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Self-sorting of nonmuscle myosins lIA and IIB polarizes
the cytoskeleton and modulates cell motility
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Nonmuscle myosin Il (NMII) is uniquely responsible for cell contractility and thus defines multiple aspects of cell behavior.
To generate contraction, NMIl molecules polymerize into bipolar minifilaments. Different NMIl paralogs are often co-
expressed in cells and can copolymerize, suggesting that they may cooperate to facilitate cell motility. However, whether
such cooperation exists and how it may work remain unknown. We show that copolymerization of NMIIA and NMIIB
followed by their differential turnover leads to self-sorting of NMIIA and NMIIB along the front-rear axis, thus producing
a polarized actin-NMII cytoskeleton. Stress fibers newly formed near the leading edge are enriched in NMIIA, but over
time, they become progressively enriched with NMIIB because of faster NMIIA turnover. In combination with retrograde
flow, this process results in posterior accumulation of more stable NMIIB-rich stress fibers, thus strengthening cell polarity.
By copolymerizing with NMIIB, NMIIA accelerates the intrinsically slow NMIIB dynamics, thus increasing cell motility and

traction and enabling chemotaxis.

Introduction

Nonmuscle myosin II (NMII) is one of the most abundant and
ubiquitous proteins in cells. It is uniquely responsible for gen-
eration of contractile force in nonmuscle cells and is essential
for directional cell motility, adhesion, and tissue morphogene-
sis, as well as cancer cell invasion and metastasis (Heissler and
Manstein, 2013). Hexameric NMII molecules, each consisting
of two heavy chains and two pairs of light chains, polymerize
into bipolar filaments to cause contraction of actin—-NMII bun-
dles (stress fibers) and less organized actin—-NMII networks
(Heissler and Manstein, 2013). Through its contractile and
cross-linking activities, NMII also plays a key role in organiz-
ing the stress fiber system, which coordinates motile activities
across the cell. The organization of the stress fiber system varies
greatly among cell types to match their different needs. This
variability is typically achieved through different combinations
of three major types of stress fibers (Small et al., 1998; Hotu-
lainen and Lappalainen, 2006; Tojkander et al., 2012): ventral
stress fibers located at the basal cell surface and typically an-
chored to the substrate by focal adhesions at both ends, radial
(or dorsal) stress fibers that usually have a focal adhesion only
at the distal end near the leading edge, and transverse arcs that
lie parallel to and at some distance from the cell leading edge
and often incorporate the proximal ends of radial stress fibers.
How these different stress fibers are formed is an active area of
research (Kovac et al., 2013; Burnette et al., 2014; Schulze et
al., 2014; Soiné et al., 2015; Tojkander et al., 2015).

Mammals have three NMII paralogs (NMIIA, NMIIB,
and NMIIC) that contain heavy chains encoded by the MYH9,
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MYHI0, and MYHI4 genes, respectively. The NMII paralogs
have different expression profiles and play both unique and
overlapping roles in cells (Wang et al., 2011; Heissler and
Manstein, 2013). NMIIA and NMIIB are widely expressed,
whereas expression of NMIIC is more limited (Golomb et al.,
2004). Despite extensive research addressing individual and
collective roles of NMII paralogs in cells, it remains largely
unclear at the conceptual level how the expression profile of
NMII paralogs in individual cells is linked to cell physiology.
The recent discovery that NMIIA and NMIIB can copolymerize
in cells (Beach et al., 2014; Shutova et al., 2014), together with
the distinct kinetic properties of the NMIIA and NMIIB motors
(Kovécs et al., 2007; Billington et al., 2013; Nagy et al., 2013;
Heissler and Sellers, 2016) and differences in the NMIIA and
NMIIB turnover rates (Sandquist and Means, 2008; Vicente-
Manzanares et al., 2008; Raab et al., 2012), raises a possibility
that cells may be able to tune their morphology, cytoskeletal
organization, and/or migratory behavior through copolymeriza-
tion of NMIIA and NMIIB at different ratios. In this study, we
tested this possibility and revealed the underlying mechanism
by which cells fine-tune cytoskeletal organization and cell mo-
tility through copolymerization of NMIIA and NMIIB.

We show that when NMIIA and NMIIB are expressed
individually, they favor the formation of radial/transverse and
ventral stress fibers, respectively, consistent with their kinetic
and dynamic properties. However, when both paralogs are

© 2017 Shutova et al. This article is distributed under the terms of an Attribution—
Noncommercial-Share Alike-No Mirror Sites license for the first six months after the
publication date (see http://www.rupress.org/terms/). After six months it is available under
a Creative Commons License (Attribution-Noncommercial-Share Alike 4.0 International
license, as described at https://creativecommons.org/licenses/by-nc-sa/4.0/).

JCB

2877

920z Aeniged 60 uo isenb Aq pd 291602102 90l/v9GZ1L91/2282/6/912/Ppd-8lonie/qol/Bio sseidnyj/:dny woly papeojumoq


http://crossmark.crossref.org/dialog/?doi=10.1083/jcb.201705167&domain=pdf
http://www.rupress.org/terms/
https://creativecommons.org/licenses/by-nc-sa/4.0/
mailto:

2878

present simultaneously, an increase in the relative NMIIA/
NMIIB expression causes progressive redistribution of NMIIB
to gradually adopt an NMIIA-like pattern through intermediate
formation of a characteristic anterior—posterior NMIIA/NMIIB
gradient at an optimal NMIIA/NMIIB ratio. Moreover, addition
of NMIIA accelerates the intrinsically slow NMIIB dynamics
and is necessary for cell migration, traction and chemotaxis. We
also show that the polarized anterior—posterior NMIIA-NMIIB
distribution is formed by a gradual replacement of NMIIA by
NMIIB within individual stress fibers in the course of their ret-
rograde flow. Based on these data, we propose a mechanistic
model centered on copolymerization of NMII paralogs that
explains how cells can tune their migratory behavior by using
different combinations of NMIIA and NMIIB.

REF-52 rat embryo fibroblasts endogenously express both
NMIIA and NMIIB, but not NMIIC (Fig. 1 A). Spreading REF-
52 cells formed an integrated system of actin—NMII bundles
that was dominated by radial stress fibers and transverse arcs,
whereas ventral stress fibers were rare (Fig. 1 B). NMIIA and
NMIIB often were present simultaneously in the stress fibers,
but at a different ratio. In general, the NMIIB distribution
was shifted farther away from the cell edge relative to NMIIA
(Fig. 1 B), as also reported for many other cell types (Maupin et
al., 1994; Kelley et al., 1996; Kolega, 1998; Saitoh et al., 2001;
Vicente-Manzanares et al., 2008).

