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Differential role of nonmuscle myosin II isoforms 
during blebbing of MCF-7 cells

ABSTRACT Bleb formation has been correlated with nonmuscle myosin II (NM-II) activity. 
Whether three isoforms of NM-II (NM-IIA, -IIB and -IIC) have the same or differential roles in 
bleb formation is not well understood. Here we report that ectopically expressed, GFP-
tagged NM-II isoforms exhibit different types of membrane protrusions, such as multiple 
blebs, lamellipodia, combinations of both, or absence of any such protrusions in MCF-7 cells. 
Quantification suggests that 50% of NM-IIA-GFP–, 29% of NM-IIB-GFP–, and 19% of NM-
IIC1-GFP–expressing MCF-7 cells show multiple bleb formation, compared with 36% of cells 
expressing GFP alone. Of interest, NM-IIB has an almost 50% lower rate of dissociation from 
actin filament than NM-IIA and –IIC1 as determined by FRET analysis both at cell and bleb 
cortices. We induced bleb formation by disruption of the cortex and found that all three NM-
II-GFP isoforms can reappear and form filaments but to different degrees in the growing 
bleb. NM-IIB-GFP can form filaments in blebs in 41% of NM-IIB-GFP–expressing cells, whereas 
filaments form in only 12 and 3% of cells expressing NM-IIA-GFP and NM-IIC1-GFP, respec-
tively. These studies suggest that NM-II isoforms have differential roles in the bleb life cycle.

INTRODUCTION
Blebs are membrane protrusions or bulges that appear and disap-
pear from the surface of a cell in a repetitive asynchronous manner 
that is induced by localized decoupling of the plasma membrane 
from the cortex. The cortex is a specialized layer of cytoplasm com-
posed of actin filaments, nonmuscle myosin II (NM-II), and other 
associated proteins (Alberts et al., 2002; Pesen and Hoh, 2005). 
Blebbing is a common phenomenon observed during cytokinesis 

(Fishkind et al., 1991; Boucrot and Kirchhausen, 2007), spreading 
(Bereiter-Hahn et al., 1990; Pletjushkina et al., 2001), migration 
(Trinkaus, 1973; Friedl and Wolf, 2003; Sahai and Marshall, 2003; 
Blaser et al., 2006), viral infection (Mercer and Helenius, 2008), and 
the execution phase of apoptosis (Robertson et al., 1978; Mills et al., 
1998; Coleman et al., 2001) of animal cells. Blebbing is also one of 
the modes adopted by cancer cells for their migration during tissue 
invasion (Sahai and Marshall, 2003; Wolf et al., 2003). Bleb-medi-
ated migration is known as amoeboid migration. Studies in cancer 
cells have demonstrated that cells with high Rho activity correlate 
with amoeboid migration, whereas high Rac1 activity often displays 
mesenchymal motility (Parri and Chiarugi, 2010). Rac1 is a key 
regulator of protrusive actin polymerization, whereas Rho promotes 
actomyosin contractility. Actomyosin contractility generates mem-
brane tension inside the cell during cellular motility. Consequently 
Rho and its downstream effector ROCK induce blebbing through 
increased actomyosin contractility and may play role in a signaling 
pathway that induces bleb-based motility during cell migration (Yap 
and Kovacs, 2003; Takesono et al., 2010).

Once a bleb is nucleated, it grows by filling with cytosol and 
forms a quasihemispherical protrusion that initially remains devoid 
of actin and other cytoskeletal structures. Expansion of the bleb 
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 essential light chains of 17 kDa (ELC17). Depending on tissue and 
cell type, NM-II isoforms have distinct roles during embryonic devel-
opment (Wang et al., 2011) and functional redundancy in cell divi-
sion and neuritogenesis (Saha et al., 2013). However, their roles in 
maintaining the differential contractility or tension within cells to 
control bleb dynamics are poorly understood.

Here we demonstrate for the first time that the ectopically ex-
pressed NM-IIA isoform can promote more bleb protrusions than 
NM-IIB and NM-IIC1 isoforms in MCF-7 cells. Further, we show that 
at both cell and bleb cortices, NM-IIB has a lower dissociation rate 
from actin filaments than NM-IIA and NM-IIC1. In laser-induced 
blebs, we find that the NM-IIB isoform forms more filaments in the 
early steps of bleb expansion than do the NM-IIA and NM-IIC1 
isoforms.

RESULTS
NM-IIs promote different types of membrane protrusions 
in MCF-7 cells
Previous studies reported that the three isoforms of NM-II have dif-
ferent biochemical properties. To determine whether these different 
biochemical properties can be correlated with different membrane 
protrusive activities, we ectopically expressed each NM-II isoform 
tagged with green fluorescent protein (GFP) in human breast tumor 

