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Summary

The molecular mechanism that governs cytoskeleton—membrane interaction during animal cytokinesis
remains elusive. Here, we investigated the dynamics and functions of ERM (Ezrin/Radixin/Moesin)
proteins during cytokinesis in human cultured cells. We found that ezrin is recruited to the cleavage
furrow through its membrane-associated domain in a cholesterol-dependent but largely Rho-independent
manner. While ERMs are dispensable for furrow ingression, they play a pivotal role in contractile activity
of the polar cortex. Notably, when anillin and supervillin are co-depleted, ERMs increasingly accumulate
at the cleavage furrow and substantially contribute to the furrow ingression. These results reveal a
supportive role of ERMs in cortical activities during cytokinesis, and alsoprovide insight into the

selective mechanism that preferentially associates cytokinesis-relevant proteins with the division site.



Introduction

During cytokinesis in animal cells, there is drastic remodeling of actin-membrane interactions, which
control global cell shape changes to separate a cell into two daughters. At the cell equator, an actin-based
structure called the contractile ring transiently forms and drives the ingression of the equatorial
membrane, while the cell cortex at the polar region gets relaxed to allow for cell elongation or to keep
global force balance during cell deformation [1-5]. However, the molecular mechanisms that govern the
dynamic reorganization of the cytoskeleton-membrane interface remain largely unknown. Interactions
between the actin cytoskeleton and the plasma membrane in dynamic cellular processes are generally
mediated by F-actin-binding and membrane-associated proteins [6,7]. Among numerous proteins in that
category, anillin plays a pivotal role in cytokinesis control. Anillin directly binds to actin and myosin
through its N-terminal domains and to RhoA or phosphatidylinositol 4,5-bisphosphate (PIP2) through its
C-terminal domains, and it localizes to the cell equator throughout cytokinesis [8-13]. In the absence of
anillin, the initial ingression of the cleavage furrow still takes place. However, in the course of furrow
ingression, the contractile ring becomes delocalized from the cell equator, often resulting in ectopic
oscillatory contraction of the polar cortex and eventual furrow regression [10,11]. Therefore, whereas
precise and persistent control of membrane invagination is lost in the absence of anillin, gross cell shape
change still occurs possibly through functions of other F-actin- and membrane-associated proteins during

cytokinesis.

Besides anillin, an F-actin-binding and membrane-associated protein supervillin has been reported to play
an important role in cytokinesis control. Supervillin possesses both actin and myosin binding domains
within its N-terminal domain, through which it localizes to the cleavage furrow in mammalian cells
[14,15]. Supervillin tightly binds to the isolated plasma membrane [16,17], though the protein domain
corresponding to this binding has not been identified. Depletion of supervillin causes reduction in the
active form of myosin II at the cleavage furrow and increases frequency of cytokinesis failure, indicating

its active involvement in cytokinesis control [14,18,19].

Other well-conserved F-actin-binding and membrane-associated proteins that localize at the cleavage
furrow are Ezrin/Radixin/Moesin proteins (ERMs). ERMs possess N-terminal FERM domain that
associates with several membrane-associated proteins and C-terminal F-actin binding domain, and,
therefore, function as linkers between actin cytoskeleton and the plasma membrane [20-22]. Previous
studies have clarified the important roles of ERMs in various cellular processes such as epithelial
morphogenesis, cell migration, and cell signal transduction [23-25]. Function of ERMs is regulated
through their binding to PIP2 and subsequent phosphorylation, which relieves the proteins from their
inactive form and enables their interaction with F-actin and the membrane [26-30]. Because ERMs
prominently accumulate at the cleavage furrow during cytokinesis, and the overexpression of C-terminal

truncated mutant of radixin has been reported to induce bi-nucleation of human cultured cells [31,32], it



is speculated that ERMs are possibly involved in cytokinesis. However, in fruit fly cultured cells, which
express only one member of ERMs, moesin, depletion of moesin does not block the progression of
furrow ingression, but causes abnormal deformation of the plasma membrane during mitotic phase
[33,34]. In mammalian cells, the involvement of ERMs in cell shape control during cytokinesis remains
elusive. Moreover, it remains largely unknown whether the different groups of F-actin- and membrane-
associated proteins are involved in the contractile ring-membrane linkage independent of each other, or if
there is any interplay among them that coordinates the contractile ring-membrane interaction for proper

cytokinesis control.

In this study, we investigated the intercellular dynamics and function of ERMs during cytokinesis in
human cultured cells, focusing on the characteristics that distinguish ERMs from other cytokinesis-

relevant proteins and the potential relationships among these membrane proteins.

Materials and methods

Cell culture

HeLa-Kyoto cell lines were cultured in Dulbecco’s modified Eagle’s medium (DMEM, Wako, Japan)
supplemented with 10% foetal bovine serum and 1x antibiotic-antimycotic (Sigma-Aldrich, St. Louis,
MO). A HeLa-Kyoto line stably expressing EGFP-myosin IIA was previously described [35]. The
siRNAs used in this study are listed in Table S1. siRNA transfection was performed using Lipofectamine
RNAIMAX (Thermo Fisher Scientific, Waltham, MA).