Because of different biophysical properties and dynamic
behavior, NMIIA and NMIIB may intrinsically favor assem-
bly of different stress fiber types. To test this idea, we depleted
either NMIIA or NMIIB from REF-52 cells using shRNA
(Fig. 1 A). Whereas nontargeting shRNA had no effects on
spreading REF-52 cells, after NMIIA knockdown, REF-52
cells lost most of their stress fibers, as also has been reported
for other cells (Cai et al., 2006; Sandquist et al., 2006; Even-
Ram et al., 2007; Betapudi, 2010). Importantly, there was also
a qualitative change in stress fiber composition. The NMIITA-
knockdown cells mostly contained only a few discrete ventral
stress fibers (Fig. 1 C) attached to focal adhesions at both ends
(Fig. 1 E) but lost the majority of their radial stress fibers and
transverse arcs. NMIIA-knockdown cells often had less polar-
ized morphology with lamellipodia distributed around the cell
perimeter, even in fully spread cells. They were also thicker
in the perinuclear area (6.8 = 1.7 um, mean + SD, n =9; P <
0.01) than control (4.8 £ 0.9 um, n = 11) and NMIIB-depleted
(4.7 £ 0.7 um, n = 11) cells, consistent with the idea that trans-
verse arcs contribute to cell flattening (Burnette et al., 2014).
Knockdown of NMIIB in REF-52 cells did not result in obvi-
ous changes of stress fiber organization, so that the transverse
arcs and radial stress fibers remain predominant stress fiber
types (Fig. 1 D). However, NMIIB knockdown caused a signif-
icant reduction of the cell projection area (3,244 + 1,065 um?,
n=40; P <0.001; Dunn’s multiple comparison test) compared
with the control (5,249 + 2,137 um?) and NMIIA knockdown
(4,354 = 1,504 um?) cell lines, suggesting that NMIIB may
contribute to stabilization of cell spreading. A decrease in cell
spreading after NMIIB knockdown was also observed in A549
cells (Sandquist et al., 2006).

Together, these results not only validate various aspects of
previously reported phenotypes of NMIIA or NMIIB depletion
in different cell types but also suggest that NMIIA and NMIIB
favor formation of distinct stress fiber types. Thus, NMIIB in
the absence of NMIIA supports the formation of discrete ven-
tral stress fibers, whereas NMIIA promotes the assembly of
an integrated stress fiber system dominated by transverse arcs
and radial stress fibers.

COS-7 cells endogenously express NMIIB and NMIIC, but not
NMIIA (Bao et al., 2005; Fig. 1 A). Organization of stress fi-
bers in wild-type COS-7 cells (Fig. 2 A) closely resembled that
of NMIIA-depleted REF-52 fibroblasts (Fig. 1 C). Specifically,
COS-7 cells contained a few discrete NMIIB-positive ventral
stress fibers that typically terminated in focal adhesions at both
ends (Fig. 2 E). This observation supports the idea that NMIIB
favors formation of ventral stress fibers.

We next tested whether ectopic expression of NMIIA would
change the stress fiber organization in COS-7 cells (Fig. 2 C).
To distinguish effects of an increase in total NMII levels from
NMIIA-specific changes, we overexpressed GFP-NMIIB in wild-
type COS-7 cells as a control (Fig. 2 B). Formation of different
stress fiber types was quantified in cells with no/low, medium, or
high expression of either GFP-NMIIA or GFP-NMIIB (Fig. 2 D).
The number and connectivity of stress fibers was slightly higher
in COS-7 cells overexpressing GFP-NMIIB than in wild-type
cells (Fig. 2, B and D). However, these stress fibers still localized
mostly at the ventral cell surface, had sharply defined linear con-
tours, and were connected to focal adhesions at their ends, as is
typical for ventral stress fibers (Fig. 2 E). In contrast, the majority
of COS-7 cells expressing GFP-NMIIA developed a highly inte-
grated network of radial stress fibers and transverse arcs (Fig. 2,
C and D). These results from a different system further support
the conclusion that NMIIB and NMIIA favor formation of ventral
and radial/transverse stress fibers, respectively.

In addition to inducing transverse and radial stress fibers, over-
expression of NMIIA in COS-7 cells also led to noticeably de-
creased formation of ventral stress fibers (Fig. 2 D), suggesting
that the presence of NMIIA may influence NMIIB-mediated
assembly of ventral stress fibers. To test this idea, we evaluated
NMIIB localization in COS-7 cells expressing NMIIA (Fig. 3).
Remarkably, the intracellular distribution of endogenous NMIIB
in COS-7 cells was affected by the presence of GFP-NMIIA in
an expression level-dependent manner (Fig. 3, A-C). At low
levels of exogenous NMIIA, NMIIB did not noticeably change
its intrinsic distribution and was present in a few sharply defined
ventral stress fibers, and GFP-NMIIA largely colocalized with
the endogenous NMIIB (Fig. 3 A). However, when GFP-NMIIA
was expressed at high levels, endogenous NMIIB became uni-
formly dispersed throughout the cell in the form of small puncta
(Fig. 3 C). Atintermediate levels of GFP-NMIIA expression, en-
dogenous NMIIB and exogenous NMIIA formed a characteris-
tic front-rear gradient of NMIIA/NMIIB distribution (Fig. 3 B)
similar to that observed in wild-type REF-52 cells (Fig. 1 A).
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To quantitatively assess these various NMIIB patterns, we
analyzed histograms of NMIIB immunofluorescence intensity
in raw images (Fig. 3 D). The histogram width reflects the in-
tensity range between the dimmest (at the background level)
and the brightest (high NMIIB concentration) pixels in the cell.
A relatively uniform distribution of NMIIB observed in cells
with high NMIIA expression levels produces a narrow histo-
gram, because these images lack bright pixels and the intensity
values cluster close to the abundant dim pixels of the back-
ground (Fig. 3 D, right). In contrast, in the presence of a small
fraction of very bright pixels that correspond to intense NMIIB
clustering in ventral stress fibers, as observed in cells with low
levels of NMIIA, the histogram becomes wider because of an

REF-52
shNt shA shB

| e e tubulin

sh NMIIB.