cells, MCF-7, which endogenously express 
substantial amounts of each isoform of 
NM-II (Smutny et al., 2010). GFP-positive 
cells were monitored for membrane protru-
sions using time-lapse confocal microscopy 
over a period of 20 min (≥95 cells for each 
construct). Note that we used GFP-tagged 
NM-IIC1, an alternatively spliced isoform of 
NM-IIC, which is the only isoform expressed 
in MCF-7 cells (Jana et al., 2006). Quantifi-
cation revealed that control cells (MCF-7 
cells expressing only GFP) exhibited three 
major types of membrane protrusions: mul-
tiple blebs (36% of total cells), lamellipodia 
(42%), and no protrusion (14%; Figure 1, A 
and C, Supplemental Movies S1–S3, and 
Table 1). Cells with both multiple blebs and 
lamellipodia protrusions were less abundant 
(only 8%). The formation of multiple blebs 
was increased to 50% when NM-IIA-GFP 
was expressed in the cells (Supplemental 
Movie S4), whereas it was reduced to 29 
and 19% when NM-IIB-GFP and NM-IIC1-
GFP were ectopically expressed in MCF-7 
cells, respectively (Figure 1, B and C, and 
Table 1). Multiple blebs were characterized 
if at a given time point more than one bleb 
was formed at different positions through-
out the cell periphery. Another membrane 
protrusion, lamellipodia formation, was in-
creased to 65% in NM-IIC1-GFP–expressing 
cells (Supplemental Movie S5), compared 
with NM-IIA-GFP and NM-IIB-GFP cells, 
which showed only 24 and 39%, respec-
tively (Figure 1, B and C, and Table 1). Of 
interest, no such membrane protrusion was 
observed in 26% of NM-IIB-GFP–expressing 
MCF-7 cells (Supplemental Movie S6), com-
pared with 2% of NM-IIA-GFP– and 9% of 

eventually slows as sufficient cytosolic liquid is not supported by the 
contractile force of the cortex in the bleb, which is needed to main-
tain the constant growth rate of growing bleb, and as the bleb mem-
brane undergoes a transition from a lipid bilayer to cortex formation 
with cytoskeleton (Cunningham, 1995). During this transition, first 
membrane–actin linker proteins such as ezrin/radixin/moesin (ERM) 
and then actin are recruited at the bleb membrane. A cage-like 
structure is formed underneath the bleb membrane called de novo 
cortex. Soon thereafter, actin-bundling proteins such as α-actinin, 
coronin, and fimbrin are recruited and assemble into the bleb cor-
tex. Finally, proteins of the contractile system such as tropomyosin 
followed by NM-II are recruited to the bleb cortex and power bleb 
retraction (Charras et al., 2006).

Variation of actomyosin contractility depends on the different 
biochemical properties of NM-II isoforms, such as MgATPase activ-
ity, in vitro motility, and duty ratio (Kovacs et al., 2003; Wang et al., 
2003; Kim et al., 2005; Heissler and Manstein, 2011). NM-II has 
three isoforms, referred as NM-IIA, NM-IIB, and NM-IIC, based on 
their heavy chains, which are encoded by three different genes, 
MYH9, MYH10, and MYH14, respectively (Katsuragawa et al., 1989; 
Shohet et al., 1989; Takahashi et al., 1992; Golomb et al., 2004). 
NM-IIs are hexameric proteins composed of two heavy chains of 
230 kDa, two regulatory light chains of 20 kDa (RLC20), and two 

FIGURE 1: (A, B) Time-lapse images of multiple blebs, no protrusions, or lamellipodia-forming 
MCF-7 cells expressing GFP alone (A) or each of the NM-II-GFP isoforms (B). Fluorescence (Fls) 
images below DIC images at each time point. Multiple blebs (top two rows) are denoted by 
white arrows and lamellipodia by white arrowheads (bottom two rows). Scale bar, 10 µm. 
(C) Quantification of cells exhibiting different types of membrane protrusions in cells expressing 
NM-IIA-GFP, NM-IIB-GFP, NM-IIC1GFP, or GFP. Note that NM-IIA increases multiple bleb 
formation and NM-IIC1 lamellipodia formation. The data represent ≥95 cells for each sample 
from three independent experiments. (D) Lysates of MCF-7 cells transfected with each of the 
NMHC-II-GFP–encoding plasmid DNAs or no DNA were probed with NMHC-II isoform–specific 
antibodies as indicated. Tubulin was used as loading control. One representative blot from three 
independent experiments. Note that exogenous NMHC-II-GFP migrates more slowly than 
endogenous NMHC-IIs. (E) Ratio of (exogenous/endogenous bands) of individual isoforms is 
calculated from relative band intensity of exo-NMHC-II-GFP/relative band intensity of endo-
NMHC-II of the same isoform.
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suggest that overexpression or knockdown of NM-II isoforms leads 
to imbalances in the membrane-protrusive activities of MCF-7 cells.

NM-IIA-GFP–expressing cells exhibit a higher fluctuation 
rate during blebbing
Our previous result suggests that bleb protrusion events that are 
increased in ectopically expressing NM-IIA cells can also be seen in 
ectopically expressing NM-IIB and NM-IIC1 cells (Figure 1C and 
Table 1). To understand how bleb protrusion is phenotopically 
different among cells expressing different NM-II isoforms, we char-
acterized bleb protrusion using MATLAB analysis. We captured 
time-lapse confocal images at 5-s intervals for >20 min in multiple-
bleb-forming cells that expressed NM-IIA-GFP, NM-IIB-GFP, NM-
IIC1-GFP, or GFP alone. We drew contour outlines along the cell edge 
and measured the edge fluctuation at each time point. Figure 3A 
shows the multiple-bleb-forming cells and the contour of the cells 
expressing each isoform. MCF-7 cells expressing only GFP fluctu-
ated at a rate of 8.7 ± 2.5 µm2/s (11 cells). In contrast, NM-IIA-GFP–
expressing MCF-7 cells exhibited a higher fluctuation rate of 
16.2 ± 5.8 µm2/s (20 cells) than with the other isoforms, NM-IIB-GFP 
and NM-IIC1-GFP, which showed fluctuation rates of only 8.2 ± 2.3 
(10 cells) and 10.3 ± 2.8 µm2/s (nine cells), respectively (Figure 3, B 
and C, and Supplemental Movies S7–S10). These results suggest 
that multiple bleb protrusions may be correlated with the higher 
fluctuation rate of NM-IIA-GFP–expressing cells. In parallel, fluores-
cence time-lapse images showed loss of fluorescence intensity of 
each NM-II isoform at the cell cortex, where a bleb is formed due 
to the NM-II contractile effect (Supplemental Figure S3). Taken 
together, these data experimentally validate the previous hypothe-
sis of cortex breakage and resealing–induced bleb formation and 
retraction (Paluch et al., 2005).

