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Abbreviations 

AFM, atomic force microscopy; F-actin, filamentous actin; KO, knockout; NMHC, nonmuscle myosin heavy chain; 

NMII, nonmuscle myosin II; NMII-F, nonmuscle myosin II filament; SRRF, super-resolution radial fluctuation; WT, 

wild-type. 

 

Abstract 

Nonmuscle myosin II (NMII) plays an important role in cytokinesis by constricting a contractile ring. However, it is 

unknown how NMII isoforms contribute to cytokinesis in mammalian cells. Here, we investigated the roles of the 

two major NMII isoforms, NMIIA and NMIIB, in cytokinesis using a WI-38 VA13 cell line (human immortalized 

fibroblast). In this cell line, NMIIB tended to localize to the contractile ring more than NMIIA. The expression level 

of NMIIA affected the localization of NMIIB and vice versa. Most NMIIB accumulated at the cleavage furrow in 

NMIIA-knockout (KO) cells, and most NMIIA was displaced from this location in exogenous NMIIB-expressing 

cells, indicating that NMIIB preferentially localizes to the contractile ring. Specific KO of each isoform elicited 

opposite effects. The rate of furrow ingression was decreased and increased in NMIIA-KO and NMIIB-KO cells, 

respectively. Meanwhile, the length of NMII-filament stacks in the contractile ring was increased and decreased in 

NMIIA-KO and NMIIB-KO cells, respectively. Moreover, NMIIA helped to maintain cortical stiffness during 

cytokinesis. These findings suggest that appropriate level of NMIIA and NMIIB in the contractile ring is important 

for proper cytokinesis in specific cell types. In addition, two-photon excitation spinning-disk confocal microscopy 

enabled us to image constriction of the contractile ring in live cells in a three-dimensional manner. 
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1. Introduction 

In most animal cells, substantial morphological changes occur in M phase of the cell cycle, such as cell rounding in 

metaphase and cleavage furrow ingression in cytokinesis [1,2]. These dramatic morphological changes are 

mechanically supported by the cytoskeleton [3]. During cytokinesis in animal cells, a contractile ring transiently 

forms in the equatorial plane and generates contractile force to divide a cell into two daughter cells. This contractile 

ring is mainly composed of actin filaments and nonmuscle myosin II (NMII) filaments [1,2]. The signaling pathway 

underlying formation of the contractile ring has been partially resolved. RhoA activation following transport of the 

RhoGEF ECT2 to the equatorial plane is required for accumulation of actin filaments and NMII filaments and 

formation of the contractile ring [4]. However, the structure and constriction mechanism of the contractile ring are 

unclear. 

 NMII consists of two myosin heavy chains (NMHC-IIs) and two pairs of light chains [5,6]. These subunits 

form two globular heads, which are involved in actin binding and motor activity, and a long a-helical coiled-coil rod-

like tail, which is involved in self-assembly into bipolar filaments. NMII dynamically transitions between monomeric 

and filamentous states, and this process is spatiotemporally regulated in response to various signals [5,6]. To exhibit 

contractile functions with actin filaments, NMII molecules must assemble into bipolar filaments. It has been 

hypothesized that bipolar NMII filaments pull actin filaments attached to the plasma membrane from both sides, 

similar to the mechanism related to sarcomeres in striated muscle, resulting in furrow ingression [1,2,7]. 

 Mammalian cells express three NMII isoforms, termed NMIIA, NMIIB, and NMIIC, which are 

homodimeric with respect to their heavy chain subunits (NMHC-IIA, NMHC-IIB, and NMHC-IIC, respectively) 

[5,6]. In vitro studies revealed that the two major isoforms, NMIIA and NMIIB, have different motor properties. 

NMIIA exhibits higher ATPase and motor activities for translocation of actin filaments than NMIIB, whereas NMIIB 

exhibits a higher affinity for actin filaments than NMIIA because it has a high duty ratio (the fraction of time that the 

NMII head spends in the strong actin-binding states during the ATPase cycle) [8,9]. Moreover, knockout (KO) of 

NMIIA and NMIIB in mice leads to embryonic lethality at different developmental stages, indicating that NMII 

isoforms have different roles in some cellular dynamics [10,11]. It is reported that NMIIA and NMIIB differentially 

contribute to stress fiber organization [12-14], epithelial cell adhesion [15], and directed cell migration [16,17]. 

However, their distinct functions in cytokinesis are unknown. 

 In this study, we established NMIIA-KO and NMIIB-KO cell lines from human immortalized fibroblasts 

and compared their phenotypes to elucidate the contributions of NMII isoforms to cytokinesis. Our results indicate 

that the appropriate localization level of NMIIA and NMIIB in the contractile ring is important for proper furrow 

ingression and that this level is affected by the expression level of each isoform. 

