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SUMMARY

Cell adhesion, morphogenesis, mechanosensing,
and muscle contraction rely on contractile actomy-
osin bundles, where the force is produced through
sliding of bipolar myosin Il filaments along actin
filaments. The assembly of contractile actomyosin
bundles involves registered alignment of myosin I
flaments and their subsequent fusion into large
stacks. However, mechanisms underlying the assem-
bly of myosin Il stacks and their physiological func-
tions have remained elusive. Here, we identified
myosin-18B, an unconventional myosin, as a stable
component of contractile stress fibers. Myosin-18B
co-localized with myosin Il motor domains in stress fi-
bers and was enriched at the ends of myosin Il stacks.
Importantly, myosin-18B deletion resulted in drastic
defects in the concatenation and persistent associa-
tion of myosin Il filaments with each other and thus led
to severely impaired assembly of myosin Il stacks.
Consequently, lack of myosin-18B resulted in
defective maturation of actomyosin bundles from
their precursors in osteosarcoma cells. Moreover,
myosin-18B knockout cells displayed abnormal
morphogenesis, migration, and ability to exert forces
to the environment. These results reveal a critical role
for myosin-18B in myosin Il stack assembly and
provide evidence that myosin Il stacks are important
for a variety of vital processes in cells.

INTRODUCTION

The ability of cells to migrate, change their shape, and exert
forces to the environment depends on the actin cytoskeleton.
To support these vital processes, actin filaments assemble into
protrusive and contractile structures, where force is produced
through polymerization of actin filaments against membranes

and through sliding of bipolar myosin Il filaments along actin fila-
ments, respectively [1]. In muscle cells, highly organized actomy-
osin bundles called myofibrils provide the force for muscle
contraction. Also many non-muscle cell types harbor related con-
tractile bundles composed of a bipolar array of actin and non-
muscle myosin Il (NMII) filaments that are collectively called the
stress fibers. Although stress fibers are reminiscent of muscle
myofibrils, their contractile units are not precisely aligned, and
the mechanisms regulating their contractility are different [2, 3].

Stress fibers contribute to adhesion, migration, morphogen-
esis, and mechanosensing of non-muscle cells [4-9]. Moreover,
contractile actomyosin bundles control the subcellular localization
and dynamics of cytoplasmic intermediate filaments and propel
the transport of T cell receptor microclusters at the immunological
synapses [10, 11]. Based on their protein compositions and asso-
ciations with focal adhesions, stress fibers can be divided into
three categories: non-contractile “dorsal stress fibers” (also
called the radial fibers), “transverse arcs” that are thin, curved
actomyosin bundles, and “ventral stress fibers” that are thick
actomyosin bundles directly linked to focal adhesions at both
ends. Ventral stress fibers are generated through coalescence
of multiple thin transverse arcs during the centripetal flow, and
their formation additionally depends on mechanosensitive regula-
tion of actin filament assembly at focal adhesions [7, 12-14].

The fusion of transverse arcs and consequent generation of
ventral stress fibers are accompanied by an increase in the con-
tractile force [7, 15]. Importantly, recent studies revealed links
between arc fusion and formation of larger NMII stacks at the la-
mellum. Through a combination of super-resolution microscopy
approaches, sequential amplification of NMII filaments was iden-
tified to occur close to the leading edge. Moreover, formation of
larger NMII stacks was shown to take place through expansion
of initial NMII filaments and stacks, as well as through concate-
nation of NMII filaments. These processes are dependent on
NMII motor activity and actin filaments and were proposed to
be important for self-organization of arcs into ventral stress
fibers [16-18]. Finally, the existence of long-range attractive
forces was suggested to occur between individual NMII fila-
ments during the stack formation [17, 18]. Thus, arc fusion and
NMII stack formation coincide during the formation of contractile
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stress fibers, but the underlying mechanisms have remained
elusive. For example, whether the formation of NMII stacks de-
pends on specific myosin-associated proteins is not known.
Moreover, due to lack of specific means for inhibiting stack as-
sembly, the physiological functions of myosin stacks have not
been determined.