Figure 1. Organization of stress fibers and distri-
bution of NMIIA and NMIIB in spreading REF-52 fi-
broblasts with and without depletion of each NMII
paralog. (A) Western blotting showing expression
of NMIIA (left), NMIIB (middle), and NMIIC (right)
in wildtype COS-7 cells and in REF-52 cells express-
ing nontargeting shRNA (shNt) or shRNAs targeting
NMIIA (shA) or NMIIB (shB). (B-D) REF-52 cells ex-
pressing nontargeting shRNA (B, shNt) or shRNA tar-
geting NMIIA (C, sh NMIIA) or NMIIB (D, sh NMIIB).
Cells were preextracted before fixation and stained
with phalloidin (magenta) and NMIIA (cyan) and
NMIB (yellow) antibodies. Examples of stress fiber
types are indicated by arrows in B and show radial
(r), ventral (v), and transverse arcs (t). Left panels show
xy maximum projections, whereas right panels show
z slices along yellow lines. Bars: (xy panels) 20 pm;
(z panels) 5 pm. (E) REF-52 cells expressing nontar-

. I geting shRNA (left) or shRNA targeting NMIIA (mid-
| dle) or NMIIB (right). Cells were directly fixed and

NMIIC

stained with phalloidin (magenta) and vinculin anti-
body (green). Bar, 20 pm.

extended “tail” of a few bright pixels (Fig. 3 D, left). Plotting
the width of the histogram (1-99% of data) against the total flu-
orescence intensity of GFP-NMIIA in the same cell revealed an
inverse relationship between the GFP-NMIIA expression level
and the width of the histogram (Fig. 3 E) consistent with the
visual impression that increasing levels of NMIIA expression
correlated with the progressive dispersion of NMIIB.

These results suggest that the intrinsic propensity of
NMIIB to form discrete ventral stress fibers is progressively
diminished by the presence of increasing amounts of NMITA
in the cell, suggesting that NMIIA and NMIIB cooperate for
stress fiber formation rather than independently drive formation
of their preferred stress fiber types.
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NMIIA is known to be more dynamic than NMIIB both in vitro
(Kovécs et al., 2007; Nagy et al., 2013; Heissler and Sellers,
2016) and in cells (Sandquist and Means, 2008; Vicente-Man-
zanares et al., 2008; Raab et al., 2012). However, it is not known
whether NMIIA and NMIIB can influence each other’s dynam-
ics. Because of dramatic redistribution of NMIIB in the pres-
ence of NMIIA, we characterized the dynamics of GFP-NMIIB
by FRAP in stress fibers of COS-7 cells expressing GFP-NMIIB
alone or GFP-NMIIB together with mCherry-NMIIA (Fig. 4).
Analysis of FRAP curves taken from ventral stress fibers re-
vealed a significantly shorter halftime of GFP-NMIIB recovery
in cells coexpressing GFP-NMIIB and mCherry-NMIIA (2.3
+ 0.8 min; mean + SD, n = 7) than in cells expressing GFP-
NMIIB alone (8.1 + 2.4 min; n = 8, P < 0.01). The immobile
fraction of GFP-NMIIB in ventral stress fibers in the presence
and absence of NMIIA remained roughly the same (57 + 16%

C NMIIA expression

Figure 2. Organization of stress fibers and
distribution of NMIIA and NMIIB in COS-7 cells
after ectopic expression of NMIIB or NMIIA.
(A-C) Wild+ype cells (A) or cells expressing
GFP-NMIB (B) or GFP-NMIIA (C) fixed and
stained with phalloidin (magenta) and NMIIA
(cyan) or NMIIB (yellow) antibody. Left panels
show xy maximum projections, whereas right
panels show z slices along yellow lines. Bars:
(xy panels) 20 pm; (z panels) 5 pm. (D) Per-
centage of cells containing indicated types of
stress fibers in groups of cells expressing low,
medium, and high levels of GFP-NMIIA (n =
119 cells) or GFP-NMIIB (n = 93 cells). (E)
Wild+ype cells (left) or cells expressing GFP-
NMIIB (middle) or GFP-NMIIA (right) fixed and
stained with phalloidin (magenta) and vincu-
lin (green). Bar, 20 pm.

-

and 56 + 10%, respectively; P > 0.05; Fig. 4 F). In transverse
arcs of NMIIA-expressing cells (Fig. 4 C), GFP-NMIIB also ex-
hibited fast turnover with the recovery halftime (2.4 + 0.9 min;
n = 6) similar to that observed for NMIIB in NMIIA-positive
ventral stress fibers, but with a smaller immobile fraction (31 +
18%, n =6, P < 0.05, Turkey-Kramer multiple comparison test).
These data suggest that NMIIA enhances dynamics of NMIIB.

The accelerating effect of NMIIA on the NMIIB dynam-
ics (Fig. 4) provides a plausible explanation for the observed
changes in the NMIIB distribution induced by increasing levels
of NMIIA expression (Fig. 3). Specifically, when NMIIA is in
a great excess over NMIIB, the dramatically increased NMIIB
dynamics would allow NMIIB to be efficiently recycled to the
cell periphery leading to broad distribution of NMIIB (Fig. 3 C).
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In contrast, low expression levels of NMIIA are not expected
to affect the intrinsic accumulation of NMIIB in ventral stress
fibers (Fig. 3 A). However, formation of the anterior—posterior
NMIIA/NMIIB gradient in cells expressing intermediate levels
of NMIIA remains unexplained.

To address this problem, we imaged long-term NMII
dynamics in COS-7 cells expressing both mCherry-NMITA
and GFP-NMIIB and exhibiting the NMIIA/NMIIB gradient
(Fig. 5 A and Video 1). Stress fibers were constantly formed in
the distal lamella (17.4 = 5.1 stress fibers per 10 h; mean + SD;
n = 9 kymographs from three cells), moved retrogradely and
eventually disappeared with a mean lifetime of 154.5 + 80.5
min (mean + SD; n = 106 stress fibers from three cells). Impor-
tantly, the relative abundance of NMIIA and NMIIB in individ-
ual stress fibers showed stereotypical dynamics, in which newly
formed stress fibers were enriched in NMIIA relative to NMIIB,
whereas over time, NMIIB gradually became the predominant
paralog in the same stress fibers. This behavior is best seen
in kymographs taken from two-color videos (Fig. 5 A, right).

NMIIA Figure 3. Redistribution of endogenous NMIIB in COS-7 cells
: expressing different levels of GFP-NMIIA. (A-C) Cells with
low (A), medium (B), and high (C) expression of GFP-NMIIA
(red) fixed and stained with phalloidin and NMIIB antibody
(cyan). Bar, 20 pm. (D) Two examples of NMIIB intensity histo-
grams obtained from raw 16-bit images of cells with (right) or
without (lefff GFP-NMIIA expression. Red lines indicating 1st
to 99th percentiles mark the histogram width. (E) Correlation
between GFP-NMIIA expression levels (y axis) and the width
(15t-99th percentile) of the NMIIB immunofluorescence inten-
sity histogram (x axis; n = 50 cells).

.

LIS SN
1500 2500

Width of NMIIB intensity histogram

The diagonal streaks in kymographs, which reflect the retro-
grade flow of individual stress fibers, gradually change their
color from red (NMIIA) to white (NMIIA plus NMIIB) to cyan
(NMIIB). Notably, the rate of stress fiber retrograde flow either
is not changed or decreased when stress fibers become enriched
with NMIIB, arguing against a possibility that the front-rear
NMIIA/NMIIB gradient results from faster retrograde flow of
NMIIB-containing structures. Together, these data suggest that
the NMITA/NMIIB gradient distribution results from gradual
replacement of NMIIA by NMIIB in individual stress fibers in
parallel with their retrograde flow.