 

2. Materials and methods 

2.1. Cell culture, plasmids, antibodies, and reagents 

WI-38 VA13 cells (JCRB9057; SV40-transformed WI-38 human embryonic lung fibroblasts) were obtained from 



the Health Science Research Resources Bank (Osaka, Japan). These cells were cultured in MEM-alpha (GIBCO/Life 

Technologies, Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS), 50 U/mL penicillin, and 50 µg/mL 

streptomycin at 37°C in a humidified incubator containing 5% CO2. pEGFP-NMHC-IIA and pEGFP-NMHC-IIB 

were kind gifts from Dr. Robert S. Adelstein (NIH, Bethesda, MD). pmCherry-NMHC-IIA was constructed as 

previously described [18]. mApple-lifeact-7 (plasmid no. 54747) was purchased from Addgene (Cambridge, MA). 

Cells were transfected with plasmids using X-fect Transfection Reagent (Takara Bio USA, Mountain View, CA) in 

antibiotic-free MEM-alpha supplemented with 10% FBS.�Rabbit polyclonal anti-NMHC-IIA and anti-NMHC-IIB 

antibodies targeting the carboxyl termini of NMHC-IIA and NMHC-IIB, respectively, were used as previously 

described [19,20]. Alexa Fluor 488-conjugated goat anti-rabbit IgG (H+L) and Cy3-conjugated goat anti-rabbit IgG 

(H+L) were purchased from Jackson ImmunoResearch Laboratories (West Grove, PA). TRITC-conjugated phalloidin 

was purchased from Sigma-Aldrich (St. Louis, MO). Alexa Fluor 350-conjugated phalloidin was purchased from 

Molecular Probes (Eugene, OR). Type-I collagen (Cell matrix I-C) was purchased from Nitta Gelatin (Osaka, Japan). 

 

2.2. CRISPR construct design 

Guide RNA sequences targeting exon 2 of the human MYH9 and MYH10 genes were selected using the CHOPCHOP 

tool [21]. The following oligonucleotides were used to insert guide RNAs into the pGedit plasmid [22]: guide RNA 

targeting exon 2 of human MYH9, F: 5'-CACCGCAAAGCCACTCTTGTCGGAGT-3' and R: 5'-

TTAAACTCCGACAAGAGTGGCTTTGC-3', and guide RNA targeting exon 2 of human MYH10, F: 5'-

CACCGTGAAGGATCGCTACTATTCGT-3' and R: 5'-TTAAACGAATAGTAGCGATCCTTCAC-3'. Underlines 

indicate the 20 bp targeting sequence. Blasticidin S was added to the medium at a concentration of 10 µg/mL at 24 h 

after transfection and was washed out at 72 h after transfection to screen KO cells. CRISPR clones were cultivated 

for 2–3 weeks, and then clones with no discernible NMIIA or NMIIB expression were selected. Thereafter, six and 

seven surviving clones were screened to analyze KO of NMIIA and NMIIB, respectively. 

 

2.3. Immunofluorescence 

Cells cultured on coverslips (Matsunami, Kishiwada, Japan) coated with 0.3 mg/mL collagen were fixed with 3.7% 

formaldehyde prepared in phosphate-buffered saline (PBS) for 15 min and permeabilized with 0.1% Triton X-100 

prepared in PBS for 10 min. Fixed cells were incubated with blocking solution (3% bovine serum albumin prepared 

in PBS) for 15 min. Thereafter, cells were incubated with primary antibodies diluted in blocking solution for 60 min, 

washed three times with PBS, incubated with the appropriate secondary antibodies diluted in blocking solution for 

60 min, and subsequently washed three times with PBS. For indirect immunofluorescence, rabbit polyclonal anti-

NMHC-IIA and anti-NMHC-IIB primary antibodies were diluted 1:5,000. Cy3-conjugated goat anti-rabbit IgG 

(H+L) and Alexa Fluor 488-conjugated goat anti-rabbit IgG (H+L) secondary antibodies were diluted 1:500 and 

1:200, respectively. Actin filaments were stained with Alexa Fluor 350-conjugated phalloidin or TRITC-conjugated 

phalloidin. For direct immunofluorescence, antibodies were labeled with Alexa Fluor 488 or Alexa Fluor 596 using 



a Zenon Antibody Labeling kit (Molecular Probes) according to the manufacturer’s protocol. Samples were incubated 

with Alexa Fluor 596-conjugated anti-NMHC-IIA (1:2,000) and Alexa Fluor 488-conjugated anti-NMHC-IIB 

(1:2,000) antibodies for 60 min. Thereafter, cells were fixed again with 3.7% formaldehyde prepared in PBS for 15 

min and incubated with Alexa Fluor 350-conjugated phalloidin for 60 min. Images were acquired using a 

conventional fluorescence microscope (BX50WI; Olympus, Tokyo, Japan) equipped with a single-chip color CCD 

camera (DP70; Olympus) and an objective lens (LCPlanFl 20´/0.40 NA or UPlanApo 60´/0.90 NA; Olympus) 

together with DP Controller software (Olympus). Three-dimensional images were acquired using an inverted 

microscope (Ti-E; Nikon, Tokyo, Japan) and a confocal laser microscope system (A1R; Nikon) equipped with an oil-

immersion objective lens (Plan Apo VC 60´/1.40 NA Oil; Nikon). All images were acquired using NIS-Elements C 

software (Nikon), and all procedures were performed at room temperature. Immunofluorescence images were 

analyzed using ImageJ software (NIH). 