Plasmid construction and DNA transfection

The plasmid vectors constructed in this study are listed in Table S2. pEGFP-C3-myosin IIA [36] and
pEGFP-C1-PLCd-PH [37] were purchased from Addgene (plasmid #11347 and #21179, respectively).
The expression vector encoding GFP-ROCK II [38] or Lifeact-GFP was a kind gift from Dr. Kenji
Fukasawa (Moffitt Cancer Center) or Dr. Shin-ichiro Kojima (Gakushuin Univeristy), respectively. DNA

transfection was performed using JetPEI (Polyplus-transfection, Illkirch, France).

Immunofluorescence staining

For the immunostaining, cells were fixed with 3.2% paraformaldehyde in phosphate-buffered saline
[PBS] for 10 min and permeabilized with 0.5% Triton-X100 in PBS supplemented with 0.1 M glycine
[GPBS] for 10 min at 25°C. For immunostaining of Rho, the cells were fixed with pre-chilled 10%
trichloroacetic acid [TCA] on ice for 15 min [39], followed by permeabilization with 0.5% Triton-X100
in GPBS for 5 min at 25°C. The fixed cells were incubated with the primary antibodies overnight at 4°C,
washed three times with PBS, and incubated with the secondary antibodies for 1 h at 37°C. To stain

chromosomes, DAPI (Dojindo, Kumamoto, Japan) was used at a final concentration of 1.0 pg/mL.

Immunoblotting

For immunoblotting, proteins separated by SDS-PAGE were transferred on to Immun-Blot PVDF



membrane (Bio-Rad, Hercules, CA). The blotted membranes were blocked with 0.3% skim milk in TTBS
(50 mM Tris, 138 mM NacCl, 2.7 mM KCl, and 0.1% Tween 20), incubated with the primary antibodies
overnight at 4°C or for 1h at 37°C, and incubated with the secondary antibodies for 30 min at 37°C. Each
step was followed by 3 washes with TTBS. For signal detection, the ezWestLumi plus ECL Substrate
(ATTO, Tokyo, Japan) and a LuminoGraph II chemiluminescent imaging system (ATTO) were used.

Antibodies

Rat anti-a-tubulin (YOL1/34, EMD Millipore, Temecula, CA; 1:500 for IB), rat anti-GFP (GFO090R,
Nacalai, Kyoto, Japan; 1: 1000 for IB), goat anti-anillin (sc-54859, Santa Cruz Biotechnology, Dallas,
TX; 1:500 for IF), rabbit anti-anillin (A301-405A, Bethyl Laboratories, Montgomery, TX; 1:50 for IB),
mouse anti-ezrin (sc-58758, Santa Cruz Biotechnology; 1:100 for IF and 1:100 for IB), rabbit anti-radixin
(EP1862Y, GeneTex, Irvine, CA; 1:200 for IF and 1:10000 for IB), rabbit anti-moesin (3150, Cell
Signaling Technology, Danvers, MA; 1:300 for IF and 1:1000 for IB), rabbit anti-supervillin (NBP1-
90363, Novus Biotechnologicals, Littleton, CO; 1:200 for IF and 1:500 for IB), mouse anti-RhoA (sc-
418, Santa Cruz Biotechnology; 1:100 for IF), rabbit anti-RhoA, B, C (EPR18299, Abcam Cambridge,
United Kingdom; 1: 500 for IF), rabbit anti-myosin IIA (a gift from Dr. K. Owaribe; 1:1000 for IF) [35],
mouse anti-MLKP1 (a gift from Dr. K. Yoda; 1: 2 for IF) [35], and fluorescence- or horseradish
peroxidase-conjugated secondary antibodies (Jackson ImmunoResearch Laboratories, West Grove, PA;

1:1000 for IF and IB) were purchased from the suppliers and used at the dilutions as indicated.

Depletion and visualization of cholesterol, or neomycin treatment

For cholesterol depletion, cells were treated with 10 or 20 mg/mL methyl-b-cyclodextrin (MbCD,
Sigma-Aldrich) for more than 30 min at 37°C. The visualization of cholesterol was performed using
Cholesterol cell based detection assay kit (Cayman Chemical Company, Ann Arbor, MI) according to the
manufacture’s instruction. For neomycin treatment, cells were treated with 5 mM neomycin sulfate
(Nacalai) for 17-18 h at 37°C before cell fixation.

Cell imaging

Cells were observed under a TE2000 microscope (Nikon, Japan) equipped with a x60 1.4 NA Plan-
Apochromatic, a CSU-X1 confocal unit (Yokogawa, Tokyo, Japan), and an iXon3 electron multiplier-
charge coupled device (EMCCD) camera (Andor, Belfast, United Kingdom) or ORCA-ER CCD camera
(Hamamatsu Photonics, Hamamatsu, Japan). Image acquisition was controlled by pManager (Open

Imaging). Transmission electron microscopy (TEM) was performed as previously described [40].

