early and late midbody stages. The samples used for this quanti cation include the cells synchronized at the early and
late midbody stages that were double-stained with an anti-a-tubulin (red) antibody, in combination with an anti-Cep55 (green) (see A), anti-NM-IIA (green)
(see Figure 5A), anti-NM-IIB (green) (see Figure 5B), phalloidin (green) (see F-actin in Figure 5C), or anti-Sept9 antibody (green) (see Figure 5D). MD,
midbody; SOC, site of constriction; iISOC, illusionary SOC.

(C) Addition of Blebbistatin before the start of furrowing or at the end of furrowing causes furrow regression or a delay in abscission, respectively. HeLa cells
stably expressing mCherry-H2B and EGFP-a-tubulin were treated with either DMSO or 7.5 mM Blebbistatin at the indicated times and followed by time-lapse
microscopy. Maximum projection of EGFP-a-tubulin (12 z-sections with the step size of 0.7 mm) for a representative cell of each category is shown here.
Regression was judged based on both the bright- eld and the EGFP-a-tubulin images. Arrowhead indicates the site of constriction that becomes the site of
abscission.

(D) NM-II motor activity is required for the thinning of the ICB. The same images as described in (C) were used for measuring the diameter at the midpoint of
the spindle as well as the diameter at the thinnest part near the midpoint of the MT array at the ICB (presumably the site of constriction in DMSO-treated
cells). Individual traces for individual cells of indicated categories are presented here. Time point 0 is the time when furrow ingression was completed
(based on bright- eld images).

(E) The same data from (D) are presented as mean G SD.

To further determine the role of NM-II motor activity at the terminal stage of cytokinesis, we performed live
imaging on Hela cells stably transfected with EGFP-a-tubulin and mCherry-H2B in the presence of DMSO
or 7.5 mM Blebbistatin. In the presence of DMSO, all cells underwent abscission with duration at the mid-
body stage of 111 G 14 min (n = 16) (Figure 4C). The initial SOC became the future SOA (Figure 4C, arrow-
head). The diameter at the SOC was progressively reduced over time, going from 1.2 G 0.2 mm to zero
(n=16) (Figures 4D and 4E). In contrast, when the Blebbistatin was added before furrow ingression, major-
ity of the cells (12 of 16 cells) underwent furrow ingression, followed by furrow regression 176 G 39 min later
(Figures 4C 4E). All cells failed to form an obvious SOC (Figure 4C). The rate of furrow ingression, as
re ected by the rate of diameter change for the spindle, was slightly reduced when compared with that
of DMSO-treated cells, and the diameter of the thinnest part of the ICB (presumably referring to the

midbody and then its adjacent region, based on the data in Figures 4A and 4B) was reduced from
its initial size of 2.2 G 0.5 mm (n = 15) to 1.3 G 1.0 mm (n = 12) during the longest time span required
for abscission in the DMSO-treated cells (Figures 4C 4E). Thus, consistent with data on the xed
cells described above, these results indicate that NM-Il motor activity is required for midbody and ICB
maturation as well as for the generation of a SOC, which becomes the future SOA.

When Blebbistatin was added after furrow ingression, 6 of 10 cells showed delayed abscission with duration
at the midbody stage of 184 G 20 min (Figures 4C 4E), 1 cell displayed furrow ingression followed by
regression, and the remaining 3 did not display clear abscission. As expected, the rate of furrow ingression
was not affected (Figures 4D and 4E) and the diameter of the thinnest part of the ICB (presumably referring
to the SOC, which should be formed at the time of Blebbistatin addition based on the data in Figures 4A
and 4B) was in between the diameter of the SOC in the DMSO-treated cells and the diameter of the mid-
body in the Blebbistatin (added before furrowing)-treated cells (Figures 4D and 4E). Importantly, the choice
of abscission delay versus furrow regression appeared to strictly correlate with the diameter at the iSOC.
These data indicate that NM-Il motor activity plays a post-furrow role in cytokinesis, i.e., the generation of a
SOC.