 

2.4. Time-lapse observation 

Transfected cells were plated onto glass-bottom dishes (Iwaki, Tokyo, Japan) coated with 0.3 mg/mL type-I collagen 

(Cell matrix I-C; Nitta Gelatin). Two-dimensional time-lapse images were acquired using an inverted microscope 

(IX71; Olympus) equipped with a single-chip color CCD camera (DP70; Olympus) and an objective lens (UPlanFl 

100´/1.30 NA Oil; Olympus). During observation, cells were warmed on a thermoplate set to 37°C (MATS-U55R30; 

Tokai Hit, Fujinomiya, Japan). Images of rounded cells were acquired every 30 s from anaphase onset using DP 

Controller software (Olympus). 

 

2.5. Line profile analysis 

Line profile analysis was referred to the previous study [23]. Dividing cells with a furrow width less than 10 µm were 

selected for line profile analysis along the cortex of fixed cells. Chromosomes were visualized using DAPI to confirm 

cytokinesis. Fluorescence intensities were normalized against the integrated intensity of each line profile (set to 1) 

after subtraction of cytoplasmic background. All images were analyzed using ImageJ software. 

 

2.6. Two-photon excitation spinning-disk confocal microscopy analysis 

The two-photon excitation spinning-disk confocal microscopy system used a femtosecond mode-locked Titanium-

Sapphire laser (Mai Tai eHP DeepSee; Spectra Physics, Santa Clara, CA), which generates pulses of light with a 

wavelength of 920 nm to simultaneously excite mCherry-NMHC-IIA and EGFP-NMHC-IIB. Laser power was 

adjusted using a variable neutral-density filter. Beam width was increased to ca. f 8 mm by applying a beam expander 

comprising a pair of plano-convex lenses. This enlarged beam was introduced into a spinning-disk scanner with 100 

µm-wide pinholes aligned on a Nipkow disk (CSU-MPf100; Yokogawa Electric, Kanazawa, Japan) installed on an 

inverted microscope (Ti-E; Nikon) with a stage incubator set to 37°C and containing 5% CO2 (INUG2-TIZB; Tokai 

Hit). The incident excitation light was introduced at the pupil of the objective lens (CFI Plan Apo IR 60XWI 60´/1.27 



NA; Nikon) and focused on multiple points of a specimen. Fluorescent signals acquired by the objective lens were 

passed through the Nipkow disk, reflected by the first dichroic mirror (700–1,100 nm bandpass; Yokogawa Electric), 

passed through two infrared ray cut filters (FF01-770/SP-25 × 2; Semrock, Rochester, NY), separated into one pair 

of dual wavelength images using image-splitting optics (W-View Gemini; Hamamatsu Photonics, Hamamatsu, 

Japan) including a second dichroic mirror (FF580-FDi01-25x36; Semrock) and bandpass filters (FF01-528/38; 

Semrock and 630/60; Nikon), and finally focused on an EM-CCD camera (iXon Ultra 897; Andor Technology, 

Belfast, UK) using relay lenses with a magnification of ×1.2. Z-scans were performed with a piezo actuator (P-721; 

Physik Instrumente, Karlsruhe, Germany). All images were acquired using NIS-Elements C software (Nikon). 

 

2.7. Super-resolution radial fluctuation (SRRF) analysis 

Immunofluorescence was performed as described above. Rabbit polyclonal anti-NMHC-IIA and anti-NMHC-IIB 

primary antibodies were diluted 1:1,000. The Alexa Fluor 488-conjugated goat anti-rabbit IgG (H+L) secondary 

antibody was diluted 1:200. Fixed samples were mounted onto slide glasses using 10 µL of SlowFade Diamond 

Antifade Mountant (Thermo Fisher Scientific, Waltham, MA). Raw images were acquired using the confocal laser 

scanning microscope system described above and NIS-Elements C software (Nikon). These images were processed 

using super-resolution radial fluctuation (SRRF) with parameters recommended by the ImageJ plugin [24]. For 

quantification of the lengths of NMII-filament (NMII-F) stacks, regions measuring 6´6 µm2 and 4´4 µm2 at the 

equatorial plane were selected to analyze the early and middle stages of furrow ingression, respectively. Stack length 

was defined as the length of the long axis of each fluorescent signal after ellipse approximation using ImageJ software. 

 

2.8. Atomic force microscopy (AFM) 

Atomic force microscopy (AFM) indentations to measure cortical stiffness were performed using a Nanowizard 4 

(JPK Instruments, Berlin, Germany) mounted on a TE300 microscope (Nikon). Pyramidal silicon nitride cantilevers 

(MLCT; Veeco, Woodbury, NY) with a spring constant of 0.06 N/m were used. The spring constant of the cantilevers 

was calibrated by thermal tuning using the simple harmonic oscillator model. Samples were indented with a calibrated 

force of 1.5 nN in a scan area of 0.25 µm2 (four pixels × four lines). The Hertz model of impact was used to determine 

the elastic properties (Young’s modulus). A Poisson’s ratio of 0.5 was used to calculate Young’s modulus. 