Image analyses

Quantification of fluorescence intensities by microscopy was performed using ImageJ (National Institutes
of Health, Bethesda, MD). The quantification of the distribution of the GFP-tagged proteins along the
cortex was conducted as follows. For control cells, the time frames of live cell images in which the
furrow widths became below 5 um were selected for analyses. For analysing anillin-depleted cells, we

selected the time frames in which the area ratio of smaller to larger daughter cells fell within the range of



0.25 to 0.5, during which RLC-mCherry was fully delocalized from the equatorial furrow to the polar
cortex. Line profiles along the cell cortex were taken from one cell pole to the opposite pole. For direct
comparison among different samples, the pole-to-pole lengths of the line profiles were standardized to an
arbitrary unit. The intensities of line profiles were also standardized after subtracting the cytoplasmic
background, so that integral value of each line profile equals to 1. For line profiles in fixed cells, we
chose the dividing cells with furrow width ranging from 10 to 5 mm (Fig. 3B, 4C, 6B, and S3G) or 14 to
4 mm (Fig. 4G), in which ezrin fully accumulated to the furrow in unperturbed condition. On the other
hand, since depletion of MKLP1 severely blocked furrow ingression and precluded measurements of the
cells with these ranges of furrow width, we analysed earlier stage of cytokinesis (with furrow width
ranging from 15 and 10 mm) in Fig. 3E. After subtracting the cytoplasmic background, the line profile
intensities were standardized to the average intensity at the cell equator in control cells. Kymographs in

Fig. SID were made using the Straighten plugin of ImageJ.

Results
ERMs are stably associated with the cleavage furrow membrane but not with the contractile ring

To gain insight into the organization of cytoskeleton-membrane interface during cytokinesis in the
absence of anillin, we first tested the dynamics of the contractile ring and cytokinesis-relevant membrane
domain, using mCherry-tagged myosin regulatory light chain (RLC) and GFP-tagged PLCd-PH domain
(as a PIP2 marker), respectively, in control and anillin-depleted HeLa cells (Fig. 1A, B, S1A and B).
RLC-mCherry and GFP-PLCd-PH co-localized at the cell equator in control cells [41]. In contrast, RLC-
mCherry was frequently delocalized from the cell equator to the pole, resulting in oscillatory contraction
of the polar cortex in anillin-depleted cells (Fig. 1A and Movie 1; see also Fig. 5D) [11,12]. During the
oscillatory motion, RLC-mCherry co-localized with the F-actin structure visualized by lifeact-GFP,
suggesting that RLC-mCherry reliably labels the contractile ring cytoskeleton even in this perturbed
condition (Fig. SIC and D). During the oscillatory polar contraction in anillin-depleted cells, a large
amount of GFP-PLCd-PH was delocalized from the furrow and moved along the cortex together with the
delocalized contractile ring, while the rest remain associated with the equatorial furrow region until the

furrow regressed.

We next tested the dynamics of ezrin and supervillin during cytokinesis in control and anillin-depleted
cells, using their GFP-tagged chimeras that were co-expressed with RLC-mCherry (Fig. 1A, B, and S1B).
Both ezrin-GFP and GFP-supervillin localized to the cell equator in control cells. However, upon
delocalization of the contractile ring in anillin-depleted cells, these two proteins showed notably distinct
dynamics: While GFP-supervillin was delocalized from the equatorial membrane to cell poles along with
the contractile ring cytoskeleton, most of the ezrin-GFP remained associated with the cleavage furrow at

the cell equator and was dissociated from the contractile ring (Fig. 1A, and Movie 2 and 3). We also



noticed that a small portion of ezrin-GFP transiently accumulated at the polar region and co-localized
with RLC-mCherry only during the gross contraction of the polar cortex in these anillin-depleted cells
(Fig. 1A, enlarged polar cortex images). Quantification of the signal distributions of ezrin-GFP and GFP-
supervillin along the cell membrane confirmed the striking difference in their distributions upon the
delocalization of the contractile ring in anillin-depleted cells (Fig. 1B). An immunostaining analysis also
revealed the preferential association of supervillin or ERMs with the contractile ring cytoskeleton or the
cleavage furrow membrane, respectively, in anillin-depleted cells (Fig. S1E and F). To specify the protein
domain responsible for the characteristic distribution of ezrin in anillin-depleted cells, we tested the
dynamics of GFP-tagged truncated mutants of ezrin (Fig. 2A and B, and S1B) [22]. The localization of
the GFP-tagged FERM domain of ezrin (ezrin-FERM-GFP; 1-309 a.a.) was similar to that of full-length
protein both before and after the delocalization of the contractile ring cytoskeleton in anillin-depleted
cells (Fig. 2A and B). In contrast, the GFP-tagged C-terminal half of ezrin (ezrin-C-term-GFP; 296-586
a.a.) that contains the actin-binding domain predominantly distributed in the cytoplasm while its
association with the cell cortex was barely visible both in control and anillin-depleted cells (Fig. 2A).
Therefore, the characteristic localization of ezrin in anillin-depleted cells seems due to its association
with the membrane rather than the cytoskeleton, which is consistent with reportedlocalizations of the
radixin truncated mutants in unperturbed cells [32]. These results indicate that ERMs have poor
association with the contractile ring cytoskeleton and that their recruitment to the cleavage furrow is

achieved through their association with the equatorial membrane domain.