NM-IIB, Actin Filaments, and Septin 9 Are Associated with the Site of Constriction

To determine how NM-lIs might be involved in the generation of a SOC, we performed localization studies
on NM-IIA and NM-IIB during cytokinesis and abscission in synchronized cells using isoform-speci c anti-
bodies. Both IIA and IIB localized to the division site during furrow ingression. IIA did not enrich at any part
of the ICB from early to late midbody stage in DMSO-treated cells (Figure 5A) (for the early stage, 22 of 22
cells, and for the late stage, 18 of 18). However, Blebbistatin treatment resulted in its enrichment at the mid-
body throughout the terminal stage of cytokinesis and I|1A was apparently present as a single ring surround-
ing the midbody during the late stage (Figure 5A) (for the early stage 19 of 19, and for the late stage 17 of
17). In contrast, IIB was enriched at both SOCs during early midbody stage (18 of 18) and then localized to
the midbody as well as to a SOC or the SOA during late midbody stage (9 of 16) in DMSO-treated cells
(Figure 5B). This was more clearly visualized in a montage of the z-section images (Figure S5). 1IB could
be detected at the SOC with a diameter as small as 0.3 mm. In Blebbistatin-treated cells, II1B was enriched
over the entire midbody during the early stage (15 of 15) and was apparently present as a double ring sand-
wiching the midbody during the late stage (19 of 19) (Figure 5B). Thus, consistent with the time-lapse data
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Figure 5. NM-IIB, Actin Filaments, and Septin 9 Are Associated with the Site of Constriction

(A) A is not associated with the site of constriction. Cells were synchronized at the early or late midbody stage, treated
with DMSO or 7.5 mM Blebbistatin, and double-stained for IIA (green) and tubulin (red) as described for Cep55 in
Figure 4A. Arrows, sites of constriction; arrowheads, the site of abscission. Scale bar, 5 mm.

(B) 1IB is associated with the site of constriction. Cells were processed and double-stained for IIB (green) and tubulin (red)
as described for 1A in (A). Arrows, sites of constriction; arrowheads, the site of abscission. Scale bar, 5 mm. See also
Figure S5.

(C) F-actin is associated with the site of constriction. Cells were processed and double-stained for F-actin (green) and
tubulin (red) as described for IIA in (A). Arrows, sites of constriction; arrowheads, the site of abscission. Scale bar, 5 mm.
See also Figure S6.

(D) Septin 9 is associated with the site of constriction. Cells were processed and double-stained for Sept9 (green) and
tubulin (red) as described for IIA in (A). Arrows, sites of constriction; arrowheads, the site of abscission. Scale bar, 5 mm.
See also Figure S7.
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on the GFP-IIA and GFP-IIB localization (Figures 3D and 3E), the endogenous IIA and IIB display distinct
localization patterns during terminal stage of cytokinesis. Most importantly, these data suggest that 1B
is in the right place at the right time to drive the formation of the SOCs, which presumably become the
future SOAs.

The idea of 1I1B producing a local constrictive force at the shoulder of the midbody predicts the presence of
F-actin at the same location. Indeed, this is the case. F-actin formed a ring-like structure surrounding the
SOC during both early and late midbody stages (Figures 5C and S6). As expected, Blebbistatin treatment
abolished SOC formation. Under this condition, F-actin was enriched over the midbody region (Figure 5C).
This, together with the IIB data, suggests that a secondary AMR is formed to generate the SOC for the
future abscission.

Septins are known to scaffold the full activation of NM-II by its kinases (MLCK, ROCK, and citron) during
later stages of cytokinesis (Joo et al., 2007). Septin 9 (Sept9) is required for abscission (Estey et al., 2010).
Septins are also known to recognize micron-scale membrane curvature (Bridges et al., 2016). These ob-
servations raise the possibility that septins might scaffold IIB activation to generate the SOC and stabilize
the membrane curvature there. To test this possibility, we examined Sept9 localization in the synchro-
nized cells. We found that Sept9 localized to the SOCs (14 of 22) or to both the SOCs and the MT array
(8 of 22) during early midbody stage (Figures 5D and S7). Blebbistatin treatment caused Sept9 accumu-
lation surrounding the midbody (Figure 5D). Sept9 localized to both the SOCs and the MT array (16 of 21)
during late midbody stage (Figures 5D and S7). Blebbistatin caused various Sept9 localizations, the ma-
jority displaying association with the MT array (14 of 17), some displaying MT association and localization
at the iSOC (6 out of 17), some displaying midbody and MT localization (3 of 17) (Figure 5D), some with
midbody localization only (3 of 17), and some with MT localization only (5 of 17). These data suggest that
Sept9 likely acts together with IIB and F-actin to generate the SOC and stabilizes the membrane
curvature.