In contrast to very dynamic stress fibers containing
NMIIA, stress fibers in COS-7 cells expressing only NMIIB
were significantly more stable (Fig. 5, B and C; and Video 2). At
low levels of GFP-NMIIB expression, cells contained a few dis-
crete GFP-NMIIB—positive ventral stress fibers (Fig. 5 B) sim-
ilar to the distribution of endogenous NMIIB in nontransfected
cells. Over a period of 10 h, many stress fibers remained largely
unchanged (Fig. 5 B and Fig. 5 C, box 3), some underwent

Self-sorting on nonmuscle myosin Il paralogs

2881

920z Ateniged 60 uo 3senb Aq ypd 291502102 A0l/¥95ZL9L/L282/6/912/pd-8jonie/qol/Bio"sseidnu//:dny woy pepeojumoq



2882

Ventral stress fiber

before 0 min 1 min before

A ey FO

3 min 10 min

Ventral stress fiber
0 min

transverse 12 wx

B + mCherry-NMIIA

Transverse arc

1 min before 0 min 1 min

|

ok

ventral  ventral 12 -

100] NMIB  NMIB  NMIB _ = venitral

217 only  +NMIA  +NMIA _ NMIIB
°. 80 T 8 * cg 5] only

> . : - E

i S S e T

g0 e == q:l s4 *3 +NMIIA
= 20 L 4 @ & P

0+ y y y y ventral ventral transverse trans-

verse

0 NMIB NMIB  NMIB 20 40 60 80 100 Ny

only +NMIA +NMIA immobile fraction, % *NMIIA

Figure 4.

FRAP analysis of GFP-NMIIB in COS-7 cells in the presence or absence of NMIIA. (A-C) Examples of cells expressing GFP-NMIIB alone (A) or

GFP-NMIIB together with mCherry-NMIIA (B and C). (Top) Prebleach image of the cell showing GFP-NMIIB (cyan) and mCherry-NMIIA (red). (Bottom)
Time frames of the boxed region (15 x 15 pm) before or at indicated times after photobleaching of a ventral stress fiber (A and B) or a transverse arc (C).
Bleached regions are marked by a blue box. Bars, 20 pm. (D) FRAP curves corresponding to regions shown in A-C. (E) Halftimes of GFP-NMIIB recovery
for indicated conditions. Top and bottom of a box indicate 75th and 25th quartiles, respectively; whiskers encompass all data, the dot is the mean, and
and the middle line is the median. Asterisks indicate statistical significance (**, P < 0.01, Dunn’s multiple comparisons test). (F) Individual FRAP data points.

contraction (Fig. 5 C, box 4), and only a few new stress fibers
were formed (1.7 + 1.5 stress fibers per 10 h; mean + SD; n =18
kymographs from seven cells). De novo stress fiber formation
occurred by slow coalescence of smaller and fainter tangential
bundles (Fig. 5 C, boxes 1 and 2), qualitatively resembling the
process described for other stress fibers (Hotulainen and Lappa-
lainen, 2006). These results suggest that when stress fibers con-
taining both NMIIA and NMIIB become enriched with NMIIB,
they become much more stable.

Our data indicate that organization of the actin cytoskeleton in
cells depends on cooperation of NMIIA and NMIIB. We next
investigated whether changes in the NMIIA and/or NMIIB ex-
pression levels alter cell migration.

We first analyzed random cell motility by tracking nuclei
of individual cells for 16 h (Fig. 6 A). In REF-52 cells, knock-
down of NMIIA slightly, but significantly decreased the speed

of cell migration compared with cells treated with nontarget-
ing shRNA. In contrast, depletion of NMIIB had no effect on
the speed of REF-52 cells. To determine whether slower cell
migration of NMIIA-knockdown cells was caused by a re-
duction in the total levels of NMII or was specific to NMIIA
depletion, we overexpressed GFP-NMIIB in NMIIA-depleted
REF-52 cells. However, instead of rescuing cell migration,
overexpression of GFP-NMIIB further decreased the speed of
the NMIIA-knockdown cells (Fig. 6 A). Similar trends could
be detected in COS-7 cells. Wild-type COS-7 cells moved very
slowly. Overexpression of GFP-NMIIA or GFP-NMIIB re-
sulted in an apparent increase and decrease of the cell speed,
respectively, although these differences did not reach statistical
significance compared with wild-type cells. However, COS-7
cells overexpressing NMIIA moved significantly faster than
cells overexpressing NMIIB. These data suggest that NMIIA
has migration-promoting effects, at least in certain conditions,
whereas excessive NMIIB may slow down cell migration.

In line with this suggestion, NMIIA but not NMIIB has
been recently shown to be required for the chemotaxis of mouse

920z Ateniged 60 uo 3senb Aq ypd 291502102 A0l/¥95ZL9L/L282/6/912/pd-8jonie/qol/Bio"sseidnu//:dny woy pepeojumoq



@ mCh-NMIIA+

o
=
%
o
[
o

Figure 5. long-term dynamics of stress fi-
bers in COS-7 cells expressing NMIIB only or
NMIIA and NMIIB together. (A) COS-7 cells
expressing GFP-NMIIB (cyan) and mCherry-
NMIIA (red). (Left) First frame of the video.
(Right) Kymographs along the arrow in the left
panel showing two channels separately and
as a merged image. Bar, 10 pm. Kymograph
showing the distance bar (horizontal), 5 pm,
and time bar (vertical), 2 h. (B and C) COS-7
cell expressing GFP-NMIIB only shows very
slow stress fiber dynamics. (B) First (leff) and
last (middle) frames of the time-lapse sequence
are overlaid at right. Stress fibers that appear
white are largely unchanged affer 10 h. Bar,
10 pm. (C) Time frames showing dynamics of
individual stress fibers marked by numbered
boxes in B. (1 and 2) Assembly of new stress fi-
bers from faint tangential arcs. (3) Stable stress
fiber. (4) Contracting stress fiber. Bar, 5 pm.

\ \ t=600 min \ \
516 0min 50 100 150 200 250 300 350 400 450 500 600

} ;
nnnﬂlnnllull

0min 50 100 150 200 250 300 350 400 450 500 600

embryo fibroblasts (Asokan et al., 2014). We reasoned that dif-
ferences in directional cell migration of REF-52 and COS-7
cells expressing different NMII paralogs could be more appar-
ent during chemotaxis. Therefore, we performed a microfluidic
chemotaxis assay where cells moved up a PDGF gradient (Wu
et al., 2012). We found that cells containing NMIIA, such as
control and NMIIB-depleted REF-52 cells and COS-7 cells ec-
topically expressing NMIIA, were able to move directionally up
the gradient. In contrast, NMIIA-knockdown REF-52 cells and
wild-type COS-7 cells, which did not express NMIIA, could not
chemotax, and overexpression of GFP-NMIIB was not able to
rescue chemotaxis in these cells (Fig. 6, B and C).