Previous results prompted us to examine why NM-IIA-GFP–ex-
pressing cells showed a higher cell edge/periphery fluctuation than 
NM-IIB-GFP– and NM-IIC1-GFP–expressing cells during blebbing. 
We measured the cortical stiffness of cells using atomic force mi-
croscopy (AFM) and found that NM-IIA-GFP–expressing cells 
showed high cortical stiffness (1.46 ± 0.17 kPa, n = 20) compared 
with cells expressing NM-IIB-GFP (n = 22) or IIC1-GFP (n = 20), which 
showed 0.82 ± 0.12 and 0.89 ± 0.12 kPa, respectively (Figure 3D). 
These results suggest that the NM-IIA isoform induces higher corti-
cal stiffness, which may be attributed to increase cell edge/periph-
ery fluctuation compared with NM-IIB and NM-IIC1 isoforms.

NM-IIC1-GFP–expressing cells (Figure 1, B and C, and Table 1). The 
percentage of cells showing both multiple blebs and lamellipodia 
remained the same (6–8%), except for NM-IIA-GFP cells, which 
showed 24%, suggesting formation of multiple blebs in lamellipo-
dia-forming cells. In parallel, movies taken up to 120 min showed 
that NM-II-GFP–positive cells, which showed multiple blebs and no 
protrusion or lamellipodia, were less likely to exhibit interchange-
ability with other types of membrane-protrusive activity (Supple-
mental Figure S1). We checked the expression level of ectopically 
expressed NM-IIs and found that the amounts of exogenous NM-IIs 
were 60–70% of the endogenous level of NM-IIs in MCF-7 cells 
(Figure 1, D and E). Bleb-forming cells were not apoptotic (Supple-
mental Figure S2). These results indicate that NM-IIA induces mul-
tiple bleb protrusion and NM-IIC1 induces lamellipodia, whereas 
multiple blebs or lamellipodia formation was not affected by over-
expression of NM–IIB, suggesting differential roles among NM-II 
isoforms in membrane protrusions of MCF-7 cells.

To explore further the role of individual isoforms in membrane 
protrusions, we inhibited the expression of each isoform using small 
interfering RNA (siRNA) and then analyzed cells with time-lapse 
video microscopy. Figure 2A shows that siRNA targeting nonmuscle 
myosin heavy chain IIA (NMHC-IIA) specifically reduced the amount 
of NM-IIA (compare lane 2 with lane 1) by 40% but did not reduce 
NM-IIB or NM-IIC. Similarly, reducing NM-IIB by 49% with NMHC-
IIB siRNA (lane 3) or reducing NM-IIC by 52% with NMHC-IIC siRNA 
(lane 4) did not affect the expression of other isoforms. Quantifica-
tion of membrane protrusions in siRNA-treated cells (Figure 2B and 
Table 1) revealed that multiple bleb formation was reduced to 11% 
in IIA-siRNA–treated cells, whereas it was increased to 49 and 47% 
in IIB- and IIC-siRNA cells, respectively. Of interest, lamellipodia for-
mation was increased to 66% in NM-IIA–knockdown cells, whereas 
it was reduced to 11 and 15% in NM-IIB– and NM-IIC–knockdown 
cells, respectively, compared with control cells treated with nonspe-
cific siRNA, which showed 28% multiple blebs and 51% lamellipo-
dia, suggesting that NM-IIB and NM-IIC play opposite roles to NM-
IIA in multiple blebs and lamellipodia formation. The increase of the 
no-protrusion result in NM-IIB and NM-IIC siRNA–treated cells may 
be attributed to a decrease in lamellipodia formation, which was the 
most abundant phenotype in control cells. The increase in the cell 
population with both multiple blebs and lamellipodia formation in 
NM-IIA-GFP–expressing cells occurred due to formation of multiple 
blebs most likely in lamellipodial cells. Taken together, these results 

Multiple blebs (%) Lamellipodia (%) No protrusion (%)
Both multiple blebs  
and lamellipodia (%)

O
ve

re
xp

re
ss

io
n GFP 36 42 14 8

IIA-GFP 50 24 2 24

IIB-GFP 29 39 26 6

IIC1-GFP 19 65 9 7

K
no

ck
d

ow
n NS siRNA 28 51 15 6

IIA siRNA 11 66 14 9

IIB siRNA 49 11 35 5

IIC siRNA 47 15 28 10

MCF-7 cells were transfected with each of the GFP-tagged NM-II isoforms or 50 nM siRNA against each isoform. Data represent ≥95 cells for each GFP construct 
and ≥37 cells for each siRNA from three independent experiments.