Beyond actin and NMlI, stress fibers are composed of a large
array of actin-regulating proteins, including other members of
the myosin superfamily [3]. Divergent myosins, which associate
with contractile actomyosin bundles, include myosin-18A and
myosin-18B. They are composed of myosin lI-like head domains
followed by a coiled-coil region. In variance to myosin Il proteins,
myosin-18A harbors an N-terminal extension composed of a
lysine- and glutamate-rich region and the PDZ domain [19].
Myosin-18B, on the other hand, harbors relatively long N- and
C-terminal extensions that do not display detectable homology
to known protein domains [20, 21]. At least myosin-18A head
domain lacks the actin-activated ATPase activity, and the
full-length protein does not form bipolar filaments [22, 23].
Importantly, electron microscopy, co-sedimentation, and sin-
gle-molecule imaging studies demonstrated that purified
myosin-18A co-assembles with NMII in vitro. Moreover, super-
resolution microscopy experiments revealed that in cells
myosin-18A co-assembles with NMII in mixed bipolar filaments
that localize to contractile stress fibers [22].

Myosin-18B was originally identified as a tumor suppressor
[20]. Subsequently, mutations in the myosin-18B gene and its
altered expression levels were linked to progression of lung,
colorectal, and ovarian cancers as well as to cardiomyopathy
and muscle weakness [20, 24-27]. Myosin-18B is expressed in
cardiac and skeletal muscles, and in some non-muscle tissues
[20, 21]. In mice and zebrafish, myosin-18B deficiency results
in myocardial defects, and aberrant alignment of thick and thin
filaments within sarcomeres [28-30]. However, the molecular
functions of myosin-18B have remained elusive.

Here, we demonstrate that myosin-18B exists as compact
structures that co-localize with myosin Il motor domains in stress
fibers of osteosarcoma cells. Deletion of myosin-18B results in
defective assembly of large myosin Il stacks, leading to severe
problems in generation of ventral stress fibers from transverse
arcs. Collectively, our study demonstrates that myosin-18B is
critical for assembly of myosin Il stacks, and that these higher-
order myosin structures are important for generation of func-
tional actomyosin bundles in cells.

RESULTS

Myosin-18B Is a Stable Component of Contractile Stress
Fibers in Osteosarcoma Cells

To identify novel stress-fiber components, we performed a prox-
imity-dependent biotin identification (BiolD) analysis [31] on hu-
man osteosarcoma cells (U20S) using a biotin ligase fused to
a central stress-fiber component, tropomyosin-1.6 (Tpm1.6).
Among the high-confidence interactors was myosin-18B, an un-
conventional myosin family protein (Figures 1A and 1B;
Table S1). Western blot analysis revealed that myosin-18B is
highly expressed in cardiomyocytes and U20S cells, whereas
myosin-18A is the predominant myosin-18 family protein in
dermal fibroblasts and Hela cells (Figure 1E).
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All myosin-18B antibodies tested in this study recognized, in
addition to myosin-18B, also other proteins in a western blot
analysis. However, myosin-18B antibody from LSBio (cat # LS-
C403352) appeared specific in immunofluorescence micro-
scopy because (1) it displayed specific stress-fiber staining in
wild-type U20S cells, whereas only a weak, diffuse signal was
detected in myosin-18B knockout cells (Figure S1A), and (2) it
faithfully recognized myosin-18B-GFP that was expressed in
myosin-18B knockout cells (Figure S1B) and in wild-type cells
(Figure S1C). Immunofluorescence microscopy on U20S cells
using this antibody revealed that myosin-18B localizes to con-
tractile ventral stress fibers and to a subset of transverse arcs
but is absent from the non-contractile dorsal stress fibers. In
addition to stress-fiber localization, myosin-18B appeared to
accumulate to the perinuclear region of cells (Figure 1C). Similar
localization to ventral stress fibers and perinuclear region was
also observed for myosin-18B-GFP expressed in U20S cells,
confirming that myosin-18B is a component of contractile stress
fibers (Figure 1D). Myosin-18B-GFP co-localized with Tpm1.6 in
ventral stress fibers, but the perinuclear myosin-18B puncta did
not clearly accumulate to F-actin-rich structures in U20S cells
(Figure S1E).

Live-cell imaging on U20S cells expressing myosin-18B-GFP
and MLC (myosin light chain)-mCherry revealed that the stress-
fiber-associated population of myosin-18B underwent slow
retrograde flow together with NMII, whereas the myosin-18B
puncta at the perinuclear region were much more mobile (Fig-
ure S1D). Fluorescence recovery after photobleaching (FRAP)
was then applied to examine the dynamics of myosin-18B
molecules in stress fibers. These experiments revealed that
myosin-18B-GFP displays very slow fluorescence recovery on
photobleached ventral stress fibers compared to NMIIA-GFP
(Figures 1F and 1G). Thus, myosin-18B localizes to the NMII-
containing actin stress fibers and exhibits relatively slow associ-
ation and dissociation kinetics at these actomyosin bundles.