 

3. Results 

3.1. NMIIB is more concentrated in the cleavage furrow than NMIIA during cytokinesis 

NMIIA and NMIIB both localize to the cleavage furrow in HeLa cells during cytokinesis [25]. However, the relative 

level of localization of each isoform to the contractile ring is unclear. In this study, we used WI-38 VA13 cells 

(hereafter referred to as VA13 cells) because they exhibited typical shape changes during M phase (cell rounding and 

cleavage furrow ingression) and expressed both NMIIA and NMIIB (Fig. S1A). We roughly estimated that the 

expression level of NMHC-IIA was about 7.5-fold higher than that of NMHC-IIB in VA13 cells (Fig. S1B and C). 



The expression level of NMHC-IIC was below the detection limit of immunoblotting�in these cells (Fig. S1A). To 

examine the localizations of NMIIA and NMIIB in VA13 cells during cytokinesis, we performed 

immunofluorescence staining of endogenous NMHC-IIA and NMHC-IIB together with visualization of actin 

filaments. Immunofluorescence images and line profile analysis along the cell cortex revealed that NMIIA and 

NMIIB were both enriched in the cleavage furrow at the onset of furrow ingression (Fig. 1A and B). Moreover, 

immunofluorescence images showed that NMIIB was more enriched in the equatorial region than NMIIA at this 

stage (Fig. 1A). As ingression progressed, both isoforms became concentrated at the cell cortex. In particular, NMIIB 

was distributed less in the cytoplasm and was enriched in the cleavage furrow (Fig. 1A and B). These results illustrate 

that NMIIB tends to localize to the contractile ring more than NMIIA. Next, we performed immunofluorescence 

staining of endogenous NMHC-IIA and NMHC-IIB followed by conventional confocal microscopy to acquire images 

showing the three-dimensional localizations of NMIIA and NMIIB during cytokinesis. NMIIB was enriched in the 

equatorial region on the basal side during the early stage of cytokinesis, and both isoforms, especially NMIIB, 

accumulated in the contractile ring (Fig. 1C and D). 

 

3.2. Three-dimensional time-lapse imaging of formation and constriction of the contractile ring 

Next, we attempted to acquire three-dimensional time-lapse images of the formation and constriction of the 

contractile ring. It is difficult to perform whole cell imaging of these processes in a three-dimensional manner in 

living mammalian cells because they occur rapidly and cells are rounded and thus thick. To acquire three-dimensional 

time-lapse images of these events, we used a two-photon excitation laser scanning microscope equipped with a 

spinning-disk confocal scanning unit [26,27]. This system provides benefits in terms of less invasive excitation only 

to the focal plane and involves high-speed scanning by a spinning disk, allowing three-dimensional time-lapse 

imaging of microtubule dynamics during cytokinesis in live plant cells [27]. In addition, a single wavelength of the 

two-photon excitation laser light excites fluorochromes over a wide range of excitation wavelengths [28], enabling 

simultaneous acquisition of dual wavelength images using image-splitting optics [27]. Thus, we expected this system 

to enable us to image formation and constriction of the contractile ring in live animal cells in a three-dimensional 

manner. We performed this imaging using VA13 cells exogenously expressing mCherry-NMHC-IIA and EGFP-

NMHC-IIB. Both isoforms were distributed throughout the cell cortex at the rounding stage and accumulated at the 

contractile ring during furrowing (Fig. 2A and Movie S1). We successfully observed constriction of the contractile 

ring as a circular shape in a three-dimensional manner using this microscopic system (Fig. 2B). 

 

3.3. The expression levels of NMIIA and NMIIB affect their localizations to the cleavage furrow 

To investigate the individual contribution of each NMII isoform to cytokinesis, we generated NMIIA-KO and 

NMIIB-KO cells using the CRISPR/Cas9 system and analyzed their phenotypes. Specific KO of each isoform was 

confirmed by immunoblotting and immunofluorescence analyses (Fig. S2A and C). The expression level of the 

remaining NMII isoform was not markedly changed (Fig. S2A and B). Clones A1 and B1 were mainly used as 



NMIIA-KO and NMIIB-KO cells in further analyses, respectively. 

 Immunofluorescence staining revealed that localization of NMIIB to the cleavage furrow was markedly 

higher in NMIIA-KO cells than in wild-type (WT) cells (Fig. 3A and C); however, localization of NMIIA to the 

cleavage furrow was only slightly higher in NMIIB-KO cells than in WT cells (Fig. 3B and D). These results indicate 

that the remaining NMII isoform in NMIIA-KO and NMIIB-KO cells localizes to the cleavage furrow more than in 

WT cells, probably to compensate for loss of the other NMII isoform. They also suggest that the amount of NMIIA 

is higher than that of NMIIB at the cleavage furrow in VA13 cells. Most molecules of NMIIB, whose expression 

level was much lower than that of NMIIA, likely accumulated at the cleavage furrow in NMIIA-KO cells to 

compensate for the absence of NMIIA, which was the major isoform present at this location in WT cells. 