The ESCRT-IIl Complex Is Incapable of Generating a Site of Constriction in the Absence of
NM-II Motor Activity

To determine how NM-II motor activity might affect abscission, we examined the localization of the endog-
enous CHMP4B in synchronized cells using immuno uorescence. During early midbody stage, CHMP4B
did not localize to the ICB regardless of DMSO or Blebbistatin treatment (Figure 6). However, during
late midbody stage, CHMP4B clearly localized to the midbody and spread to the SOA in the DMSO-
treated cells (6 of 14) (Figure 6). This is consistent with a previous report (Elia et al., 2011). In contrast,
CHMP4B localized only to the midbody region in all the Blebbistatin-treated cells (n = 24) (Figure 6).
This is not surprising as the formation of SOC was abolished under this condition. Importantly, these
data suggest that the ESCRT-IIl complex is incapable of generating a SOC in the absence of NM-Il motor
activity.

DISCUSSION

The prevailing view of cytokinesis is that NM-II is required only for early furrow ingression as a part of the
contractile ring. Disassembly of the ring at the midbody stage then allows other factors such as the
ESCRT-IIl complex to take over and drive abscission (Hurley and Hanson, 2010; Guizetti et al., 2011; Elia
et al., 2011; Agromayor and Martin-Serrano, 2013). However, our work suggests that NM-Il motor activity
plays a post-furrow role in cytokinesis, which is to generate a SOC for the ultimate abscission. Although
all three isoforms likely share essential roles in both furrow ingression and abscission, our localization
data suggest that IIA might be more specialized for furrow ingression and IIB and 1IC are more directly
involved in abscission. This notion is supported by the following observations: (1) both the endogenous
IIA and IIB localize to the division site during furrow ingression, but IIA disappears from the division site
at the midbody stage, whereas I1B remains associated with the midbody and the SOC (Figure 5B); (2) knock-
down of IIC by isoform-speci ¢ siRNA in human lung tumor cells A549 results in a signi cant delay at the
midbody stage, although these cells eventually underwent abscission (Jana et al., 2006); and (3) IIA trans-
locates actin laments much faster than IIB or IIC, and the half maximal inhibitory concentration (ICs) of
Blebbistatin for IlA is signi cantly higher than that for 1IB or IIC (Zhang et al., 2017).

How does NM-II act in abscission mechanistically? The initial diameter of the ICB is similar to that of a mid-
body, which is about 1.8 G 0.3 mm (Figure 4B). This is consistent with the previous report of 1.5 2.0 mm for
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Figure 6. The ESCRT-IIl Complex Is Incapable of Generating a Site of Constriction in the Absence of NM-II Motor
Activity

Cells were processed and double-stained for CHMP4B (green) and tubulin (red) as described for Sept9 in Figure 5D.
Arrows, sites of constriction; arrowheads, the site of abscission. Scale bar, 5 mm.

the midbody diameter (Mullins and Biesele, 1973, 1977). However, ESCRT-IIl components can only
assemble into much smaller spiral laments ( 40 250 nm in diameter) or rings (50 65 nm in diameter)
(Henne et al., 2012; Agromayor and Martin-Serrano, 2013; Chiaruttini et al., 2015; Alonso et al., 2016).
Thus, to enable ESCRT lament assembly, the diameter of the ICB must be substantially reduced from
its initial size. However, the driving force for ICB thinning has remained obscure. Our study suggests
that NM-Il, together with actin laments, produces forces to generate a SOC with a diameter as small as

200 300 nm that is stabilized by the curvature-sensing septins, and this SOC allows ESCRT complex to
assemble into laments and carry out its function in membrane ssion.