Different motor properties of NMIIA and NMIIB make them
more suitable for generating contraction and holding tension,
respectively (Kovécs et al., 2007; Billington et al., 2013; Nagy
et al., 2013; Heissler and Sellers, 2016). To compare contractile
properties of REF-52 cells that express NMIIA and NMIIB ei-
ther individually or together, we used traction force microscopy
(Fig. 6, D and E). REF-52 cells expressing nontargeting shRNA
generated significant traction forces on fibronectin-coated hy-
drogels with 25 kPa stiffness. Depletion of NMIIB had no mea-
surable effect on cell contractility. In contrast, knockdown of
NMIIA significantly decreased traction forces to very low lev-
els. These results are consistent with previous findings in other
cells types (Cai et al., 2006; Jorrisch et al., 2013; Thomas et al.,
2015). However, these results can potentially be explained by

reduction of the total NMII level after knockdown of abundant
NMIIA. To compensate for total NMII loss, we overexpressed
NMIIB in NMIIA-depleted cells. However, overexpressed
NMIIB did not rescue the loss of contractility in NMIIA-
depleted cells. These data suggest that NMIIA is primarily re-
sponsible for cell contraction, whereas NMIIB may play a role
in stabilizing the cytoskeleton.

Collectively, our results show that although NMIIA and
NMIIB intrinsically favor formation of distinct stress fiber
types, they also cooperate with each other in cells. Evidence
for cooperation comes from the ability of NMIIA to induce
redistribution of NMIIB and enhance its dynamics in cells.
At a certain expression ratio, NMIIA and NMIIB develop a
polarized distribution in the cell using a self-sorting process,
in which a gradual increase of the NMIIB/NMIIA ratio in
stress fibers occurs in parallel with their retrograde flow. On
the functional side, NMIIA promotes cell migration, chemo-
taxis, and traction force generation, whereas excessive NMIIB
may interfere with these processes. These distinct functions
of NMIIA and NMIIB together with their ability to cooper-
ate and segregate in the cell suggest that various cell types
can differently organize their actin cytoskeleton by regulat-
ing relative expression levels of NMIIA and NMIIB, whereas
particular cytoskeleton organization would allow the cell to
perform specialized functions.
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Figure 6. Migration, chemotaxis, and traction forces
of cells with different expression patterns of NMIIA
and NMIIB. (A) Speed of randomly migrating REF-52
and COS-7 cells in indicated conditions. Top and bot-
tom of a box indicate 75th and 25th quartiles, re-
spectively; whiskers encompass all data, the dot is the
mean, and the middle line is the median. Asterisks
indicate statistical significance (*, P < 0.05; **, P <
0.01; ***, P < 0.001, Dunn’s multiple comparisons
test); N, number of cells. (B) Wind-rose histograms of
PDGF chemotaxis of REF-52 and COS-7 cells express-
ing indicated constructs. The length of each leaflet cor-
responds to the percentage of cells migrating in the
direction of leaflet. (C) Forward migration indices of
REF-52 and COS-7 cells migrating toward the PDGF
gradient (mean + 95% confidence interval). Forward
migration index reflects directionality; values >0.1
are considered directional. Asterisks indicate statis-
tical significance (***, P < 0.001, Dunn’s multiple
comparisons test); N, number of cells. (D) Examples of
traction stress maps for REF-52 cells on ~25-kPa poly-
acrylamide gels in indicated conditions. Bar, 20 pm;
color bar units, pascals. (E) Plot with quantification of
total force per cell (****, P < 0.0001, nonparametric
ANOVA with Dunn’s multiple comparisons test).
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A mechanistic explanation for the preferential assem-
bly of NMII-specific stress fiber types is relatively straight-
forward, because behavior of these stress fibers matches the
known kinetic properties of respective NMII paralogs. The
NMIIB motor has a high duty ratio that is further increased
under resistive load (Kovéacs et al., 2007; Nagy et al., 2013;
Heissler and Sellers, 2016). Also, NMIIB filaments undergo
slower turnover in cells compared with NMIIA (Sandquist
and Means, 2008; Vicente-Manzanares et al., 2008; Raab et
al., 2012). These features make NMIIB less efficient in re-
arranging actin structures but more capable of cross-linking
actin filaments into stable bundles. Accordingly, NMIIB
in the absence of NMIIA supports formation of stable and

shB shA+

N=80 NMIIB
N=36

strongly attached but poorly contractile ventral stress fibers.
They can retard cell migration in both random migration and
chemotaxis assays, especially after NMIIB overexpression. In
contrast, the NMIIA motor has a short duty ratio with low
load dependence and fast ATPase activity (Billington et al.,
2013), whereas NMIIA filaments exhibit rapid turnover in
cells (Sandquist and Means, 2008; Vicente-Manzanares et al.,
2008; Raab et al., 2012). Accordingly, NMIIA in the absence
of NMIIB promotes formation of a highly dynamic system
of radial stress fibers and transverse arcs. This system exerts
significant traction forces and is capable of fast reorganization
during cell migration, especially in response to external cues
(Asokan et al., 2014; this study).

920z Ateniged 60 uo 3senb Aq ypd 291502102 A0l/¥95ZL9L/L282/6/912/pd-8jonie/qol/Bio"sseidnu//:dny woy pepeojumoq



A much less predictable discovery in our study is the abil-
ity of NMIIA to “dynamize” NMIIB and to regulate the NMIIB
distribution in the cell. These findings suggest that NMIIB and
NMIIA cooperate with each other. If two paralogs behaved
independently, they would segregate into NMIIB-dependent
ventral stress fibers and NMIIA-dependent transverse arcs even
when present together in the same cell. Although the idea of
cooperation of different NMII paralogs is rather intuitive, es-
pecially after discovery of copolymerization of NMII paralogs
(Beach et al., 2014; Shutova et al., 2014), the supporting exper-
imental evidence was not previously available and the underly-
ing mechanism was not defined.