The accumulation of ezrin at the cleavage furrow requires cholesterol but not RhoA

We next addressed what determines the characteristic localization of ERMs at the cleavage furrow. The
localization of ERMs in anillin-depleted cells resembled those of exogenously expressed C. elegans Rhol
or a RhoA-binding domain of anillin in a previous study [12], or another RhoA effector, ROCK II/Rho-
kinase2 (Fig. S2A and B). Since RhoA signaling is involved in the recruitment of ERMs to the plasma
membrane [27,28,42], we next tested the potential contribution of RhoA to the accumulation of ERMs at
the cleavage furrow. Depletion of RhoA by RNAI efficiently diminished immunostaining signal of RhoA
at the cleavage furrow (Fig. 3A and B). In contrast, immunostaining signal of ezrin at the cleavage furrow
remained unchanged in RhoA-depleted cells when compared to control cells (Fig. 3A and B). To exclude
the possible involvement of other Rho homologues (RhoB and RhoC) in recruitment of ERMs at the
cleavage furrow, we also depleted an upstream factor of Rho, MKLP1, which is required for localization
of all Rho homologues at the furrow [43]. Depletion of MKLPI1 indeed severely diminished
immunostaining signal of the antibody against all Rho homologues at the cleavage furrow (Fig. 3C-E).
Since depletion of MKLP1 blocked full ingression of the cleavage furrow, we compared the accumulation
of ezrin in the early phase of cytokinesis between control and MKLP1-depleted cells (see Materials and
methods). Although we observed the trend of broadening of ezrin staining upon MKLP1 depletion, there
was no statistically significant difference in the distribution of ezrin between control and MKLPI-
depleted cells (Fig. 3D and E). These results suggest that the association of ERMs with the cell equator is

mediated through a mechanism distinct from the Rho-mediated signaling cascade.



Previous studies have reported the association of ERMs with microvilli at the cleavage furrow [31,44].
However, it is unclear whether the association of ERMs with microvilli is prerequisite for their
accumulation at the cleavage furrow, especially considering that ERMs also have the ability to associate
with other membrane structures besides microvilli [32,45,46]. To gain insight into the causal relationship
between the association of ERMs with microvilli and their localization at the cleavage furrow, we tested
the effect of microvilli perturbation on the spatial distribution of ERMs. We treated dividing cells with
methyl-b-cyclodextrin (MbCD), which has been reported to deplete cholesterol and severely impair
microvilli formation in interphase epithelial cells [47,48]. In control untreated cells, the cleavage furrow
was preferentially stained by a cholesterol-binding fluorescent compound filipin [49], but this filipin
staining was drastically diminished in MbCD treated cells (Fig. S2C and D). TEM analysis revealed
severe perturbation of the organization of microvilli at the cleavage furrow in MbCD treated cells (Fig.
4A), and these cells also drastically mislocalized ezrin to the polar cortex (Fig. 4B and C). Line profiles
along the cortex showed a significant reduction in accumulation of ezrin at the equatorial region (Fig.
4C). Notably, MbCD treatment resulted in only mild reduction of the equatorial accumulation of anillin,
or RhoA, and gross mis-localization of these factors was never observed (Fig. 4B and C). This suggests
that the mechanisms that accumulate these cytokinesis-relevant membrane proteins were preserved in this
experimental condition, and that the prerequisite for the localization of ERMs at the cleavage furrow is

clearly distinct from those of these other membrane proteins.

We also tested the effect of MbCD treatment on the localization of PIP2, which also accumulates at
microvilli and is required for membrane association of ERMs and microvilli formation [27,29,50,51],
using GFP-PLCd-PH co-expressed with ezrin-mCherry (Fig. 4D and E). GFP-PLCd-PH and ezrin-
mCherry were severely delocalized from the equatorial furrow in a substantial number of MbCD treated
cells (12 out of 29 cells), but never in untreated cells (0 out 20 cells). Interestingly, even in these cases,
the distribution patterns of these two markers along the cell membrane still coincided strikingly (Fig. 4E),
suggesting that ezrin continues to associate with PIP2 at the cell membrane in the absence of cholesterol.
Consistent with the persistent co-localization of ezrin with PIP2, treatment of the cells with neomycin,
which binds to PIP2 and block the interaction between PIP2 and PIP2-binding proteins [52], significantly
reduced the amount of ezrin at the cleavage furrow compared to untreated control (Fig. 4F and G). These
results suggest that the accumulation of ERMs at the cleavage furrow is predominantly dependent on

their association with microvilli there.
ERMs engage in furrowing activity in anillin- and supervillin-co-depletion background

Following the finding of the characteristic dynamics and localization mechanism of ERMs at the cleavage
furrow, we next addressed whether ERMs play any role, either singly or in cooperation with other
cytokinesis-relevant proteins, in controlling cell shape during cytokinesis. For that purpose, ERMs were
depleted by RNAI, in combination with depletion of anillin and/or supervillin in HeLa cells expressing

GFP-myosin IIA, and the furrow ingression during cytokinesis in these cells was monitored by live



imaging. To minimize the possibility of blunting of RNAi response by combined use of siRNAs for
multiple targets, we used siRNAs at relatively low concentration (5 nM each). Each target protein was
efficiently depleted in this experimental condition (Fig. 5A). Depletion of ERMs did not have a gross
influence on the progression of furrow ingression (Fig. 5B). We did not find a significant change in the
kinetics of furrow ingression even when cells were treated with 10-fold higher concentration of the
ERMs-targeting siRNAs (Fig. S3A). Therefore, ERMs do not seem to make significant contribution to

the progression of furrow ingression during cytokinesis in HeLa cells.