There are at least two actomyosin-based forces, a global force and a local force, that actin concert to
drive ICB thinning. The global force produced at the cortex of the dividing daughter cells during late stage
of cytokinesis may drive them apart, which leads to the generation of tension across the ICB that contrib-
utes to its general thinning. The existence of such a force is supported by the following observations.
(1) NM-IIA and NM-IIB localize to the leading edge and stress bers, respectively, and are required for
cell spreading and migration (Betapudi et al., 2006; Sandquist and Means, 2008). (2) Pro lin 1, which pro-
motes formin-nucleated actin lament assembly, is required for abscission during chondrocyte cytokinesis
in mice (Bottcher et al., 2009). Cells lacking pro lin 1 can undergo normal AMR constriction, but cannot
produce strong traction force to drive cell spreading and migration during abscission (Bottcher et al.,
2009). (3) Finally, tension rises at the ICB before abscission (Burton and Taylor, 1997).

The local force is produced by a secondary AMR, which, together with the septins, generates and stabilizes the
SOC, which becomes the future SOA. This local force is responsible for local thinning of the ICB. The existence
of such a force is supported by the following observations: (1) GFP-tagged 1B and 11CO are clearly localized at
or near the midbody region before abscission (Figures 1 and S1); (2) endogenous NM-IIB and NM-IIC, but
not NM-IIA, were observed to sandwich the midbody (Maupin et al., 1994; Daniels et al., 2004; Jana et al.,
2006) (Figure 5B), and, in addition, the endogenous IIB also localizes to the SOCs (Figure 5B); (3) actin laments
are present at the ICB during the early stage of abscission (Murthy and Wadsworth, 2005; Guizetti et al., 2011)
(Figure 3F) and form a ring-like structure surrounding the SOC (Figure 5C); and (4) nally, in Drosophila testis, the
germline stem cells undergo AMR-driven furrow ingression that is followed by actin ring disassembly while leav-
ing NM-Il in place. Shortly thereafter, a secondary AMR-like structure (1.2 mm in diameter) is formed to delay
abscission. Only after disassembly of this secondary actin structure can abscission occur (Lenhart and Dinardo,
2015). It remains possible that this secondary AMR might also promote abscission before its disassembly.
Collectively, the global and local forces act in concert to sculpt the ICB into a membrane tube with the correct
size and shape that allows ESCRT lament assembly and function.

NM-II motor activity could also contribute to abscission by promoting ef cientremoval of actin laments at
the ICB. Cytoskeletal elements such as MTs and actin laments play pivotal roles in furrow positioning and
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ingression, but they must be removed from the ICB before abscission, as they would physically block mem-
brane ssion. ESCRT-recruited spastin, an MT-severing enzyme, is required for the removal of MTs at the
midbody (Yang et al., 2008), whereas co lin, an actin- lament-severing protein, as well as Rab35 and its
effector MICALL are required to clear actin laments from the ICB in Drosophila germ cells and mammalian
cells, respectively (Lenhart and Dinardo, 2015; Fremont et al., 2017a, 2017b). Clearance of actin and myosin

laments would not only remove a physical block but also release tension, which is essential for abscission
(Lafaurie-Janvore et al., 2013). NM-II motor activity might facilitate F-actin removal by sliding actin laments
and making them more accessible to the actin clearance machinery. The prolonged retention of myosin
and actin laments at the ICB in 7.5 mM Blebbistatin-treated cells as well as their decreased turnover in
Blebbistatin-treated cells, as revealed by FRAP analysis (Murthy and Wadsworth, 2005), support the pro-
posed role of NM-II in abscission.

Finally, the septins or the AMR at the SOC could function as a scaffold, akin to the role of NM-Il in cytoki-
nesis in budding yeast (Wloka et al., 2013), for the localization of the ESCRT complex, which, in turn, directs
the deposition of the endosome-carried spastin (Yang et al., 2008; Connell et al., 2009) to depolymerize MT
at the SOC for the eventual abscission.

In summary, this study suggests that NM-II motor activity may coordinate multiple cellular events including
tension generation across the ICB, MT removal, formation of the SOC, F-actin clearance, and tension
release to execute the elaborate process of abscission.