TABLE 1: Percentages of MCF-7 cells showing different types of membrane protrusions.
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 efficiency at the cell cortex for low emission intensity of donor (GFP-
tagged NM-II isoforms) and high emission intensity of acceptor (red 
fluorescent protein [RFP]–tagged actin), shown in Supplemental 
Figure S4A, and changes in FRET intensity with respect to time, 
shown in Supplemental Figure S4B. Figure 4, A–C, shows the distri-
bution of FRET efficiency of actomyosin complexes involving NM-II-
GFP isoforms and RFP-actin at the cell cortex. The majority of the 
NM-IIs exhibit high FRET efficiency (εFRET > 0.5), suggesting that the 
majority of each NM-II isoform is in close proximity to actin fila-
ments, which may be due to formation of the actomyosin complex 
between each NM-II-GFP and LifeAct-RFP at the cell cortex. We 
measured the dwell time of each NM-II isoform, which determines 
the binding time with the actin filament, inversely correlated with 
the rate of dissociation from the actin filament. Figure 4, D–F, shows 
that all of the isoforms exhibit two dwell times at high FRET. The 
dwell-time distribution was fitted with the convolution of two expo-
nentials. We found one shorter average dwell time (τ1), 33 ± 2 s 
(50% of total dwell-time distribution [TDTD]), and one longer aver-
age dwell time (τ2), 60 ± 5 s (50% of TDTD), for NM-IIA-GFP, whereas 
those for NM-IIB-GFP and NM-IIC1-GFP were τ1 = 35 ± 3 s (35% of 
TDTD) and τ2 =110 ± 5 s (65% of TDTD), and τ1 = 35 ± 2 s (40% of 
TDTD) and τ2 = 70 ± 5 s (60% of TDTD), respectively. Of interest, the 
faster component of the average dwell time (τ1) in each isoform 
does not change, but the slower component of average dwell time 
(τ2) doubles times for the NM-IIB isoform compared with the NM-IIA 
and NM-IIC1 isoforms. The amplitude value of each dwell time 
indicates that >50% of the population of each isoform has a lower 
dissociation rate (1/τ2 ≤ 1/60 s−1), and the population with a 
significant amount of NM-IIB possesses a lower dissociation rate 
(<1/110 s−1) than those with NM-IIC1 and NM–IIA (<1/70 and 
<1/60 s−1, respectively). These data suggest that the three isoforms 
of NM-II have different rates of dissociation from actin filaments in 
the order NM-IIA > NM-IIC1 > NM-IIB, which may be contributing to 
different rates of contractility at the cell cortex.

NM-IIB exhibits a longer dwell time than NM-IIA and 
NM-IIC1 at the bleb cortex
The de novo bleb cortex is formed by the stepwise appearance of 
ERM, actin, and actin-associated proteins on a time scales of sec-
onds. Finally, NM-II is recruited to the bleb cortex and powers bleb 
retraction. To initiate bleb retraction, ∼50 myosins are needed, and 
almost fivefold more myosin motors are recruited by the end of the 
bleb retraction process (Charras et al., 2008). Therefore variations 
of contractility will be different for individual NM-II isoforms with 
actin filaments during this dynamic remodeling process. To measure 
the binding/dissociation kinetics of individual NM-II molecules with 
actin filaments in a live bleb cortex, we carried out FRET analysis at 
the bleb cortex of cells that coexpressed GFP-tagged NM-II and 
Lifeact-RFP. We found the same FRET efficiency at the de novo bleb 
cortex in terms of low emission intensity of donors (GFP-tagged 
NM-II isoform) and high emission intensity of acceptors (RFP-tagged 
actin) as at the cell cortex. However, in terms of changes in FRET 
intensity with respect to time, the bleb cortex differs from the cell 
cortex (Supplemental Figure S4C). Figure 5, A–C, shows the distri-
bution of FRET efficiency of the actomyosin complex for each NM-II 
isoform and actin at the bleb cortex. We found more than one FRET 
efficiency at the bleb cortex, indicating that NM-II and actin in the 
bleb cortex exist at more than one distance, which may be attrib-
uted to the dynamic remodeling of de novo cortex. Dwell-time 
analysis revealed that when NM-IIs are at a distal position (low FRET 
efficiency, εFRET < 0.5) with respect to actin filaments, they all showed 
a similar rate of dissociation (τ = 85 ± 3 s for NM-IIA, 86 ± 3 s for 

FIGURE 2: (A) Lysates from MCF-7 cells transfected with nonspecific 
(NS) siRNA (lane 1), NM-IIA-siRNA (lane 2), NM-IIB-siRNA (lane 3), or 
NM-IIC-siRNA (lane 4) were subjected to immunoblot with antibodies 
as indicated. Tubulin was used as a loading control. Bottom, relative 
band intensity of NM-II isoform in siRNA-treated cells calculated by 
considering the band intensity of that NM-II isoform in NS siRNA–
treated cells as 1. One representative blot from three independent 
experiments. (B) Quantification of cells exhibiting different types of 
membrane protrusions in cells treated with IIA-siRNA, IIB-siRNA, 
IIC-siRNA, or NS siRNA. Note that the percentage of multiple bleb 
formation is reduced in IIA siRNA–treated cells, formation of 
lamellipodia is reduced in IIC siRNA–treated cells, and multiple bleb 
formation is increased in IIB siRNA–treated cells compared with NS 
siRNA–treated cells. The data represent ≥37 cells of each sample from 
three independent experiments.