On the other hand, depletion of anillin or supervillin significantly slowed furrow ingression when
compared to control cells (Fig. 5B). Interestingly, co-depletion of supervillin and anillin resulted in
significant acceleration of furrow ingression when compared to anillin depletion alone. However, this
acceleration of furrow ingression was suppressed when ERMs were co-depleted along with anillin and
supervillin (Fig. 5B). Similar effect of ERMs depletion was also observed using another set of ERM-
targeting siRNAs (Fig. S3B and C). This result suggests that ERMs are required for furrow ingression in
absence of anillin and supervillin. Besides the kinetics of furrow ingression, we also noticed that co-
depletion of ERMs with anillin drastically suppressed the oscillatory contraction of the polar cortex
caused by anillin single depletion, suggesting their involvement in the polar cortical activity during
cytokinesis (Fig. 5C and D). To exclude the possibility that ERMs depletion changed the furrowing
kinetics merely through the suppression of irregular polar contraction in anillin and supervillin-co-
depleted cells, we also compared the furrowing kinetics among these RNAi conditions only using the data
from the cells that did not show the oscillatory polar contraction (Fig. S3D). Even in this
analysiscondition, ERM depletion delayed the furrow ingression in anillin and supervillin co-depletion
background, suggesting the direct involvement of ERMs in furrow ingression activity in this experimental
background.

Anillin and supervillin limit the access of ezrin to the cleavage furrow

To understand the mechanism underlying the increased contribution of ERMs to furrow ingression in the
absence of supervillin and anillin, we next tested the effects of anillin and/or supervillin depletion on the
distribution of ezrin in dividing cells using immunostaining (Fig. 6A, B, S3E, F, and G). In cells depleted
of either anillin or supervillin, the amount of ezrin accumulated at the cleavage furrow was significantly
higher than that in control cells (Fig. 6B, and S3G), while the expression levels of ERMs remained
unchanged (Fig. 5A, and S3E). Simultaneous depletion of anillin and supervillin further increased the
accumulation of ezrin at the cleavage furrow, resulting in greater than two-fold increase in intensity of
ezrin immunostaining at the center of the cleavage furrow in anillin- and supervillin-co-depleted cells
compared to those in control cells (Fig. 6B, and S3G). This suggests that anillin and supervillin usually
limit the access of ERMs to the cleavage furrow, and thus limit the contribution of ERMs to furrow

ingression activity during cytokinesis.

Discussion



The identities of the molecular entities of the cytoskeleton-membrane cross linkers that play pivotal roles
in the regulation of the cortical contractile activities and the plasma membrane deformation during
cytokinesis remain largely elusive. Among numerous actin-membrane-binding proteins, ERMs show
prominent accumulation at the equatorial membrane in dividing cells, but their roles in regulation of
cytokinesis progression are not known in mammalian cells. Our results provide novel insights into the
characteristic dynamics of ERMs and their contribution to cortical contractile activities during cytokinesis

in mammalian cells.

While recent studies using fruit fly cells have revealed the pivotal role of spatially controlled
dephosphorylation of moesin in its exclusion from the polar cortex during anaphase [1,53,54], the
molecular mechanism that governs the accumulation of ERMs at the cell equator during cytokinesis
remains unknown. A distinctive feature of ERMs localization is their association with microvilli at the
cleavage furrow [31,44], but it has been unclear what fraction of ERMs there are associated with
microvilli. We found that either MbCD or neomycin treatment lead to a drastic reduction in the
accumulation of ezrin at the cleavage furrow. Because these compounds have been shown to disorganize
microvilli in interphase and MbCD also severely impaired microvilli formation in dividing cells (Fig.
4A) [29,47,51], microvilli are likely to be primary scaffolds for ERMs accumulation at the cleavage
furrow. On the other hand, essential cytokinesis-relevant membrane proteins, such as RhoA and anillin
remained localized at the cleavage furrow in MbCD treated cell, and oppositely, substantial inhibition of
the Rho-activating pathway did not largely affect the accumulation of ezrin at the cleavage furrow.
Therefore, the localization of ERMs at the cleavage furrow is regulated separately from the Rho-mediated
pathway that plays a central role in spatial reorganization of the contractile ring formation. In this regard,
the poor accumulation of the C-terminus truncated forms of ERMs at the equatorial cortex (Fig. 2A) [32]
and the lack of continuous association of full length ERMs with delocalized contractile ring in anillin-
depleted cells indicate their limited association with the contractile ring cytoskeleton. Consistent with
their poor association with the contractile ring, our functional analyses indicate that ERMs have little
contribution to the progression of furrow ingression during cytokinesis. This is also consistent with the
lack of increase in bi-nucleated cells upon gene silencing of ERMs in a previous study [55]. On the other
hand, ERMs transiently associated with the cellular polar cortex and profoundly contributed to the
oscillatory contraction of cell poles that was caused in the absence of anillin. This suggests that, during
cytokinetic phase, ERMs have the potential to be actively involved in the cytoskeleton-membrane
association and mediate cortical contractile activities. Notably, when anillin and supervillin were co-
depleted, the association of ezrin with the cleavage furrow drastically increased and ERMs made
significant contributions to furrow ingression activity. This indicates a backup function of ERMs in the
regulation of furrow ingression. However, the up-regulated association of ezrin with the contractile ring
did not sufficiently suppress the furrow ingression defect brought about by perturbation of the other
membrane proteins, suggesting that it cannot singly support the whole process of cytokinesis. This may
be because ERMs are acquired upon the transition to multicellularity in metazoa and are primarily

designed to mediate cellular processes such as cell-cell and cell-substrate communications. The drastic



change in the access of ERMs to the cleavage furrow upon co-depletion of supervillin and anillin also
implies a mechanism that preferentially recruits cytokinesis-relevant proteins, such as anillin and
supervillin, to the division site over other non- or less relevant proteins, such as ERMs. Since there are
numerous actin-membrane-associated proteins filling the cytoskeleton-membrane interface, such
selective sorting would be necessary for cytokinesis-relevant proteins to make their full contribution to
cytokinesisregulation. Further analyses of the molecular and structural basis of the preferential
association of the cytokinesis-relevant proteins with the cell division site over other proteins would be
useful to elucidate the whole picture of the fine-tuning of cytoskeleton-membrane interaction in control of

cell shape changes during cytokinesis in animal cells.
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Figure legends