Limitations of the Study

In this study, we have clearly shown that Sept9, NM-IIB, and F-actin are associated with the sites of constriction
during the early midbody stage and with the SOA during the late midbody stage. In addition, we have clearly
demonstrated that treatment of HelLa cells with a low dose of Blebbistatin abolishes the formation of constric-
tion sites. Our study lays the framework for how NM-II initiates the formation of an abscission site. However,
detailed mechanisms concerning the relative contributions of different NM-II isoforms to this process as well
as how Hela and other cell types execute abscission in the absence of speci ¢ NM-II isoforms (via CRISPR/
Cas9-mediated gene knockouts, instead of siRNA depletion, dominant negative NM-II constructs, or inhibition
of NM-II motor activity) are not a focus of this study and warrant further investigation in the future.

METHODS
All methods can be found in the accompanying Transparent Methods supplemental le.

SUPPLEMENTAL INFORMATION
Supplemental Information can be found online at https://doi.org/10.1016/j.isci.2019.02.010.
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Figure S1. Localization and dynamics of NM-IICO during cytokinesis. Related to Figure 1.
(A) Localization pattern of NM-1ICO dumg cytokinesis. Scale bar,Bn. See alsMovie
S2, left
(B and C) FRAP analysis of NM-IICO during okinesis. Data for fluorescence recovery at
the bleached region of all cells gnesented in the format of mearED (B) or as individual

curves (C). See alddovie S2, right



Figure S2. Different NM-I1 isoforms display distinct dynamicsduring cytokinesis. Related
to Figures 1 and S1.
(A) A representative cell carrying GFP-tagged NM-(R), -1IB (B), or -11ICO (C) for the
FRAP analysis is shown. Scale bari?h. See alsdlovies S2(right) andS3



Figure S3. Knockdown of NM-1I1A and —IIB expression by siRNAs. Related to Figure 3B.
(A) Efficiency of I1A knockdown by siRNA. dks were transfectedith indicated
concentrations of control RNA or siRNAgainst IIA and 1B together by lipofectamine
or nucleofection. The efficiency of IIA knockdown was determined 72 hours after
transfection by Western blottingsing an antibody against li@op). Sample loading for
each lane was determined by Western blotting using an antibody actin (bottom).
(B) Efficiency of 1IB knockdown by siRNA. Expenents were performed as described in

(A), except that an aibody against [IB was used for Western blotting.



Figure S4. Localization of GFP-IIB-tail during the cell cycle. Related to Figure 2A.
Cells were transfected with the plasmid cargyGFP-11B-tail, and imaged 24-28 hours after

transfection. White arrows indicate the weatalization of GFP-1IB-tail at the division site.

Scale bar, 5An. See also Movie S4.






Figure S5. Localization of IIB at the ICB during different midbody stages. Related to
Figure 5B.
(A) Localization of 1IB at the ICB during thearly midbody stage. Cells were from the

culture treated with DMSO for 60 min. li@reen) and tubulifred) were immuno-
stained with specific antibodiekeft panel, max projeain of variable Z sections
covering the ICB only; and rigipianel, montage of Z sections covering the ICB, Z step =
0.6 um. Arrows, SOCs; and trianglé8 at the SOCs. Scale bar,n.

(B) Localization of 1I1B at the ICB during the lateidbody stage. Except that cells were from
the culture treated with DMSO for 120mall other experimental conditions and

denotations are the same as described in panel A.






Figure S6. Localization of F-actin at the ICBduring different midbody stages. Related to
Figure 5C.
(A) Localization of F-actin at the ICB duringetkearly midbody stage. Cells were from the

culture treated with DMSO for 60 min. Ftec(green) and tubulin (red) were stained
with Alex568 labeled phalldin and a specific antibody,spectively. Left panel, max
projection of variable Z seions covering the ICB only;nal right panel, montage of Z
sections covering the ICB, Z step = 0.6 pArrows, SOCs; and triangles, F-actin at the
SOCs. Scale bar, Bn.

(B) Localization of F-actin at the ICB during ttete midbody stage. Except that cells were
from the culture treated with DMSO for 18fn, all other experimental conditions and
denotations are the same as described in panel A.