We propose that cooperation of NMII paralogs occurs
through their copolymerization. Our mechanistic model is
based on two key assumptions: (1) polymerization-competent
NMIIA and NMIIB monomers assemble into filaments with
equal probability and proportionally to their availability, and
(2) NMITIA and NMIIB subunits dissociate from NMII fila-
ments with different paralog-specific rates (Fig. 7). These
assumptions are based on the existing knowledge about mech-
anisms of NMII assembly and disassembly. To enable NMII
polymerization, NMII molecules are first activated by phos-
phorylation of the regulatory light chain, which is shared by
NMII paralogs. Subsequently, NMII polymerization is gov-
erned by two assembly competence domains in the NMII heavy
chain (Nakasawa et al., 2005; Ricketson et al., 2010), which
are virtually identical for NMIIA and NMIIB. Therefore, both
paralogs are expected to polymerize with the same efficiency
into homo- and heteropolymers, as we indeed have observed
(Shutova et al., 2014). On the other hand, subunit dissociation
from NMII filaments is thought to depend on the C-terminal
region of the NMII heavy chains, which is targeted by kinases
and interaction partners that can promote filament disassem-
bly (Dulyaninova and Bresnick, 2013). This region is highly
divergent among NMII paralogs, suggesting that subunit dis-
sociation is controlled by different mechanisms for different
paralogs. Accordingly, available data suggest that NMIIA has
a faster turnover than NMIIB (Sandquist and Means, 2008;
Vicente-Manzanares et al., 2008; Raab et al., 2012).

Based on these two postulates, we can accurately explain
our experimental results. When both NMIIA and NMIIB are
present in the cells, at a low NMIIA/NMIIB ratio, NMII fila-
ments are dominated by NMIIB subunits. They are expected to
behave similar to pure NMIIB filaments, because a low frac-
tion of NMIIA subunits can neither overcome the force-hold-
ing behavior of many NMIIB subunits nor increase the filament
turnover rate. Even if NMIIA subunits dissociate at their intrin-
sic fast rate, the majority of slow-cycling NMIIB subunits can
maintain the filament integrity, and the cell will form mostly
stable ventral stress fibers, similar to cells having only NMIIB.
In contrast, at a high NMIIA/NMIIB ratio, too few NMIIB
subunits in the NMIIA-dominated filaments are insufficient to
restrain the fast motor activity of the NMIIA majority. Further-
more, when NMIIA subunits dissociate at their characteristic
fast rate, the few remaining NMIIB subunits cannot stay in a fil-
amentous form and are forced to recycle as well. Consequently,
cells will form a dynamic stress fiber system typical for NMITA
alone, whereas NMIIB will behave similar to NMIIA. These
considerations explain the faster turnover rate of NMIIB and its
broader distribution in the presence of abundant NMITA.

When NMIIA and NMIIB are present at competitive lev-
els, the heterotypic filaments will exhibit new characteristics.
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Figure 7. Model of indiscriminate copolymerization and selective depo-
lymerization of NMIIA and NMIIB explaining self-organization of NMII
paralogs into a polarized contractile system in motile cells. Polymerization
of NMIIA (red) and NMIIB (blue) monomers occurs with similar efficiency
(forward arrows), whereas their dissociation rates (reverse arrows) are
different. Faster dissociation of NMIIA subunits together with equiva-
lent addition of new NMIIA and NMIIB subunits leads to gradual accu-
mulation of NMIIB in old filaments during their centripetal drift because
of retrograde actin flow.

Even when the fast-cycling NMIIA subunits dissociate from
such filaments, a sufficient number of remaining NMIIB sub-
units can prevent the filament from falling apart. New NMIIA
and NMIIB subunits will be then added to NMIIB-enriched
filaments in proportion to their abundance in the monomer
pool. Repeating cycles of indiscriminate recruitment of new
subunits and preferential dissociation of NMIIA subunits will
gradually increase the fraction of NMIIB subunits in hetero-
typic NMII filaments. This mechanism explains the gradual
increase of the NMIIB/NMIIA ratio in stress fibers with time.
Because the entire actin—-NMII array undergoes retrograde flow,
older filaments enriched with NMIIB subunits will be gradually
shifted away from the leading edge, where the younger NMIIA-
enriched filaments are formed. This process will create the an-
terior—posterior NMIIA/NMIIB gradient.

The gradient distribution of NMIIA and NMIIB along the
front-rear axis is well known (Maupin et al., 1994; Kelley et al.,
1996; Kolega, 1998; Saitoh et al., 2001; Vicente-Manzanares
et al., 2008) and thought to contribute to maintenance of cell
polarity (Vicente-Manzanares et al., 2011). However, the mech-
anism of the spatial segregation of NMIIA and NMIIB was un-
clear. It was proposed to depend on delayed incorporation of
NMIIB filaments into preformed actin-NMII bundles seeded
by NMIIA (Vicente-Manzanares et al., 2008) or paralog-
specific targeting of NMII molecules to respective cell regions
(Sandquist and Means, 2008; Juanes-Garcia et al., 2015). How-
ever, we have recently shown that NMIIA and NMIIB simulta-
neously incorporate into newly formed structures, whereas their
segregation occurs much later (Shutova et al., 2014). These
data, as well as our current finding that the NMITA/NMIIB
gradient is formed only at an optimal NMIIA/NMIIB ratio, are
incompatible with these previous models. Interestingly, analy-
sis of NMIIA/NMIIB chimeras demonstrated that relative
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distribution of these mutants along the anterior—posterior axis is
governed by the C-terminal tails of NMII heavy chains (Sand-
quist and Means, 2008). Although this finding was interpreted
as tail-dependent targeting of NMII paralogs, it is fully con-
sistent with our model, because the formation of the NMIIA/
NMIIB gradient in our model depends on differential NMII
turnover, which is controlled by the heavy chain tails.

Cooperativity between NMII paralogs can help explain
some discrepancies regarding roles of NMIIA and NMIIB in
cell migration. For example, both decreased (Betapudi et al.,
2006; Kim and Adelstein, 2011) and increased (Sandquist et
al., 2006; Even-Ram et al., 2007; Shih and Yamada, 2010;
Doyle etal., 2012; Jorrisch et al., 2013) rates of cell migration
were reported after interfering with NMIIA functions. As a
fast motor mainly responsible for cell contractility, NMITA
can stimulate cell migration by retracting the cell rear and
providing traction at the cell front, but it also can inhibit mi-
gration by counteracting the leading edge protrusion. What
activity of NMIIA prevails may depend on the presence and
abundance of NMIIB. Different phenotypes also have been
reported to result from NMIIB deficiency. In our experiments
and some other studies (Shih and Yamada, 2010; Doyle et al.,
2012; Jorrisch et al., 2013), NMIIB deficiency did not lead
to defects in cell migration and chemotaxis, but it resulted in
slower (Betapudi et al., 2006; Sandquist et al., 2006; Kim and
Adelstein, 2011; Thomas et al., 2015) or faster (Lo et al., 2004)
cell migration in other cases. The ability of NMIIB to stabilize
a polarized cell shape (Vicente-Manzanares et al., 2008) can
explain decreased cell migration after NMIIB depletion. How-
ever, our results showing that NMIIB-positive cells lacking
NMIIA are poorly polarized suggest that stabilization of cell
polarity is not a role of NMIIB per se (Vicente-Manzanares
et al., 2011) but rather requires an optimal ratio of NMIIB/
NMIIA and their cooperation. Nevertheless, in the presence of
other polarizing cues, such as a chemotactic gradient, the role
of NMIIB in polarization may be dispensable, as observed
in our experiments. In cases when cells have large excess of
NMIIA over NMIIB, the contribution of NMIIB to cell migra-
tion may be rather subtle and detectable only in some special
conditions. On the other hand, if cells have a high NMIIB/
NMIIA ratio, then NMIIB down-regulation may increase the
cell migration speed (Lo et al., 2004). In this study, we did not
investigate a role of NMIIC in the cytoskeletal organization
and cell migration. However, because organization of stress
fibers in wild-type COS7 cells containing both NMIIB and
NMIIC is very similar to that of NMIIA-knockdown REF52
cells containing only NMIIB, NMIIC may not play a signifi-
cant role in the processes studied here. Roles of NMIIC in cell
physiology could be a subject of future research.