Fig. 1: The cytoskeleton-membrane interface organization in anillin-depleted cells

(A) Live imaging of mock- or anillin-depleted HeLa cells transiently expressing GFP-PLCd-PH, GFP-
supervillin, or ezrin-GFP (green) with myosin RLC-mCherry (magenta). Enlarged images of the polar
region in the ezrin-GFP-expressing cell (indicated by a yellow inset) are shown at the bottom.
Arrowheads: accumulation of the respective GFP-tagged proteins. Scale bars, 5 um. (B) Top: Schematic
images of line profiles along the cell cortex/membrane in control (left) and anillin-depleted cells in
asymmetric shapes because of the contractile ring delocalization (right, magenta). Note that, in anillin-
depleted cells, a time frame at which myosin signal fully localized to the pole was selected from each live
cell image series, and that this does not represent the trend of the entire process of the oscillatory motion.
For anillin-depleted cells, the line profiles were taken from the constricting pole (black arrowhead) to the
expanding pole (while arrowhead). See Materials and methods for details of the quantification. Bottom:
Quantification of the distribution of each fluorescence tagged protein along the cell cortex/membrane in
control, or anillin-depleted cells after delocalization of the contractile ring. Mean + SE of at least 10 line

profiles from 5 cells from at least 3 independent experiments for each condition.



Fig. 2: Localization of GFP-tagged ezrin truncated mutants in anillin-depleted cells

(A) Live imaging of mock- or anillin-depleted HeLa cells transiently expressing GFP-tagged truncated
mutants of ezrin with myosin RLC-mCherry. Scale bars, 5 pm. (B) Quantification of the distribution of
the fluorescence tagged protein along the cell cortex/membrane in control, or anillin-depleted cells after
delocalization of the contractile ring. Mean £ SE of at least 12 line profiles from 6 cells from 2
independent experiments for each condition. The quantification was not applicable to the C-terminal

mutant because of its cytoplasmic distribution.

Fig. 3: Inhibition of Rho-activating pathway does not abolished ERM accumulation at the cleavage
furrow

(A, C, D) Immunostaining of ezrin or RhoA (A), MKLP1 (C), or ezrin or all Rho homologues (D) in
RNAi-treated cells. DNA was stained by DAPI (blue). Scale bars, 5 um. (B, E) Quantification of
immunostaining signals at the cleavage furrow in A, or D. Mean + SE of at least 14 line profiles from 7

cells (B), or at least 34 line profiles from 17 cells (E) from 2 independent experiments for each condition.

Asterisk indicates significant difference from control (at the cell equator; * p < 1077, #-test).

Fig. 4: The accumulation of ezrin at the cleavage furrow is dependent on cholesterol and PIP2

(A) TEM images of a control or a MbCD-treated dividing cell. Serially sectioned images of the cleavage
furrow (boxes) at higher magnification are shown in lower panels. Arrows indicate microvilli.
Severemicrovilli perturbation was observed in 4 of 4 MbCD-treated cells from 2 independent
experiments, but none of 6 control cells from 3 independent experiments. (B) Immunostaining of ezrin,
anillin, or RhoA in the cells treated with or without MbCD. (C) Line profiles of immunostaining intensity
taken along the cell cortex in B. Mean + SE of at least 20 line profiles from 10 cells from 2 independent

experiments were analysed for each condition. Asterisks indicate significant differences from control (at

the cell equator; * p < 1073, ** p < 1079, s-test). (D) Live imaging of the cells transiently expressing GFP-
PLCd-PH (green) and ezrin-mCherry (magenta) that were treated with or without MbCD. (E)
Representative examples of line profiles along the cortex in D. Line profiles taken from three different
cells are shown for each condition. (F) Immunostaining of ezrin in the cells treated with or without 5 mM
neomycin. Scale bars, 5 um. (G) Line profiles of immunostaining intensity taken along thecell cortex in
F. Mean =+ SE of at least 12 line profiles from 6 cells from 2 independent experiments were analysed for
each condition. Asterisk indicates significant difference from control (at the cell equator; * p < 0.01, #-
test).

Figure 5: Effect of co-depletion of ERMs with other membrane proteins on cytokinesis

(A) Immunoblotting of ezrin, radixin, moesin, anillin, and supervillain in the RNAi-treated cells. a-
tubulin was used as a loading control. Closed or open arrowhead indicates radixin or moesin-specific
bands, respectively. (B) Time courses of cleavage furrow widths in live cell imaging of RNAi-treated

GFP-myosin IIA cells. Mean + SE of at least 14 cells from at least 2 independent experiments for each



condition. At 18 min after anaphase onset, furrow width was significantly wider in anillin, supervillin,
and ERMs-co-depleted cells than in anillin and supervillin-co-depleted cells (* p < 0.05, ¢-test). (C) Live
cell images of an anillin-depleted or an anillin- and ERMs-co-depleted cell expressing GFP-myosin IIA.
Arrowheads indicate oscillatory contraction of the polar cortex. Time of anaphase onset was set as 0 min.
Scale bar, 5 um. (D) Frequency of oscillatory polar cortical contraction in the RNAi-treated GFP-myosin

ITA cells. At least 22 cells from at least 2 independent experiments were analysed for each condition.