Figure S7. Localization of septin 9 at the ICRluring different midbody stages. Related to
Figure 5D.
(A) Localization of Sept9 at the ICB during tearly midbody stage. Cells were from the

culture treated with DMSO for 60 min. S8ggreen) and tubulifred) were immuno-
stained with specific antibodiekeft panel, max projeain of variable Z sections
covering the ICB only; and rigipianel, montage of Z sections covering the ICB, Z step =
0.6 um. Arrows, SOCs; and triangl&ept9 at the SOCs. Scale bark.

(B) Localization of Sept9 at the ICB during tla¢e midbody stage. Except that cells were
from the culture treated with DMSO for 18@n, all other experimental conditions and

denotations are the same as described in panel A.



Transparent Methods

EXPERIMENTAL MODEL AND SUBJECT DETAILS

HeLa-Kyoto cells stably exprsimg histone H2B-mCherry (Schmitz et al., 2010) (kindly
supplied by Michael Lampson at the UniversiffPennsylvania, PA, USA) and HelLa cells
stably expressing both EFGFPtubulin and mCherry-H2B (Bastos and Barr, 2010) (kindly
provided by Francis A. Barr at the UniversitiyOxford) were used throughout this study.

METHODS DETAILS

Constructs, antibadies, and reagents

Plasmids CMV-GFP-NMHCII-A, CMV-GFP-NMCII-B, and pEGFP-NMHC 1I-CO were
purchased from Addgene (Wei and AdelsteB0@ Golomb et al., 2004). Plasmid carrying
CEP55-GFP was provided by Dr. Kerstin Kues¢lniversitatsklinikum Hamburg-Eppendorf,
Hamburg, Germany) (Martinez-Garay et al., @00Adenovirus carrying GFP-tagged LifeAct
for live imaging of actin filaments was mivased from IBIDI (Riedl et al., 2008).
Small-interference RNAs (siRNAsincluding those againstAl(Myh9) and those against 11B
(See also KRT) were purchased fremegrated DNA Technologies. T&dencefM Select
Negative Control No. 1 was purchased from lrogen. The C-terminal constructs of 1A (349
amino acids, residues 1612-1960) and IIB (34&amcids, residues 1629-1976) were made as
follows. The PCR conditions for amplifyingghlA (Myh9) and IIB (Myh10) tail fragments
were the same except primers: R@®PfuUltra Il Fusion HS DNA Polymerase (Agilent
Technologies), 5?10 X PfuUltra Il reaction buffer, 0. (~~80 ng) Addgene's NMHCII-A or
NMHCII-B plasmid as the template DNA, 1®forward primer (50 M in stock) (See also
KRT for primer sequences), 1Breverse primer (50M in stock), 5B 10X dNTPs (2.5 mM
each), 2.0R MgClz (50 mM in stock), 25 cycles with alongation time of 1 min 10 sec and 4
min post annealing. The PCR-amplified 1050HBpfragment (including stop codon) and the
1047-bp 1IB fragment (including stopdon) were subsequently cloned into
pPcDNA3.1/NT-GFP-TOPO using the NT-GFP FarsiTOPO Expression Kit (ThermoFisher
Scientific), resulting in thgeneration of GFP-11A-349-tailral GFP-1I1B-348-tail under the CMV
promoter control. Primary antibodies usedhis study include the rabbit polyclonal anti-



NMIIA (Cat#: BT-567) from Biomedical Technagjies, rabbit polyclodanti-Chmp4B (Cat#:
13683-1-AP) and rabbit polyclonal anti-hum@ep55 (Cat#: 23891-1-AP) from ProteinTech
Group, rabbit polyclonal anti-Sept9 (CamBP2-3294) from Novus Biological, mouse
monoclonal anti--Tubulin and rabbit polydnal anti-actin (1L00 dilution for Western blotting)
from Sigma, and rabbit polyclonal anti-meudM-IIA (Cat#: 3403) and anti-human NM-IIB
antibodies (Cat#: 3404S) (both at 1:1000 dilntfor Western blottig) from Cell Signaling
Technology. Secondary antibodigged in this study includedtperoxidase AffiniPure goat
anti-rabbit IgG (1:20,000 dilution for Westerrotilng) from the Jackson ImmunoResearch
Laboratories, Alexa Fluor 488 goat anti-moig8 (H+L) (Cat#: A-11001), Alexa Fluor 568
goat anti-mouse 1gG (H+L) (Cat#: A-11004hdeAlexa Fluor 488 chicken anti-rabbit IgG
(H+L) (Cat#: A-21441) from Thermo Fisher Suoidic. Alexa Fluor568 Phalloidin (Cat#:
A12380) was purchased from Thermo Fisher &die. (-)-Blebbistatinwas purchased from
Sigma and was dissolved in dimethylsulfoxide®0) (ThermoFisher Santific) with the stock

concentration of 3.4 mM.