Myosin-18B Co-localizes with NMIl Motor Domains
To examine the association of myosin-18B with stress fibers
more precisely, we applied super-resolution structured-illumina-
tion microscopy (SIM) on cells expressing the myosin-18B-GFP
construct. Consistent with the conventional fluorescence micro-
scopy data, the myosin-18B puncta localized to the perinuclear
regions as well as to the F-actin-rich stress fibers and were most
prominent in mature ventral stress fibers and in thick arc bundles
located close to the cell center (Figures 2A, 2B, and S2). The
myosin-18B puncta did not co-localize with a-actinin or NMIIA
and NMIIB tails in stress fibers (Figures 2B and S2). Instead,
most myosin-18B puncta overlapped with NMIl motor domains,
as visualized by an antibody against the regulatory light chain
(RLC) (Figure 2A). Importantly, the myosin-18B puncta were
not uniformly distributed along the NMII motor domains in
myosin filaments and filament stacks but were typically enriched
at the ends of large filament stacks as well as at the intersections
of adjacent NMII stacks (Figure 2A, 2C, and 2D). It is also impor-
tant to note that many myosin-18B puncta did not stain with
an antibody against RLC, suggesting that myosin-18B itself
perhaps does not bind RLC.

To elaborate on whether myosin-18B forms extended
structures, or exists as more compact structures in cells, we
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Figure 1. Myosin-18B Is a Stable Component
of Contractile Stress Fibers

(A) Top myosin family protein hits from the BiolD
screen for identification of tropomyosin 1.6
(Tpm1.6)-associated proteins in U20S cells.

(B) Domain structures of myosin IIA, myosin-18A,
and myosin-18B. All three proteins contain a motor-
like head domain followed by the coiled-coil (CC)
region. Myosin-18A additionally contains a lysine
and glutamate (KE)-rich region and the PDZ domain
in its N-terminal extension, whereas myosin-18B
harbors large N- and C-terminal extensions with
unknown domain structures.

(C) Immunofluorescence microscopy analysis
demonstrating that in U20S cells endogenous
myosin-18B localizes to F-actin-rich (visualized by
fluorescent phalloidin) ventral stress fibers (indi-
cated by yellow arrows), but not to non-contractile
dorsal stress fibers (indicated by orange arrows).
(D) Also myosin-18B-GFP fusion protein co-local-
izes with myosin IIB to ventral stress fibers. Bars, 10
and 5 um in (C) and (D), and magnified insets,
respectively.

(E) Western blot analysis of endogenous myosin-
18B and myosin-18A in U20S, Hela, and human
dermal fibroblast (HDF) cells. GAPDH was probed
for equal sample loading. Please note that the
doublet band in the cardiomyocyte extract at
~280 kDa may result from post-translational
modification of myosin-18B.

(F) Normalized average fluorescence recovery after
photobleaching (FRAP) recovery curves of NMIIA
(black line) and myosin-18B (gray line) demon-
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o
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generated a construct where mCherry and GFP were fused at N
and C termini of myosin-18B, respectively. SIM analysis of U20S
cells expressing this construct revealed that mCherry-myosin-
18B-GFP mainly exists as small puncta, where red and green
channels exhibit nearly complete overlap with each other (Fig-
ure 2B). Thus, the N and C termini of the protein are in close prox-
imity to each other, suggesting that myosin-18B is present as
fairly compact structures in cells.

Myosin-18B Depletion Leads to Impaired Cell Migration
and Defects in Maturation of Stress Fibers

To explore the cellular function of myosin-18B, we generated
myosin-18B knockout U20S cells by the CRISPR-Cas9
approach. Real-time gPCR analysis demonstrated that in wild-

strating their dynamics on stress fibers. 23 myosin-
18B-GFP-transfected cells and 22 NMIIA-GFP-
transfected cells were used for quantification. The
data are presented as mean + SEM.

(G) FRAP analysis of the dynamics of NMIIA-GFP
and myosin-18B-GFP in contractile stress fibers of
U20S cells. Examples of cells expressing NMIIA-
GFP and myosin-18B-GFP are shown on the top,
and magnified regions on the bottom represent
time-lapse images of the bleached regions. Bars,
10 (in cell images) and 2 pm (in the magnified time-
lapse images).