NM-IIB exhibits longer dwell time than NM-IIA and NM-IIC1 
at the cell cortex
Contractility of the actomyosin complex at the cell cortex generates 
breakage and resealing of the cortex, which leads to formation and 
retraction of blebs. Contractility is dependent on the interaction be-
tween NM-II filaments with actin filaments. Variations of contractility 
may depend on the binding ability of individual NM-II isoforms with 
the actin filaments. To measure the binding or dissociation kinetics 
of individual NM-II molecules with actin filaments in the cortex of a 
live cell, we carried out fluorescence resonance energy transfer 
(FRET) analysis at the cortex of MCF-7 cells that were cotransfected 
with GFP-tagged NM-II isoforms and Lifeact-RFP, a marker of 
 filamentous actin (Riedl et al., 2008). First, we checked the FRET 
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NM-IIB-GFP could form filaments in nonre-
tracted blebs within 5 min (Supplemental 
Movie S12), whereas in most cases, NM-IIA 
and NM-IIC1 were inefficient in forming 
filaments until 20 min (Supplemental 
Movies S11 and S13). Quantification re-
vealed that 41% of NM-IIB-GFP–expressing 
cells showed filament formation, whereas 
only 12% of cells expressing NM-IIA-GFP 
and 3% of cells expressing NM-IIC1-GFP 
showed filament formation (Figure 6D). We 
measured the area of bleb expansion (at 
the site of laser-mediated cortex ablation) 
at each time point and found that the initial 
area was almost same, whereas later, it was 
increased in cells expressing NM-IIA-GFP 
(315 ± 86 µm2, nine cells) or NM-IIC1-GFP 
(353 ± 95 µm2, 10 cells). In contrast, the area 
of bleb expansion halted in NM-IIB-GFP– 
expressing cells (206 ± 49 µm2, nine cells) 
after 10 min (Figure 6E). These data sug-
gest that the rate of filament assembly of 
NM-IIB is higher than that of NM-IIA and 
NM-IIC1 in the multiple blebs induced by 
cortex ablation, which may serve as a bar-
rier for further bleb expansion after 10 min. 
We measured the kinetics of bleb expan-
sion of each of NM-II isoform expressing 
MCF-7 cells using kymograph analysis. 
Supplemental Figure S5, B and C, shows 
the images of blebs at t = 0 and 20 min, re-
spectively. One of the representative kymo-
graphs of bleb expansion from each isoform-
expressing cell is shown in Supplemental 
Figure S5D. At the initial period, bleb expan-

sion shows global membrane ruffling with cells expressing NM-IIA-
GFP or NM-IIC1-GFP, whereas no such event was observed in NM-
IIB-GFP–expressing cells, which may be attributed to the periodic 
contraction by NM-IIB-GFP. This initial time period of bleb expansion 
of each isoform-expressing cell is magnified and shown in Supple-
mental Figure S5E. In addition, NM-IIB-GFP colocalized with actin 
filaments in the growing bleb after cortex ablation in MCF-7 cells 
coexpressing NM-IIB-GFP and LifeAct-RFP (Supplemental Figure 
S6). Taken together, these data suggest that both bleb formation 
and bleb expansion are limited by NM-IIB activity, which can be ex-
plained as being due to its longer dwell time with actin filaments at 
both cell and bleb cortices.

DISCUSSION
We demonstrated that the membrane protrusion activity of a cell 
can be altered by changing the amount of individual NM-II isoforms. 
Understanding the membrane protrusion activity of cancer cells is of 
great importance. Using time-lapse confocal microscopy and bio-
chemical assay, we reveal that although NM-IIA and NM-IIC1 have 
opposite roles in formation of blebs and lamellipodia, both can in-
duce cancer cell phenotypes, either amoeboid or mesenchymal, 
which are needed for optimum migration during metastasis.

Bergert et al. (2012) showed that the protrusive activity of the cell 
can be fine-tuned by the complexity of the environment. Walker 
carcinoma cells exhibited bleb and lamellipodia protrusions when 
they were in suspension and adherent environments, respectively. 
Cells having myosin-driven lower cortical tension favor lamellipodia 

NM-IIB, 90 ± 3 s for NM-IIC1; Figure 5, D–F). In contrast, when they 
are close to actin filaments (high FRET efficiency, εFRET > 0.5), the 
rate of dissociation differed among NM-IIs (τ = 46 ± 3 s for NM-IIA, 
93 ± 3 s for NM-IIB, 50 ± 3 s for NM-IIC1; Figure 5, G–I). NM-IIB has 
a lower dissociation rate (<1/93 s−1) than NM-IIC1 and NM-IIA 
(<1/50 and <1/46 s−1, respectively). These results suggest that even 
in the bleb cortex, NM-IIB has a similar differential interaction be-
havior (different rates of dissociation from actin filaments) to that at 
the cell cortex in the order NM-IIA > NM-IIC1 > NM-IIB.

Filament formation by NM-IIB at cortex-ablated blebs
The hypothesis of Paluch et al. (2005) and Supplemental Figure S3 
predicts that cortex breakage induces bleb formation and that 
blebs are retracted within 2–3 min. To study the role of NM-IIs in 
bleb dynamics, we induced nonretractive bleb formation by laser-
mediated cortex ablation, for which the size of the cortex breakage 
was significantly larger than a cell’s autonomous blebs. We ana-
lyzed nonprotrusive MCF-7 cells for cortex breakage and found 
that all type of cells expressing different types of NM-II isoforms 
were able to induce multiple bleb formation. Multiple bleb forma-
tion was an abundant phenotype (>70%; Supplemental Figure S5A) 
in cortex-ablated cells. We performed time-lapse confocal imaging 
over 20 min of nonretracted blebs (>50 cells), which originated at 
the site of laser ablation. All of the NM-II isoforms could reappear 
as clusters of fluorescence at the void region of the growing bleb 
during bleb expansion after cortex disruption and form filament-
like structures to different degrees. Figure 6, A–C, shows that 