Cell culture, transfection, and siRNA knockdown

HeLa-Kyoto cells stably expresgj H2B-mCherry were cultured in Dulbecco’s Modified Eagle
Medium (DMEM) (ThermoFisher Scientific) ntaining 5% or 10% tal bovine serum (FBS)
(Invitrogen/Gibco) at 37°C in the presence of 5%CPlasmids were transfected into HelLa-
Kyoto cells using Lipofectamine 2000 (Thermtier Scientific) following manufacturer’s
instructions. For the knockdown experimesi®NAs against IIA (Myh9) and IIB (Myh10)
were transfected into HeLayito cells using either Lipofeztnine RNAIMAX (ThermoFisher
Scientific) (30 pmol for siRNAs against [IA diB and 60 pmol for the control siRNA) or
Nucleofector | (Amaxa) (300 pmol for siRNAsaigst IIA or 1IB and 60(¢pmol for the control
siRNA). The knockdown efficiency was coarmgd 72 hours after transfection by Western
blotting. Both methods produced similar fésu Since then, only Lipofectamine RNAIMAX

was used for our functional studies.

Cell synchronization and immunofluorescence
HeLa-Kyoto cells expressing H2Beherry cells were grown onl&®-mm coverslip in a 90-mm

dish to 50-60 % confluency. The cells wéren synchronized by sequ&l treatments with



thymidine (a DNA synthesis inhibitor that aste cells at the G1/soundary), nocodazole (a
microtubule-depolymerization dg that arrests cells in G mitosis), and MG132 (a
proteasome inhibitor that arrestlls at metaphase). Specifigalthe cells were first treated
with 2 mM thymidine (Sigma, Cat#: T9250) (skoconcentration: 200 mM in water) for 24
hours. Thymidine was then washed out tatdls progress through the cell cycle for 6 hours.
These cells were then treated with 50uhghocodazole (Sigma, Cat#: SML1665) (stock
concentration: 5 mg/mL in DMSO) for 4 hourSubsequently, nocodazole was washed out, and
the cells were treated with 10 MG132 (Sigma, Cat#: M7449) (stk concentration: 10 mM in
DMSO) for 2 hours. Finally, MG132 was washed aundl the cells were allowed to progress to
anaphase (~45 minutes after the release). Tdedsewere then treated with DMSO or 7.5 uM
Blebbistatin for 60 or 120 minutes to alldkem reach the early and late midbody stages,

respectively.

The above cells were fixed with 3.7% formdigide in PBS for 10 minutes, washed 3 times in
PBS, and then treated with 0.2% Triton X-100 (Bio-Rad, Cat#: 1610407) for 10 minutes. After
washing 3 times with PBS, cells were blodkie PBS containing 1% BSA for 30 minutes and
then incubated with primary antibody (with ditins for 1A, 1:100; 11B, 1:100; CHM4B, 1:200;
Sept9, 1:200; Cep55, 1:200; andubulin, 1:500) in PBS coaining 1% BSA at 4°C for

overnight. After washing 5 times with PBS]|Isavere incubated with Alexa Fluor 488 chicken
anti-rabbit antibody (1:500) ioombination with Alexa Fluor 568 goat anti-mouse antibody
(1:500) or Alexa Fluor 488 goat anti mousdilaody (1:500) with Alexa Fluor 568 Phalloidin

(1:40) at 25°C for 1.5 hours. After washifgimes with PBS, cells were mounted with
VECTASHIELD Antifade Mounting Medium containg DAPI. Coverslips were sealed with

nail polish and imaged with the Réin microscope described below.