In conclusion, our study shows that NMIIA and NMIIB
cooperate in cells through copolymerization. Notably, our data
also reveal physiological significance of copolymerization of
NMII paralogs (Beach et al., 2014; Shutova et al., 2014) that so
far remained obscure (Beach and Hammer, 2015). Depending
on the relative abundance of NMIIA and NMIIB, cells can form
bipolar filaments with a whole range of dynamic properties.
These diverse filaments can favor formation of different stress
fiber arrays, which are suitable for specific functions in different
cell types. Therefore, the ability of NMII to polymerize into bi-
polar filaments is necessary for not only generating contraction
but also fine-tuning NMII’s roles as a motor, cross-linker, and
organizer of actin networks.

Cell culture

REF-52 rat embryo fibroblasts (Verkhovsky et al., 1995) and COS-7
green monkey kidney cells (Applewhite et al., 2007) were cultured in
DMEM (Gibco) supplemented with 10% FBS (Gibco) and penicillin/
streptomycin at 37°C and 5% CO,. For experiments, cells were plated
on glass coverslips and allowed to spread for 3 h (REF-52) or over-
night (COS-7). For live-cell imaging, cells were plated on glass-bottom
35-mm Petri dishes (MatTek Corporation) in CO,-independent L15
medium supplemented with 10% FBS.

Plasmids, shRNA construction, and transfection
pCMV-mCherry-MHC-IIA was a gift from V. Betapudi (Case Western
Reserve University, Cleveland, OH; plasmid 35687; Addgene; Duly-
aninova et al., 2007); CMV-GFP-NMHC II-A and CMV-GFP-NMHC
II-B were a gift from R. Adelstein (National Heart, Lung, and Blood
Institute, Bethesda, MD; plasmids 11347 and 11348; Addgene; Wei
and Adelstein, 2000). Cells were transfected using the Neon Transfec-
tion System (Thermo Fisher Scientific) according to the manufacturer’s
online protocols for COS-7 and mouse embryo fibroblasts. For che-
motaxis assay, COS-7 cells were transfected using with Lipofectamine
2000. The cells were analyzed 1 or 2 d after transfection.

For the shRNA design, the following targeting sequences were
used: 5'-GATCTGAACTCCTTCGAGC-3’ (to target rat NMIIA) and
5'-GGATCGCTACTATTCAGGA-3’ (to target rat NMIIB; Vicente-
Manzanares et al., 2007). The sequence 5-GCCATTCTATCCTCT
AGAG-3" was used as a nontargeting control. Oligos for shRNA con-
struction were obtained from Integrated DNA Technologies and cloned
into Hpal and Xhol restriction sites of the lentiviral PLL-GFP 5.0 and
PLL-Cerulean 5.0 vectors (gift from A. Efimov, Fox Chase Cancer
Center, Philadelphia PA; Smalley-Freed et al., 2010). For produc-
ing lentiviral particles, plasmids containing shRNA sequences were
cotransfected together with helper plasmids MD2G and Pax2 into
HEK-293T cells using FuGENE-6 (Roche). The virus was harvested on
the third day after transfection and immediately applied to cell cultures
with addition of 5 pg/ml protamine sulfate (Sigma). Culture medium
was replaced after 6 h incubation with the virus, and cells were cultured
for additional 6 d or more before analysis.

Western blotting

Cells were washed in ice-cold PBS and lysed in ice-cold lysis buffer
(20 mM Tris, 500 mM NaCl, 1 mM EDTA, and 0.5% Triton, pH 7.5)
containing Phosphatase Inhibitor Cocktail 2 and Protease Inhibitor
Cocktail (Sigma). After centrifugation at 13,000 g for 10 min at 4°C,
supernatants were mixed with the NuPAGE sample buffer (Invitrogen)
supplemented with 200 mM DTT and heated at 75°C for 5 min. Approx-
imately 2.5 to 5 ug total protein was loaded onto 3-8% NuPAGE TA
1.0 gradient gels (Invitrogen), resolved by SDS-PAGE, and transferred
to a 0.45-um polyvinylidene fluoride membrane in NuPAGE Transfer
Buffer at 20 V for 2 h using the X Cell SureLock Electrophoresis and
Western Blotting System (Invitrogen). The membrane was blocked
for 1 h with 5% dry milk in TBS (Bio-Rad) containing 0.1% Tween-
20 (Sigma), incubated with primary antibodies in TBS/Tween-20 for
2 h, washed in TBS/Tween-20, incubated with secondary antibodies
for 1 h, and developed with Enhanced Chemiluminescence Western
Blotting Detection Reagent (GE Healthcare). The following antibodies
were used: mouse monoclonal antibody to NMIIA (ab55456; 1:30,000;
Abcam), rabbit polyclonal antibody to NMIIB (3404; 1:1,000; Cell
Signaling), mouse monoclonal antibody to a-tubulin (T9026; 1:5,000;
Sigma), and horseradish peroxidase—linked enhanced chemilumines-
cence anti-mouse and anti—rabbit IgG (1:20,000; GE Healthcare).
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Fluorescence microscopy, live-cell imaging, and FRAP

For immunofluorescence staining, cells were either directly fixed with
4% formaldehyde in PBS for 10 min, or preextracted with 0.5% Triton
X-100 in PEM buffer (100 mM Pipes-KOH, pH 6.9, 1 mM MgCl,,
1 mM EGTA, and 2 uM unlabeled phalloidin). Directly fixed samples
were then permeabilized with 0.1% Triton X-100. The following pri-
mary antibodies were used: mouse monoclonal antibody to NMIIA
(ab55456; Abcam), rabbit polyclonal antibody to NMIIB (3404; Cell
Signaling), and mouse monoclonal antibody to vinculin (clone hVINT1;
Sigma). Secondary Alexa Fluor 647- and Alexa Fluor 594-labeled
anti-mouse and anti-rabbit antibodies were from Molecular Probes.
F-actin was stained with Alexa Fluor 488 and 594 phalloidin (Mo-
lecular Probes). Coverslips were mounted with Prolong Gold anti-
fade reagent (Invitrogen).