 Next, we investigated the effects of exogenous expression of each NMII isoform on the localizations of 

endogenous NMII isoforms. Exogenous expression of EGFP-NMHC-IIB suppressed accumulation of NMIIA at the 

cleavage furrow, whereas exogenous expression of EGFP-NMHC-IIA affected accumulation of NMIIB to a lesser 

extent (Fig. S3). These results suggest that a limited number of NMII molecules can localize to the cleavage furrow 

and that NMIIB preferentially accumulates at this location. This is probably because the assembly ability of NMIIB 

is greater than that of NMIIA (this is discussed further in the Discussion section). Taken together, the localizations of 

NMIIA and NMIIB to the cleavage furrow are regulated by the delicate balance of their relative expression levels 

and their molecular properties. 

 

3.4. An appropriate level of NMIIA and NMIIB is important for normal organization of NMII-F stacks in the 

contractile ring 

NMII-F stack, which is an arrayed structure consisting of multiple bipolar NMII filaments, was previously detected 

in lamella of fibroblasts by electron microscopy and suggested to be important for formation of actin filament bundles 

in this region [29]. Super-resolution imaging modalities, such as structured illumination microscopy (SIM), revealed 

the dynamic organization of NMII-F stacks, which are generated at the distal region of lamella and expanded during 

their inward flow [30-33]. NMII-F stacks were also previously observed in the cleavage furrow by SIM and suggested 

to contribute to proper orientation of actin filaments and generation of a larger contractile force in the contractile ring 

[30,33]. Treatment with a low concentration of blebbistatin, an inhibitor of NMII ATPase activity, shortens NMII-F 

stacks and decelerates furrow ingression [30], suggesting that proper organization of NMII-F stacks correlates with 

proper progression of furrow ingression. Here, we attempted to examine the organization of NMII-F stacks in the 

contractile ring of NMIIA-KO and NMIIB-KO cells using SRRF, which is a newly developed method for super-

resolution imaging that only requires a conventional confocal microscope [24]. In this experiment, we focused on the 

organization of stacks located at the bottom of the cleavage furrow (Fig. 4A) because the relatively flat plane of this 

region was advantageous for SRRF analysis. The mean length of NMII-F stacks detected using an anti-NMHC-IIA 

or anti-NMHC-IIB antibody increased with the progression of furrow ingression in WT cells (Fig. 4B and C). The 

mean length of NMII-F stacks at middle stage was comparable in size to that observed by SIM [30,33]. This indicates 



that NMII-F stacks contain both NMIIA and NMIIB and that their expansion correlates with the progression of furrow 

ingression. Next, we measured the length of NMII-F stacks in the contractile ring of NMIIA-KO and NMIIB-KO 

cells, which consisted of filaments composed of the remaining NMII isoform. In NMIIA-KO cells, the mean length 

of NMII-F stacks was longer than in WT cells and extremely long stacks were observed (Fig. 4D and F). By contrast, 

the mean length of NMII-F stacks was shorter in NMIIB-KO cells than in WT cells (Fig. 4E and F). These results 

suggest that the appropriate localization level of NMIIA and NMIIB is important for proper organization of NMII-F 

stacks at the cleavage furrow. Additionally, NMIIB might expand NMII-F stacks. 

 

3.5. NMIIA and NMIIB accelerate and decelerate constriction of the contractile ring, respectively 

Next, we performed time-lapse imaging to investigate cytokinesis in NMIIA-KO and NMIIB-KO cells, in which the 

contractile ring contained the remaining NMII isoform. To clearly observe the cell cortex, we analyzed cells 

expressing mApple-lifeact, which binds to actin filaments (Movie S2 and Fig. 5A). We tracked changes in the 

cleavage furrow width over time (Fig. 5B and C). The furrow ingression rate was lower in NMIIA-KO cells (1.40 ± 

0.40 µm/min, n=10) than in WT cells (2.07 ± 0.69 µm/min, n=10) (Fig. 5C and D). By contrast, the furrow ingression 

rate was slightly higher in NMIIB-KO cells (2.46 ± 0.39 µm/min, n=10) than in WT cells, although this difference 

was not statistically significant. KO of NMIIA and NMIIB had opposite effects on the furrow ingression rate. These 

results indicate that NMIIB in NMIIA-KO cells and NMIIA in NMIIB-KO cells decrease and increase the furrow 

ingression rate, respectively. NMIIA and NMIIB may accelerate and decelerate constriction of the contractile ring, 

respectively, due to their motor properties [8,9]. KO of NMIIA and NMIIB also elicited opposite effects on NMII-F 

stack organization (Fig. 4F), suggesting that proper organization of these stacks correlates with the furrow ingression 

rate.  