Imaging and analysis

For live imaging, HeLa-Kyoto cells expressiHgB-mCherry were grown in DMEM medium
containing 5% or 10% (fdfigures 3D and 3B FBS in a 35-mm glass-bottom culture dish
(MatTek) that was placed in a Chamlide Indwb&ystem (Live Cell Instrument, Seoul, South
Korea) at 37°C in the presence of 5% C@xcept where noted, images were acquired on a

spinning-disk confocal micraspe equipped with a Yokogawa CSU 10 scan head combined



with an Olympus IX 71 microscope andy@ipus objectives 20X (0.75 NA, UPlanSAPO,
Air/Dry), 40X (0.95 NA, UPlan8PO, Air/Dry), and 100X 1.4 NA, UPlanSAPO, Oil).
Acquisition and hardware were controlledMgtaMorph version 7.7 (Molecular Devices,
Downingtown, PA). A Hamamatsu ImagEBMCCD camera (model C9100-13, Bridgewater,
NJ) was used for capture. Diode lasers for excitation (488 nm for GFP and 561 nm for
mCherry/RFP) were housed in a launch carcdéd by Spectral Applied Research (Richmond
Hill, Ontario). Bright-field and fluorescence ages were taken with 4-10-min intervals as
indicated with z-sections of viable step sizes to cover thatire cell. FRAP was performed
using a MicroPoint computer-controlled ablatgystem (Photonic Instruments, St. Charles, IL)
consisting of a nitrogen-pumped dye lageavelength 435 nm) controlled by MetaMorph.
Images were taken with an Olympus 60bjective (1.20 NA UPLSAPO, Water) every 20
seconds (with an appropriate z-stack to coveettige cell). Quantifichon was performed with
NIH ImageJ, drawing a respective polygon on thigame of interest to yield the integrated
density for the region (Wloka at., 2013). This integrated density was used in GraphPad Prism
Version 5 (GraphPad Software, La Jolla, CA) to create plots.

For monitoring the impact of Blebbistatim furrow ingression and abscission (fagure 4C),
HelLa cells stably expressing EFGFERubulin and mCherry-H2B we imaged with 8-min
interval in the premnce of DMSO or 7.9M Blebbistatin with a smpining-disk confocal system
that combines the Yokogawa CSU X1 scan hegild an Olympus IX 81 microscope equipped
with an Olympus objective 100X (1.4NA, URBAPO, Oil) and the Andor iXon X3 EMCCD
camera. The same microscope with ayn@lus objective 40X (0.8IA, LUCPlanFLN) was

used to image cells with 10-minterval that are presentedhigures 3D and 3E

For imaging the fixed, synchrargd, and double-stained cellsdures 4A, 5, and §, the Nikon
microscope (model Eclipse Ti-U, Tokyo pda) equipped with a Nikon 100x/1.49NA oil
objective (model CFI Apo TIRF 100x), and a Yokegaspinning-disk confocal scanner unit
(model CSU-X1, Tokyo, Japan) was used. Solid-d¢sters for excitation (488 nm for GFP and
561 nm for RFP) were housed in a launch coestd by Spectral Applied Research (model ILE-
400, Richmond Hill, Ontario, Canada). An Evolve® 512 Delta EMCCD Camera (Tucson, AZ,

USA) was used for image capture (15 z-sectisitls the step size of 0.6 um). The imaging



system was controlled by M&Morph version 7.8.10.0 (MoleculBevices, Downingtown, PA,
USA).
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LEGENDS FOR SUPR.LEMENTAL MOVIES

Movie S1. Localization of NM-IIA (left) and -IB (right) during cytokinesis. Related to
Figures 1A and 1B.

Movie S2. Localization (left) and FRAP analysigright) of NM-1ICO during cytokinesis.
Related to Figures 1, B-E; S1; and S2.

Movie S3. FRAP analysis of NM-IIA (left) and—IIB (right) during cytokinesis. Related to
Figures 1C and 1D.

Movie S4. Localization of GFP-1IB-tail during the cell cycle. Related to Figure 2A.
Movie S5. Localization of F-actin (GFP-LifeAct)in DMSO (left)- and Blebbistatin (right)-
treated cells. Related to Figure 3F.
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