Wide-field fluorescence microscopy of fixed samples was per-
formed using Eclipse TE2000-U inverted microscope (Nikon) equipped
with Plan Apo 100x 1.3 NA oil-immersion objective lens and Plan Apo
20x lens and Cascade 512B CCD camera (Photometrics) driven by
Metamorph imaging software (Molecular Devices).

Confocal microscopy and FRAP experiments were performed
using a TCS SP8 microscope (Leica Microsystem) equipped with 63x
1.4 NA oil-immersion objective, 405-, 488-, 552-, and 638-nm exci-
tation laser lines and photomultiplier tubes and HyD detectors driven
by LAS software (Leica Microsystem). Images were collected at pin-
hole 1.0, with step size 0.3 um. FRAP experiments were done in one
confocal plane, using the following conditions: 10 “pre-bleach” frames
acquired at maximum speed (488-nm laser at 2% power); photobleach-
ing of selected regions was done with 488-nm laser at 50% power
(maximum speed, five times); “post-bleach” acquisition was done with
488-nm laser at 2% power, with 30 s between frames. Fluorescence
intensity of the acquired images was analyzed in Metamorph. Contrast
of images was linearly adjusted to optimally reveal features of inter-
est in individual images.

Live-cell imaging of randomly moving cells was performed
using Nikon Eclipse Ti inverted microscope equipped with Plain Apo
20x 0.75 objective and QuantEM 512SC digital camera (Photomet-
rics) driven by NIS-Elements software (Nikon). Images were collected
every 10 min for up to 16 h. Tracks of individual interphase cells were
built and analyzed in ImageJ based on the position of the cell nucleus.
Two independent experiments were performed for each condition.
Statistical analyses were performed using Excel (Microsoft) or Instat
(GraphPad Software) software packages.

Spinning disk confocal imaging of living cells expressing
Cherry-NMIIA and/or GFP-NMIIB was performed on an Eclipse
Ti inverted microscope equipped with 100x objective and QuantEM
512SC digital camera driven by NIS-Elements software. Single confo-
cal planes were taken every 2 min for 10 h.

Chemotaxis assay

Transfected cells were sorted using a Bio-Rad S3 sorter. Poly-
dimethylsiloxane microfluidic devices were prepared as described
previously (Wu et al., 2012). Chemotaxis assays were performed
on an IX81 microscope (Olympus) with a 20x objective lens using
Metamorph imaging software. Images were collected every 10 min
for up to 24 h. Individual cells were manually tracked using ImageJ
software (Manual Tracking plugin). Only viable and visibly migrating
cells (net path length >50 pm) were tracked. The tracks obtained were
analyzed using the Chemotaxis Tool ImageJ plugin (http://www.ibidi
.de/applications/ap_chemotaxis.html#imageanalysis). This analysis
tool was used to extract the forward migration index, which is a net
distance moved in the direction of the gradient divided by total path
length. The plugin also generates histograms (count frequency) of

migration direction of cells for each dataset. The secplot function of
MATLAB was then used to generate rose plots of directional migration
on normalized polar coordinates, where the outermost ring corresponds
to frequency (r) of 8%.

Traction force microscopy

Polyacrylamide hydrogels (Young’s modulus, E = ~25 kPa) coated
with 5 pg/ml fibronectin were prepared as previously described (Cretu
et al., 2010). Before polymerization, 0.2-um-diameter fluorescent mi-
crospheres (No. F8810; Invitrogen) were added into polyacrylamide
mixture at 1% vol/vol. Hydrogels were subsequently washed three times
with PBS and incubated with culture medium for 30 min before plating
cells. In all traction force experiments, REF-52 cells stably transfected
with GFP- or Cerulean-expressing shRNA constructs were seeded at a
density of 3,000 cells/cm? and allowed to attach for 4 h before imaging.
Fluorescence images of cells and embedded beads were captured at 20x
magnification using Olympus IX70 inverted microscope equipped with
Photometrics CoolSnap HQ CCD camera and driven by Deltavision
Softworx software (GE Healthcare Life Sciences). Image sequences for
each chosen field were taken at two points before and after cell lysis with
an SDS buffer. All imaging was performed in an environmental chamber
(37°C, 5% CO,). Traction force microscopy data analysis (stack align-
ment, particle image velocimetry, and Fourier transform traction cy-
tometry) was performed using a freely available plugin suite for ImageJ
(created by Tseng et al., 2012; adapted from Dembo and Wang, 1999).
For Fourier transform traction cytometry, the Poisson’s ratio of the poly-
acrylamide gel was assumed to be 0.45 and a regularization parameter of
102 was used. Traction force vector maps were analyzed using a custom
MATLAB script to determine mean traction stress generated by each
cell and total force exerted per cell. Cell area was determined from the
corresponding images of GFP fluorescence in Imagel.

Image analyses

Quantification of stress fiber types in COS-7 cells. Wide-field images of
randomly chosen cells expressing GFP-NMIIA (n = 119 cells) or GFP-
NMIIB (n = 93 cells) and stained for F-actin were analyzed. For each
cell, the intensity of GFP in 16-bit images was measured after back-
ground subtraction using Metamorph. Based on the intensity of GFP,
the cells were categorized into three groups based on expression (no/
low, medium, and high; roughly the same number of cells was assigned
to each group). Stress fiber types were visually determined in phalloi-
din-stained images after application of Laplase?2 filter in Metamorph to
sharpen individual stress fibers.

Distribution of NMIIB within the cell. Wide-field 16-bit images of
randomly chosen cells from cell culture transfected with GFP-NMIIA
and stained with NMIIB antibody and F-actin were analyzed (n =
50 cells). The cell boundary was defined using F-actin images. The
integrated intensity of GFP-NMIIA for each cell was measured in
Metamorph after background subtraction and was represented in ar-
bitrary units. The histograms of NMIIB staining intensity within the
cell boundary were obtained in Metamorph using raw 16-bit images. A
histogram represents distribution of pixels according to their intensity;
therefore, the histogram width reflects the intensity range between the
dimmest and the brightest pixels in the cell. Histogram widths were
defined as intensity range between 1% dimmest pixels in the cell and
1% brightest pixels in that cell (1-99%).

Online supplemental material

Video 1 shows the long-term dynamics of stress fibers in COS-7
cells expressing GFP-NMIIB and mCherry-NMIIA. Video 2 shows
the long-term dynamics of stress fibers in COS-7 cells expressing
low levels of GFP-NMIIB.
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