See also Figure S1 and Table S1.

type cells myosin-18B mRNA is much less abundant compared
to NMIIA and NMIIB mRNAs, and that the knockout cells do not
express detectable levels of myosin-18B mRNA (Figures S3A
and S3B). Moreover, western blot analysis demonstrated that
the obtained knockout cells did not produce detectable
myosin-18B protein (Figure 3A). However, because the myosin-
18B antibodies were quite unspecific on western blots (Fig-
ure S3C), a Sanger sequencing analysis was performed on the
knockout cells. This revealed that the myosin-18B gene in the
knockout cell line harbors a single nucleotide deletion in the sec-
ond exon targeted by single guide RNA (sgRNA), resulting in a
frameshift and appearance of a stop codon 16 triplets down-
stream of the deletion point (Figure S3D). lllumina amplicon
next-generation sequencing of genomic DNA further revealed a
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Figure 2. Myosin-18B Forms a Compact

Structure, which Co-localizes with the

NM'\fﬁXﬂsB_G,FP w Myosin Il Motor Domains Typically at the
motor, N Distal Regions of Myosin Bundles and
Stacks

(A) Representative example of a 3D-SIM image
obtained from an U20S cell transfected with a
construct expressing myosin-18B-GFP. Myosin I
motor domains (magenta) were visualized by an
antibody against the regulatory light chain (RLC).
Magnified images illustrate that myosin-18B co-
localizes with myosin Il motor domains at the ends
of large myosin stacks (1, 2) and along the short
myosin stacks (3, 4). Bars, 5 and 0.5 pm in the left
and right magnified panels, respectively.

(B) Representative example of a 3D-SIM image
obtained from a U20S cell transfected with
a construct expressing myosin-18B fused to
mCherry and GFP at its N and C termini, respec-
tively. Please note that the N and C termini of

myosin-18B molecules are close (<0.1 um) to each
other. The NMIIA tail domain (white) was visualized
by an antibody against NMIIA C terminus.

Magnified images illustrate localization of myosin-
18B molecules adjacent to the NMIIA tails at the
ends of myosin stacks (1, 2), in the region flanking
the NMIIA tails in the stack (3), and adjacent to
NMIIA tails in small myosin structures (4). Bars,
5 and 0.5 um in the left images of cells and right
magnified panels, respectively.

(C) The percentage of myosin-18B positive seg-
ments at the ends and in the central regions of
myosin Il stacks (i.e., ~45% of the 100-nm seg-
ments at the ends of NMII stacks contained a
myosin-18B puncta, whereas myosin-18B occu-
pancy was ~20% per 100 nm in the central re-
gions of NMII stacks). Please, see STAR Methods
for details concerning the quantification. n = 8
cells, and data are presented as mean + SEM.
(D) Schematic diagram of myosin-18B localization

540 in actomyosin bundles based on the SIM data.

8 A Schematic scale bar, 200 nm.

20 * SRR +ggggE-  Actin ;

g = - : . R = _W+ M See also Figure S2.

X0 - R+ etstitemnn p + myosin18B

o 9 1 LA
cgb\(\é\b &\(\‘00& ) +mim&’ FEEE &N +W a-actinin

@0\6@‘* Ao\é\"’c* i, B & NEL & CW " sive migration in a 3D environment as
@\‘7‘ Q\\‘?‘ B examined using Matrigel matrix (Figures
< S 3D and 3E).

complete absence of wild-type myosin-18B gene in the knockout
colonies. Moreover, no compensatory upregulation of myosin-
18A protein or mRNA was detected (Figures 3A and S3E).
When plated on a fibronectin-coated surface, the myosin-18B
knockout cells were slightly smaller and displayed more
round morphology compared to wild-type U20S cells (Figures
3B, S3F, and S3G). They also displayed motility defects, as
measured from individual cells plated on fibronectin, and this
phenotype could be rescued by expressing myosin-18B-GFP
in the knockout cells (Figure 3C). The abnormalities in cell shape
and motility were further verified from a different myosin-18B
knockout clone and by depleting of myosin-18B from U20S cells
by small interfering RNA (siRNA) (Figures S3H and S3l). More-
over, the myosin-18B knockout cells exhibited defects in inva-