FIGURE 3: (A) Contour over the cell edge expressing NM-IIA-GFP, NM-IIB-GFP, NM-IIC1-GFP, 
or GFP alone. Images were captured at 5-s interval for 20 min of each type of NM-IIs-GFP–
expressing cell. Fluctuation was calculated by measuring the movement of the contour using 
MATLAB software. (B) MSF vs. time plot and (C) its average for MCF-7 cells expressing 
NM-IIA-GFP, NM-IIB-GFP, NM-IIC1-GFP, and GFP alone. The data represent mean ± SD from 
three independent experiments. **p < 0.05 for NM-IIA-GFP vs. NM-IIB-GFP, NM-IIC1-GFP, and 
GFP alone. (D) Stiffness of MCF-7 cells expressing each of the NM-II-GFPs using AFM. The 
boxes represent the 25th and 75th percentiles, the horizontal lines indicate the median, the 
small dots indicate the mean, and the whiskers indicate SD. The data are from three 
independent experiments. **p < 0.05 for NM-IIA-GFP vs. NM-IIB-GFP or NM-IIC1-GFP.
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edge/periphery fluctuation in the case of 
NM-IIA-GFP–expressing cells (Figure 3, B 
and C).

The question arises of why NM-IIA in-
duces bleb formation. NM-IIA displays 
higher in vitro motility, as it propels actin fila-
ment approximately two to three times 
faster than NM-IIB or NM-IIC1 (Pato et al., 
1996; Kovacs et al., 2007; Heissler and Man-
stein, 2011). In addition, NM-IIA belongs to 
a lower–duty ratio motor family, as it binds 
to the actin filaments weakly compared with 
NM-IIB and NM-IIC1 (Kovacs et al., 2003; 
Rosenfeld et al., 2003). NM-IIA slides over 
the actin at a faster rate and hence may be 
responsible for exerting higher cortical stiff-
ness and hence tension in MCF-7 cells, 
which promotes multiple bleb protrusion.

Tinevez et al. (2009) hypothesized that 
laser ablation mimics endogenous bleb nu-
cleation by local disruption of the cortex. 
They showed that local disruption of the ac-
tin cortex using laser ablation leads to the 
formation of a membrane bleb. The induced 
blebs were spherical in shape and devoid of 
intracellular structures, similar to blebs that 
naturally occur in cells. They also showed 
that size and growth of a bleb were strongly 
dependent on cortical tension, which drove 
the expansion of the bleb. Charras et al. 
(2006) showed that NM-II reappeared and 
formed a continuous rim structure, which 
powered bleb retraction. Similarly, we per-
formed laser ablation at the cell cortex to 
induce bleb nucleation. On ablation, NM-IIs 
reappeared in the bleb, but NM-IIB-GFP–
expressing cells induced filament assembly 
in the growing bleb more rapidly than 
NM-IIA-GFP– and NM-IIC1-GFP–expressing 
cells and resisted bleb expansion (Figure 6E). 
NM-IIA-GFP– and NM-IIC1-GFP–expressing 
cells exhibited global membrane ruffling, 

whereas NM-IIB-GFP–expressing cells exhibited periodic contrac-
tion during initial bleb expansion. This could be explained by the 
slower in vitro motility rate and higher duty ratio of NM-IIB than with 
NM-IIA and NM-IIC1. NM-IIB has a significantly higher duty ratio of 
∼23–40% (Wang et al., 2003) or 82% (Rosenfeld et al., 2003), and 
NM-IIA has a duty ratio of ∼10% (Kovacs et al., 2003). The higher 
duty ratio of NM-IIB suggests that NM-IIB molecules spend a much 
longer time in the actin-binding state and, consequently, NM-IIB 
requires less time to reassemble in the bleb and subsequently form 
filaments during bleb growth. This physical property indicates that 
NM-IIB plays an important role in tension generation and force 
maintenance, in contrast to NM-IIA.

We hypothesize that changing the membrane protrusion activ-
ity by a cell might be possible by selective activation of NM-II 
isoforms by different signaling pathways (Rho or Rac) or replacing 
one with another NM-II isoform in an actomyosin complex. Previ-
ous studies suggest that bleb dynamics is controlled by a signaling 
cascade mediated by Rho/ROCK/NM-II in which the small GTPase 
Rho recruits and activates ROCK to phosphorylate the myosin light 
chain, thereby inducing myosin contraction and an increase in 

formation, whereas high cortical tension favors bleb formation. 
Because three isoforms of NM-II have different biochemical proper-
ties, we asked whether changing the amount of each NM-II isoform 
(by its ectopic expression) can induce switching between bleb and 
lamellipodia formation. Overexpression of NM-IIA induced blebs 
and of NM-IIC1 induced lamellipodia, whereas knockdown of 
NM-IIA reduced blebs and that of NM-IIC and NM-IIB reduced la-
mellipodia but induced bleb formation, suggesting that switching 
between bleb and lamellipodia formation can be modulated by the 
amount of NM-II isoforms in actomyosin complex in a cancer cell, 
and a critical amount of NM-IIB may act as barrier to multiple bleb 
formation. Differential membrane protrusive activity of MCF-7 cells 
may be attributed to different degrees of cortical stiffness. NM-IIA-
GFP–expressing cells have higher cortical stiffness, which provides a 
relative measure of cortical tension (Salbreux et al., 2012) for blebs, 
whereas NM-IIC1-GFP– and NM-IIB–GFP–expressing cells have a 
lower cortical stiffness (Figure 3D) for lamellipodia formation. Higher 
cortical stiffness/tension makes the cortex more contractile and gen-
erates more breakage and resealing events on a time scale of milli-
seconds at the cortex, which could be the outcome of higher cell 