 

3.6. NMIIA helps to maintain cortical stiffness during cell division 

During time-lapse observation, we noticed that membrane blebbing in polar regions occurred in WT and NMIIB-KO 

cells, but not in NMIIA-KO cells (Movie S2 and Fig. S4). We hypothesized that KO of NMIIA affects cortical 

stiffness because blebbistatin blocks blebbing [34] and decreases cortical stiffness in mitotic cells [35,36]. We 

attempted to directly measure cortical stiffness in rounded mitotic cells by AFM [37] and evaluated the contributions 

of NMIIA and NMIIB using KO cells. The tip of the cantilever was carefully positioned on top of a rounded cell to 

measure cortical stiffness (Fig. 6A). Stiffness was significantly lower in NMIIA-KO cells than in WT cells, but was 

almost the same in NMIIB-KO and WT cells (Fig. 6B). NMIIB-KO and WT cells exhibited inter-individual variation 

in stiffness. It was recently demonstrated that cortical stiffness markedly changes during cell division; it significantly 

increases during anaphase and telophase, which is most likely due to an increase in cortical tension [37]. In this study, 

we were unable to reliably distinguish between cells in which anaphase had begun and thus in which it had not. This 

may explain the variation in stiffness observed in WT and NMIIB-KO cells. By contrast, stiffness varied little in 

NMIIA-KO cells, indicating that it did not differ before and after anaphase onset; specifically, stiffness remained low 



in these cells throughout cell division. These results suggest that NMIIA, which localizes to the cell cortex, helps to 

maintain cortical stiffness during cytokinesis in VA13 cells. 

 

4. Discussion 

This study investigated the contributions of NMIIA and NMIIB to cytokinesis. Analyses of isoform-specific KO cells, 

which were generated from human immortalized fibroblasts, revealed that cytokinesis is controlled by proper 

organization of the contractile ring, which is dependent on the distinct biochemical properties of NMIIA and NMIIB 

and their relative level of accumulation to this location. 

 We showed that NMIIB preferentially accumulated at the cleavage furrow (Fig. 7). Exogenous expression 

of EGFP-NMHC-IIB displaced endogenous NMIIA from the cleavage furrow (Fig. S3). Even in untreated control 

cells, the relative accumulation level of NMIIB to the contractile ring was higher than that of NMIIA (Fig. 1). This 

observation was also made in MRC-5 SV1 TG1 cells (the other type of human immortalized fibroblasts) and HeLa 

cells (data not shown). Most NMIIB molecules accumulated at the cleavage furrow in NMIIA-KO cells (Fig. 3), 

whereas a limited number of NMIIB molecules accumulated at this location in WT cells (Fig. 1). Expression of 

NMHC-IIA was about 7.5-fold higher than that of NMHC-IIB (Fig. S1). We assume that the excessive amount of 

NMIIA limits the localization of NMIIB to the contractile ring. 

 The mechanism underlying the distinct localizations of NMII isoforms in migrating cells is suggested to 

involve dynamic transition between monomeric and filamentous states. Specifically, NMIIA is more dynamic than 

NMIIB and therefore reaches the anterior region faster than NMIIB [38,39]. The C-terminal tail regions of each NMII 

isoform, which include the assembly competence domains [40], determine their dynamic properties in cells [38,39]. 

In vitro studies using recombinant C-terminal rod fragments of NMII isoforms revealed that a higher level of NMIIB 

than NMIIA assembles into filaments under physiological salt conditions [40,41]. This suggests that the dynamic 

properties of NMII isoforms in cells are dependent on their assembly properties. Thus, NMIIB tends to remain in the 

posterior region of migrating cells due to its higher assembly ability. It was reported that the C-terminal rod region 

of NMIIB determines its specific localization to the contractile ring in dividing immature megakaryocytes [42], 

indicating that the assembly ability of NMIIs is also important for their equatorial localization during cytokinesis. 

NMIIA and NMIIB were also reported to co-assemble into heterotypic filaments in the contractile ring [43] and stress 

fibers [43,44]. Moreover, NMIIA was suggested to affect the dynamic transition of NMIIB from heterotypic filaments 

to the monomeric form in stress fibers [13]. NMIIA may also elicit this effect on NMIIB in the contractile ring. 

 NMIIB is the only NMII isoform present in the contractile ring in immature megakaryocytes [45]. Thus, 

the preferential accumulation of NMIIB at the contractile ring in these cells may be an extreme case. Interestingly, 

NMIIB expression is repressed during differentiation of megakaryocytes, resulting in polyploidization by 

endomitosis, and NMIIA cannot accumulate at the contractile ring during this physiological event [45]. However, 

multinucleation was not observed in NMIIA-KO or NMIIB-KO cells (Fig. S2D); the remaining NMII isoform 

localized to the cleavage furrow and compensated for loss of the other NMII isoform. If there is a gap in the contractile 



ring in mitotic cells, NMII molecules can localize there, regardless of the isoform. Taken together, we assume that 

the total number of NMII molecules in the contractile ring is limited and that the relative level of localization of 

NMIIA and NMIIB to the contractile ring is delicately regulated by their relative expression levels and assembly 

abilities. 