Figure 6: Enhanced association of ezrin with the cleavage furrow upon depletion of anillin and/or
supervillin

(A) Immunostaining of ezrin in RNAi-treated cells. Scale bar, 5 pm. (B) Line profiles of immunostaining
signals along the cell cortex in A. Mean + SE of at least 20 line profiles from 10 cells from 2 independent
experiments for each condition. Immunostaining signal of ezrin at the cell equator was significantly

higher in the cells depleted of anillin and/or supervillin than in control cells (p < 0.001, #test).

Figure S1: Localization of supervillin and ERMs in anillin-depleted cells

(A) Immunoblotting of anillin in the RNAi-treated cells. a-tubulin was used as a loading control. (B)
Immunoblotting of GFP-tagged proteins transiently expressed in the experiments in Figure 1A, 2A, and
S2A. (C) Live imaging of anillin-depleted HeLa cells transiently expressing Lifeact-GFP (green), and
RLC-mCherry (magenta). The arrowhead indicates the original position of the cell equator. (D)
Kymographs of RLC-mCherry and Lifeact-GFP taken along the cell cortex in C. Top: An example of
regions of interest (ROIs) used for kymograph. (E) Immunostaining of supervillin, ezrin, moesin, or
radixin in mock- or anillin-depleted GFP-myosin IIA (G-Myo)-expressing cells. DNA was stained by
DAPI (blue). Scale bars, 5 um. (F) Top: Schematic images of different classes of distribution patterns of
myosin II and membrane proteins. Bottom: Frequencies of different classes of distribution patterns of
supervillin, ERMs, and GFP-myosin IIA in C. At least 9 cells from 2 independent experiments were

analysed for each condition.

Figure S2: Localization of different proteins and cholesterol in anillin-depleted cells

(A) Live imaging of mock- or anillin-depleted HeLa cells transiently expressing GFP-ROCK II, or GFP-
anillin-C-terminal truncated mutant (green) with myosin RLC-mCherry (magenta). (B) Quantification of
the distribution of each fluorescence tagged protein along the cell cortex/membrane in control, or anillin-
depleted cells after delocalization of the contractile ring. Mean = SE of at least 6 line profiles from 3 cells
from at least 2 independent experiments for each condition. (C) Control or MbCD-treated, or mock- or
anillin-depleted HeLa cells that were fixed and stained with filipin. Scale bars, 5 pm. (D) Quantification
of the equatorial and polar cortical distribution of filipin staining in C. Mean + SE of at least 16 cells
from 2 independent experiments for each condition (p value of #-test). An example of ROIs used for the

quantification is shown on top.

Figure S3: ERMs become involved in furrow ingression activity upon co-depletion of anillin and



supervillin

(A) Time courses of cleavage furrow widths in live cell imaging of RNAi-treated GFP-myosin IIA cells.
Cells were treated with siRNA targeting luciferase (as negative control; 150 nM) or mixture of siRNAs
targeting ezrin, radixin, or moesin (50 nM each). Mean + SE of at least 11 cells from 2 independent
experiments for each condition. (B, E) Immunoblotting of ezrin, radixin, moesin, anillin, and supervillin
in the RNAi-treated cells. a-tubulin was used as a loading control. Closed or open arrowheads indicate
radixin or moesin-specific bands, respectively. (C) Time courses of cleavage furrow widths in live cell
imaging of GFP-myosin IIA cells treated with a different set of siRNAs against ERMs from Fig. 4B and
S3A. Mean + SE of at least 5 cells from 2 independent experiments for each condition. At 18 min after

anaphase onset, furrow width was significantly wider in anillin, supervillin, and ERMs-co-depleted cells

than in anillin and supervillin-co-depleted cells (* p < 10, r-test). (D) Time courses of cleavage furrow
widths in live cell imaging of anillin-depleted, anillin and supervillin co-depleted, or anillin, supervillin,
and ERMs-co-depleted cells that did not show oscillatory polar contraction in Fig. 5B. The data of the
cells without oscillatory polar contraction were selected for reanalysis from the same dataset used in Fig.
5B. Mean + SE of at least 13 cells from at least 3 independent experiments for each condition. At 18 min
after anaphase onset, furrow width was significantly wider in anillin, supervillin, and ERMs-co-depleted
cells than in anillin and supervillin-co-depleted cells (* p < 0.01, #-test). (F) Immunostaining of ezrin
(green) and myosin IIA (magenta) in RNAi-treated cells. Scale bar, 5 um. (G) Line profiles of
immunostaining signals along the cell cortex in F. Mean + SE of at least 18 line profiles from 9 cells from

2 independent experiments for each condition. Immunostaining signal of ezrin at the cell equator was

significantly higher in the cells depleted of anillin (p < 0.05, r-test), or anillin and supervillin (p < 107, -
test) than in control cells.