FIGURE 4: FRET efficiency between each NM-II-GFP isoform and LifeAct-RFP was determined 
at the cell cortex in MCF-7 cells. Histograms of FRET for GFP-tagged (A) NM-IIA, (B) NM-IIB, or 
(C) NM-IIC1 with RFP-tagged actin at the cell cortex. The dwell-time distributions of the 
high-FRET states of (D) NM-IIA, (E) NM-IIB, or (F) NM-IIC1 with actin. Note that each NM-II 
isoform contains both shorter and longer dwell times at high-FRET states. Although the shorter 
dwell times for each isoform are quite similar, the longer dwell time of NM-IIB is higher than with 
NM-IIA or NM-IIC1 at the cell cortex. Data represent >20 events from 8–10 cells.
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sense, 5′-GGCAAUACAGUGGGACAGU 
[dT][dT], and antisense, 5′-ACUGUCCCA-
CUGUAUUGCC [dT][dT], for NMHC-IIB; 
and sense, 5′-CCUCGUUAUUGAUCUAUAG 
[dT][dT], and antisense, 5′-CUAUAGAU C-
AAUAACGAGG [dT][dT], for NMHC-IIC 
(Thermo Fisher Scientific). A nonspecific 
siRNA duplex (SIC001) was obtained from 
Sigma-Aldrich.

SDS–PAGE and immunoblotting
Lysates of MCF-7 cells transfected with 
1 µg of plasmid DNA or 50 nM siRNA were 
run on SDS–PAGE 6% polyacrylamide Tris-
glycine gels and transferred to a polyvinyli-
dene fluoride membrane. The membrane 
was blocked in phosphate-buffered saline 
containing 5% skim milk and 0.05% 
Tween-20 and incubated with antibody 
specific to each NM-II isoform or tubulin 
overnight at 4°C. The blots were washed 
and incubated with secondary antibody 
conjugated with horseradish peroxidase 
for 2 h at room temperature, followed by 
the addition of Super-Signal Femto re-
agent (Thermo Fisher Scientific). The lumi-
nescence signal was captured on Kodak 
x-ray film, and band intensity was quanti-
fied by ImageJ software (National Institutes 
of Health, Bethesda, MD).

Cell imaging, laser ablation, image 
processing, and data analysis
Time-lapse cell imaging of membrane pro-
trusions was performed on a confocal laser 

scanning microscope equipped with eclipse Ti-E, Plan Apochromat 
VC 60×/1.4 oil Objective, and Digital Sight DS-Qi1MC monochro-
matic camera, supported by the NIS-AR software (Nikon, Tokyo, 
Japan). Images were recorded at 20-s intervals for 20 min using a 
488-nm continuous-wave multiline Ar gas laser with an estimated 
200-µW power at the point of the sample. All time-lapse imaging 
was performed under 5% CO2 and at 37°C in a stage incubator 
(INU-TIZ-F1; Nikon). Laser ablation of the cortex was performed 
using a 405-nm continuous-wave (He diode) laser with an esti-
mated 340-µW power at the point of the sample for 5 s (Tinevez 
et al., 2009). The region of interest for laser ablation was set at 
1.5 µm2 and pinhole size 60 mm. After ablation, subsequent dif-
ferential interference contrast (DIC) and fluorescence images were 
captured using a 488-nm laser. Images were processed with 
ImageJ. They were rotated and cropped, and their contrast and 
brightness were manually adjusted. To calculate the mean-squared 
fluctuation (MSF) of cell-edge velocity, we performed imaging at 
5-s intervals for 20 min for each GFP-tagged NM-II isoform and 
analysis using MATLAB software (MathWorks; Giannone et al., 
2007), using the equation MSF(t, θ) = <{(c(t, θ) − c(t + 1, θ)}2>θ.

Atomic force microscopy
MCF-7 cells were transfected with plasmid DNA encoding GFP-
tagged NMHC-IIA, -IIB, or -IIC1. Culture dishes were mounted onto 
the stage of an Asylum MFP3D atomic force microscope (Asylum 
Research) coupled to a Zeiss epifluorescence microscope and in-
dented using a pyramid-tipped probe (Olympus) with nominal 

local intracellular pressure (Mills et al., 1999; Coleman et al., 2001; 
Yarrow et al., 2005). In this context, we carried out time-lapse im-
aging analysis of MCF-7 cells expressing GFP-tagged, wild-type 
RLC, a phosphomimic form, or its phosphodead form. Both 
wild-type and phosphomimic forms increased multiple bleb for-
mation (Supplemental Figure S7), whereas phosphodead form to 
lamellipodia, confirming the involvement of this signaling pathway 
in regulating NM-II activity in membrane protrusions in MCF-7 
cells. Further study is needed to understand the signaling path-
ways involved in regulation of NM-II isoform–specific activity 
during lamellipodia dynamics, but our study shows the importance 
of NM-II isoforms in migratory modes, which may help in develop-
ing therapeutic strategies for more effective inhibition of tumor 
cell migration.