 In addition to their distinct dynamic properties, NMIIA and NMIIB have different motor properties, as 

characterized by in vitro studies [8,9]. Based on these studies, NMIIA and NMIIB were suggested to mainly 

translocate and crosslink actin filaments, respectively [5,6]. Accordingly, NMIIA and NMIIB help to generate 

contractile force and maintain stress fibers in the contracted state, respectively [14,46]. In the same manner, NMIIA 

and NMIIB may translocate and crosslink actin filaments in the contractile ring, respectively (Fig. 7). This hypothesis 

is supported by the finding that the furrow ingression rate was decreased and increased in NMIIA-KO and NMIIB-

KO cells, respectively. Using recombinant full-length NMIIA and NMIIB molecules, the kinetic and mechanical 

properties of heterotypic filaments in vitro were recently shown to differ according to the ratio of these isoforms. 

Interestingly, the movement rate of NMII filaments on actin filaments is affected by the presence of even a small 

amount of NMIIB [47]. It was suggested that progressive compaction and organization of contractile ring accelerate 

furrow ingression, while limitations on contractile ring disassembly decelerate it during cytokinesis [48]. NMIIB 

may limit the disassembly of contractile ring due to its crosslinking ability for actin filaments.�
 Super-resolution imaging recently revealed that NMII filaments form in the distal region of lamella and 

expand into NMII-F stacks during their inward movement in migrating cells [30-33]. Interactions of NMII filaments 

on actin filaments in transverse arcs are required for expansion of stacks [31,32]. Moreover, NMIIB is incorporated 

into existing filaments consisting of NMIIA during inward movement, and heterotypic filaments consequently form 

in the proximal region of lamella [44]. These results led us to speculate that expansion of stacks correlates with the 

presence of NMIIB. Super-resolution imaging using SRRF revealed that the length of stacks formed in the contractile 

ring was increased and decreased in NMIIA-KO and NMIIB-KO cells, respectively (Fig. 4). We speculate that an 

increased amount of NMIIB causes excessive stack expansion in NMIIA-KO cells, while a lack of NMIIB perturbs 

stack expansion in NMIIB-KO cells. KO of UNC-45a, a molecular chaperone of NMII, decreases stack length in the 

contractile ring in U-2 OS cells by decreasing the protein levels of NMIIA and NMIIB (i.e., a decrease in the total 

amount of NMII) [33]. Our isoform-specific KO experiments suggest that NMIIB functions in stack expansion 

because it crosslinks actin filaments and is more static in NMII filaments than NMIIA. 

 Membrane blebbing occurs when the plasma membrane detaches from the cortical actin cytoskeleton due 

to cortical contraction following NMII activation [49]. Blebbing is often observed at polar regions of dividing cells 

[50]. Blebs at polar regions were proposed to release pressure and thereby reduce contractile tension [51], and such 

polar blebbing is important for proper cytokinesis [52]. Indeed, inhibition of NMII ATPase activity by treatment with 

blebbistatin blocks this blebbing [34]. In this study, polar blebbing was not observed in NMIIA-KO cells (Movie S2 

and Fig. S4), indicating that cortical contraction force is reduced in these cells. This is consistent with the finding 

that cortical stiffness was decreased in NMIIA-KO cells by AFM measurements (Fig. 6). On the other hand, polar 



blebbing was observed in NMIIB-KO cells (Movie S2 and Fig. S4), in which NMIIA localized to the polar cortex 

(Fig. 3B). These results suggest that NMIIA plays a role not only in constriction of the contractile ring, but also in 

polar blebbing to ensure proper cytokinesis (Fig. 7). 

 The relative expression levels of NMII isoforms markedly differ between various cells and tissues [53]. 

We propose that the distinct functions of NMIIA and NMIIB contribute to the characteristic mechanisms underlying 

cytokinesis in diverse cell types. The behaviors of NMII isoforms and the effects of their KO in a variety of cell types 

with different expression levels of these isoforms should be investigated in the future. 
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Fig. 1. Localizations of NMIIA and NMIIB during cytokinesis in human immortalized fibroblasts. (A) 
Representative images of direct immunofluorescence staining of endogenous NMHC-IIA and NMHC-IIB at early 



(upper panels) and late (lower panels) stages of cytokinesis in VA13 cells. Filamentous actin (F-actin) was stained 
with Alexa Fluor 350-conjugated phalloidin. Merged images show combined NMHC-IIA and NMHC-IIB staining. 
Images were acquired using a conventional fluorescence microscope. Bar, 10 µm. (B) Line profiles of 
immunofluorescence signals along the cell cortex. Mean ± SD of 30 line profiles in 15 cells from three independent 
experiments. Cells with a furrow width larger and smaller than 10 µm were analyzed to investigate the early (left 
panel) and late (right panel) stages of cytokinesis, respectively. (C, D) Three-dimensional direct immunofluorescence 
staining of endogenous NMHC-IIA and NMHC-IIB in VA13 cells at early (upper panels) and late (lower panels) 
stages of cytokinesis. DNA was stained with DAPI. Images were acquired using a conventional confocal microscope, 
reconstructed from z-stacks (~20 µm thick) at 0.25 µm intervals, and visualized by maximum intensity projection. 
Side views (C) and cross-section views (D) of the equatorial plane. Bar, 10 µm. 
	  