Movie 1: Live imaging of anillin-depleted HeLa cells transiently expressing GFP-PLCd-PH (green) with
myosin RLC-mCherry (magenta). Field of view is 36 pm % 36 um.

Movie 2: Live imaging of anillin-depleted HeLa cells transiently expressingGFP-supervillin (green) with

myosin RLC-mCherry (magenta). Field of view is 36 pm x 36 um.

Movie 3: Live imaging of anillin-depleted HeLa cells transiently expressing ezrin-GFP (green) with
myosin RLC-mCherry (magenta). Field of view is 36 um x 36 um.
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Table S1: A list of siRNA used in this study

Target gene Sequence (sense strand) References
(DNA hangover is in lower case)
Anillin CGAUGCCUCUUUGAAUAAALt [1]
Supervillin (si#1) GAGAACAAGGGAAUGUUGAGAGAat
Supervillin (si#2) GAAUCAACCUUUCUACCUUAAUAtc
Ezrin (si#1) CGUGGGAUGCUCAAAGAUALt
Ezrin (si#2) GGAAUCAACUAUUUCGAGALt [2]
Radixin (si#1) GGAAGAACGUGUAACCGAALtt
Radixin (si#2) GAACUAUACAUGCGAAGAALt
Moesin (si#1) GGCUGAAACUCAAUAAGAALt [3]
Moesin (si#2) CAUGCCCAAAACGAUCAGULtt
RhoA GCCGGUGAAACCUGAAGAALt [4]
MKLP1 AAGCAGUCUUCCAGGUCAUCUUU [5]
Luciferase CGUACGCGGAAUACUUCGALtt [6]
References:
[1] Piekny, A.J. and Glotzer, M. (2008). Anillin is a scaffold protein that links RhoA, actin, and myosin

during cytokinesis. Curr Biol 18, 30-6.

[2] Kvalvaag, A.S., Pust, S., Sundet, K.I., Engedal, N., Simm, R. and Sandvig, K. (2013). The ERM Proteins

Ezrin and Moesin Regulate Retrograde Shiga Toxin Transport. Traffic 14, 839-852.

(3] Chirivino, D., Del Maestro, L., Formstecher, E., Hupé, P., Raposo, G., Louvard, D. and Arpin, M. (2011).
The ERM proteins interact with the HOPS complex to regulate the maturation of endosomes. Molecular

Biology of the Cell 22, 375-385.

(4] Yiice, O., Piekny, A. and Glotzer, M. (2005). An ECT2—centralspindlin complex regulates the localization

and function of RhoA. The Journal of Cell Biology 170, 571-582.

(5] Douglas, M.E., Davies, T., Joseph, N. and Mishima, M. (2010). Aurora B and 14-3-3 coordinately regulate
clustering of centralspindlin during cytokinesis. Curr Biol 20, 927-33.

(6] Uehara, R., Kamasaki, T., Hiruma, S., Poser, 1., Yoda, K., Yajima, J., Gerlich, D.W. and Goshima, G.
(2016). Augmin shapes the anaphase spindle for efficient cytokinetic furrow ingression and abscission.

Mol Biol Cell 27, 812-27.




Table S2: A list of plasmid constructed in this study

tag

Plasmid Insert (GenBank Vector Cloning | Primers
name accession no.) sites
pEGFP- Ezrin, full length pEGFP- HindIIl/ | 5-ATAAAGCTTCACCATGCCGAAACCAATCAATGTCCGAG-3'
ezrin/ (NM 001111077. 1) N1/ Sall 5'-ATAGTCGACTGCAGGGCCTCGAACTCGTCGATGC-3'
pmCherry- pmCherry-
ezrin N1
ezrin- (NM_001111077.1) 1- | N1 Sall 5'- ATAGTCGACTGGGCCTGGGCCTTCATCTGCTGCACC -3
FERM 309 a.a.
pEGFP- Ezrin truncate pEGFP- HindIIl/ | 5- ATAAAGCTTCACCATGAAGCCTGACACCATCGAGGTGC -3
ezrin-C- (NM_OO 1111077.1)296- | N1 Sall 5'- ATAGTCGACTGCAGGGCCTCGAACTCGTCGATGC -3’
terminal 586 a.a.
pEGFP- Supervillin, full pEGFP-C1 | Sacl/ 5
Sup ervillin length (NM _003174.3) Sacll ATAGAGCTCAAATGAAAAGAAAAGAAAGAATTGCCAGGCGCC-
_ 3
5.
ATACCGCGGTCAGAACAGGCCTTTTGCTTTCTTCAGGTTCACC
-3
pEGFP- Anillin truncate pEGFP-C1 | Sacl/ 5"-ATAGAGCTCAAATGTTACTTGCACCATTGGCACAAACAG -3’
Anillin- (NM_001284301.2) Sacll 5'- ATACCGCGGTTAAGGCTTTCCAATAGGTTTGTAGCAAGC -3
Cterminal [ 571-1087 a.a.
meherry' MYL12B, A custom- Gateway 5'-CACCATGTCGAGCAAAAAGGCAAAGACCAAGACCACC -3’
RLC Full length made LR 5'-GTCATCTTTGTCTTTGGCTCCATGTTTCAGGATG -3’
(NM_001144944.1) vector cloning
with a
gateway
cassette
and a C-
terminus
mCherry