MATERIALS AND METHODS
DNA and siRNA transfection
The human nonmetastatic breast tumor cell line MCF-7 was pur-
chased from the American Type Culture Collection (Manassas, VA) 
and grown in DMEM high-glucose supplemented with 10% fetal 
bovine serum, 1% penicillin/streptomycin/glutamine, and 10 µg/ml 
insulin (Sigma-Aldrich, St. Louis, MO). A 1-µg amount of plasmid 
DNA or 50 nM siRNA was transfected into 2 × 105 MCF-7 cells us-
ing Lipofectamine 2000 (Thermo Fisher Scientific, Waltham, MA). 
siRNA sequences were designed against the 3′-untranslated re-
gion: sense, 5′-GCUCAGAAUCUGAUACCAA [dT][dT], and anti-
sense, 5′-UUGGUAUCAGAUUCUGAGC [dT][dT], for NMHC-IIA; 

FIGURE 5: FRET efficiency of each NM-II-GFP isoform and LifeAct-RFP was carried out at the 
de novo bleb cortex in MCF-7 cells. Histograms of FRET occurrence of GFP-tagged (A) NM-IIA, 
(B) NM-IIB, or (C) NM-IIC1 with RFP-tagged actin at the bleb cortex. The dwell-time distributions 
of the low-FRET states of (D) NM-IIA, (E) NM-IIB, or (F) NM-IIC1 with actin. The dwell-time 
distributions of the high-FRET states of (G) NM-IIA, (H) NM-IIB, or (I) NM-IIC1 with actin. Note 
that, although the dwell times of the low-FRET states the NM-II isoforms are quite similar, the 
dwell time of the high-FRET state for NM-IIB is longer than with NM-IIA or NM-IIC1 in the bleb 
cortex. Data represent >20 events from 8–10 cells.
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(ANDOR Technology) and a spectrograph 
(Shamrock series; ANDOR Technology). 
The spectrograph was attached to one 
of the ports of a PicoQuant MicroTime 
200 apparatus. The confocal microscope 
setup (MicroTime 200) with an inverted 
optical microscope (Olympus IX-71) 
was described previously (Chowdhury 
et al., 2013). The donor (GFP) was excited 
at 470 nm using a picosecond diode 
with stable repetition rate (40 MHz). The 
power of the exciting laser was kept 
at 1 µW during FRET measurements. The 
fluorescence signal was separated from 
the exciting laser with a dichroic mirror 
(490DCXR; Chroma) and appropriate 
band-pass filters (HQ500lp; Chroma). The 
donor and acceptor fluorescence signals 
were detected separately using a dichroic 
mirror (540DCLP) and two detectors 
(micro photon device). Two additional 
band-pass filters (FF01-520/35 for the 
donor and 600-nm band pass for the 
acceptor) were used to further separate 
the donor and acceptor fluorescence.

The single-molecule efficiency of FRET 
(εFRET) was calculated from

ε γ= +
I

I IFRET
A

D A  
(1)

where IA and ID are the background- and 
cross-talk–corrected acceptor and donor in-
tensities, respectively. The correction factor 
γ was described earlier (Chowdhury et al., 
2013).

The distance between the dye pairs 
(RDA) was calculated from 

= 
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R R E
E
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DA 0
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where R0 is the Förster distance. The FRET 
efficiency histograms were generated from 
10 individual data sets of three different 
experiments.

Dwell-time analysis. The single-molecule 
time traces were processed using a binning 
time of 100 ms. The dwell times of both 

high- and low-FRET states were determined using Origin 6 soft-
ware. The FRET states for which εFRET values were <0.5 are de-
scribed as low-FRET states, and those for which εFRET values were 
> 0.5 are described as high-FRET states. In both cases, a cut-off 
εFRET value of 0.1 was used to eliminate the contribution of donor-
only populations in the dwell-time analysis. Each dwell-time histo-
gram was constructed from 10 individual data sets of three different 
experiments.

Statistical analysis
Data are expressed as mean ± SD. Statistical significance was 
tested with Student’s t test, and the level of significance was taken 
as p < 0.05.

spring constant of 20 pN/nm. GFP-positive cells were selected for 
the measurements, which were done in a stretch of the membrane 
where there was no protrusion. Actual spring constants were esti-
mated using a thermal calibration method, and force curves were 
recorded for >20 cells for each sample. Force–indentation profiles 
were fit with a modified Hertzian model of a cone indenting a semi-
infinite elastic material to extract the magnitude of cortical stiffness 
(MacKay and Kumar, 2013).

Experimental setup and data analysis for FRET
Emission spectra, confocal microscope, and FRET. The steady-
state emission spectra of fluorophores were recorded in MCF-7 
cells using an electron-multiplying charge-coupled device 

FIGURE 6: Time-lapse images of MCF-7 cells expressing NM-IIA-GFP (A), NM-IIB-GFP (B), or 
NM-IIC1-GFP (C) after cortex ablation at the indicated time points. Fluorescence (Fl) images are 
shown below the DIC image at each time point. Red arrows denote the cortex ablation site in 
each cell. Magnified images of yellow rectangular regions are shown in right column of each 
NM-II isoform at different time points as indicated by the numerals. Note that NM-IIB-GFP 
forms filaments in the bleb, as shown by white arrowheads; clusters of fluorescence formed by 
NM-IIA-GFP and NM-IIC1-GFP are shown by white arrows in the magnified images. Scale bar, 
10 µm. (D) Quantification of cells expressing NM-IIA-GFP, NM-IIB-GFP, or NM-IIC1-GFP that 
form filaments in a bleb after cortex ablation. Note that NM-IIB-GFP–expressing cells show the 
maximum number of filaments formed in the bleb. (E) Area of the bleb (at the site of laser-
mediated cortex ablation) in cells expressing each isoform was measured for 20 min (≥9 cells). 
Note that the bleb area of NM-IIA-GFP– or NM-IIC1-GFP–expressing cells is progressively 
increased throughout time, whereas that of NM-IIB-GFP–expressing cells is stationary for 10 min 
after cortex ablation. Data represent three independent experiments.
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