 
 

 
Fig. 2. Three-dimensional time-lapse imaging of cytokinesis in a VA13 cell. Images were acquired using two-
photon excitation spinning-disk confocal microscopy and reconstructed from z-stacks (25 µm thick) at 0.5 µm 
intervals. The exposure time was 270 ms, and the three-dimensional time-lapse interval was 30 s. (A) Images showing 
mCherry-NMHC-IIA and EGFP-NMHC-IIB fluorescence from Movie S1 at 0, 450, 900, 1050, and 1350 s after 
starting time-lapse image acquisition. (B) Cross-section views of the equatorial plane reconstructed from the images 
shown in panel A. Bar, 10 µm. 
 

 

 

 

 

 

 



 
 
 
Fig. 3. Localizations of NMIIA and NMIIB during cytokinesis in NMII isoform-specific KO cells. (A, B) 
Representative images of indirect immunofluorescence staining of endogenous NMHC-IIB (A) and NMHC-IIA (B) 
during cytokinesis in WT and NMII isoform-specific KO cells. F-actin and DNA were stained with TRITC-
conjugated phalloidin and DAPI, respectively. Images were acquired using a conventional fluorescence microscope. 
Bar, 10 µm. (C, D) Line profiles of immunofluorescence signals along the cell cortex in (A) and (B). Mean ± SD of 
30 line profiles in 15 cells from three independent experiments. Cells with a furrow width less than 10 µm were 
analyzed. Note that NMIIB substantially localized to the cleavage furrow in NMIIA-KO cells (C, and arrowhead in 
A). 
	  



 
 
 
Fig. 4. Organization of NMII-F stacks in the cleavage furrow of NMIIA-KO and NMIIB-KO cells. (A) 
Representative images of SRRF analysis. VA13 cells were immunostained with an anti-NMHC-IIB primary antibody 
followed by an Alexa Fluor 488-conjugated secondary antibody. Images were acquired using a conventional confocal 
microscope at early (upper panels) and middle (lower panels) stages of cytokinesis. Single frames at the indicated 
confocal optical section corresponding to the middle plane of the cell (first column) and the very bottom of the 
cleavage furrow (second column) are shown. The third and fourth columns show images after SRRF reconstruction 
(bar, 10 µm) and expanded views of the yellow boxed regions (bar, 1 µm), respectively. Each SRRF image was 
reconstructed from 50 single frames. The schematic illustration above fourth column indicates the structure of a 
NMII-F stack. Immunofluorescence by anti-NMHC-IIs antibodies, which recognize the C-terminal tail end of NMII 
molecule, provides a linear fluorescent signal (indicated by light green shading). (B, C) Histograms of stack length 
at early (B) and middle (C) stages of cytokinesis. (D, E) Stack length was increased and decreased in NMIIA-KO 
cells (D, lower panels) and NMIIB-KO cells (E, lower panels), respectively. Bars are 10 and 1 µm in SRRF images 



and expanded views of the yellow boxed regions, respectively. (F) Quantification of stack length in NMIIA-KO and 
NMIIB-KO cells. Note that stack length was increased and decreased in NMIIA-KO and NMIIB-KO cells, 
respectively.	  



 

 
 
Fig. 5. Furrow ingression rates in NMIIA-KO and NMIIB-KO cells. (A) A time series of images showing furrow 
ingression in a WT cell expressing mApple-lifeact from Movie S2. The yellow boxes indicate the equatorial plane 
used to generate kymographs. Bar, 10 µm. (B) Kymographs of the equatorial plane in the indicated cell lines. Time 
0 indicates anaphase onset. (C) Time courses of the furrow ingression level in the indicated cell lines. Mean ± SD of 
ten cells from at least three independent experiments per cell line. (D) Furrow ingression rates calculated from the 
data presented in panel C. *P < 0.05.  
	  



 
 
 
Fig. 6. Measurement of cortical stiffness in metaphase. (A) Schematic illustration of the measurement of cortical 
stiffness in a rounded cell by AFM. (B) Cortical stiffness in WT, NMIIA-KO (A1 and A4), and NMIIB-KO (B1 and 
B12) cells. n=11–15 cells from three independent experiments per cell line. *P < 0.05. 
	  



 

 
 
Fig. 7. A model of how NMIIA and NMIIB mechanically support proper cytokinesis. Schematic illustrations 
depicting the localizations of NMII isoforms and cell shape. During cytokinesis, NMIIA and NMIIB localize to the 
contractile ring under the control of the delicate balance of their relative expression levels (NMIIA�NMIIB) and 
assembly properties (NMIIB�NMIIA). A portion of NMIIA is diffusely distributed in the cytoplasm and localizes 
to the cell cortex adjacent to the contractile ring. In NMIIA-KO cells, most NMIIB accumulates in the contractile 
ring and the rate of furrow ingression is decreased. In NMIIB-KO cells, localization of NMIIA to the contractile ring 
and the rate of furrow ingression are slightly increased. Polar blebbing does not occur in NMIIA-KO cells, probably 
due to a lack of polar cortical tension, which is mainly generated by NMIIA.  