4 Current Biology 29, 1-12, January 7, 2019

Immunofluorescence microscopy re-
vealed that the transverse arcs in
myosin-18B-deficient cells were typically very thin and appeared
to have problems in assembling into thick ventral stress fibers (Fig-
ure 3F). To allow more precise analysis of the stress-fiber pheno-
type, cells were plated on crossbow shaped fibronectin micro-
patterns, where they obtain nearly identical shapes and display
characteristic organization of the stress-fiber network [10]. Also
on micro-patterns, the arcs were typically thinner compared to
control cells (Figure 3G). Similar stress-fiber phenotypes were
also observed in myosin-18B siRNA knockdown U20S cells (Fig-
ures S3J and S3K). Moreover, the myosin-18B-deficient cells typi-
cally displayed abnormally long dorsal stress fibers that is a typical
phenotype for U20S cells lacking thick ventral stress fibers [7].
The stress-fiber phenotype was first quantified by ImageJ
plugin FilamentSensor [32], which revealed increased number
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of actin filament bundles in myosin-18B knockout cells, accom-
panied by decreased average width of the bundles (Figure 3H).
Because the FilamentSensor software cannot distinguish be-
tween dorsal stress fibers and arcs, we also performed unbi-
ased, blind manual quantification of the numbers of thin and
thick arcs in wild-type and myosin-18B knockout cells plated
on crossbow micro-patterns. This analysis revealed a dramatic
increase in the average number of thin arcs and a decrease
in the number of thick arcs in the knockout cells, which
could be rescued by wild-type myosin-18B (Figure S4A). Corre-

N o w9

Figure 3. Myosin-18B Knockout Cells
Display Defects in Migration and Stress-
Fiber Maturation

(A) Western blot analysis of endogenous myosin-
18B and myosin-18A levels in total cell lysates of
wild-type U20S (WT) and myosin-18B CRISPR-
Cas9 knockout (KO) cells. GAPDH was probed for
equal sample loading.

(B) Representative images from time-lapse videos
of wild-type, myosin-18B knockout, and full-
length myosin-18B rescue (FL rescue) knockout
cells migrating on a fibronectin-coated surface.
Bars, 50 um.

(C) Random migration velocities of wild-type,
myosin-18B knockout, and full-length myosin-18B
rescue knockout cells. Quantification is based on
tracking of the displacement of nuclei. The data
are presented as average velocity obtained from a
12-hr cell tracking +SEM, **p < 0.001 (t test).
n = 44 for wild-type, 42 for myosin-18B knockout,
and 36 for FL rescue cells.

(D) Representative images of wild-type and
myosin-18B knockout U20S cells migrated for
48 hr in a 3D Matrigel matrix. Yellow lines indicate
the positions of cells at the beginning of experi-
ment. Bars, 30 um.

(E) Invasion distances of wild-type and myosin-
18B knockout cells in 3D Matrigel matrix.
Quantification is based on 3 independent experi-
ments. The data are presented as averaged
invasion distance after incubation of 48 hr +SEM,
***p < 0.001 (t test).

(F) Representative images of actin filaments visu-
alized by phalloidin in wild-type and myosin-18B
knockout cells. Bars, 10 pm.

(G) Representative images of actin filaments, focal
adhesions, and myosin llA visualized by phalloidin,
vinculin, and NMIIA antibodies staining, respec-
tively, in wild-type and myosin-18B knockout cells
cultured on crossbow shaped fibronectin micro-
patterns. Bars, 10 pm. Examples of dorsal stress
fibers, thin transverse arcs, thick arcs, and ventral
stress fibers in (F) and (G) are indicated by orange,
yellow, green, and red arrows, respectively.

(H) Representative examples of cells, and quanti-
fication of numbers of actin filament bundles and
their widths by software FilamentSensor_0.2.2.
Bars, 10 um.

(I) The length distributions of vinculin-positive focal
adhesions (FAs). The numbers of adhesions in each
size group were divided with the total focal adhesion
number of the same cell. n = 774 FAs from 11 cells
(wild-type) and 1,575 FAs from 10 cells (myosin-18B
knockout). Data are presented as mean + SEM.
See also Figure S3.
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sponding with the reduced amounts of thick stress fibers,
the average sizes of vinculin-positive focal adhesions were
diminished in myosin-18B knockout cells (Figure 3l), and they
exhibited ~30% weaker contractile forces to the environment
compared to control cells (Figures 4A and 4B). Moreover, the
knockout cells displayed wider lamella, increased cell height,
and more rearward positioning of the nuclei compared to the
wild-type cells (Figures S4B and S4C), which are phenotypes
associated with defects in the assembly and contractility of
stress fibers [5, 10].
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Figure 4. Myosin-18B Knockout Cells Display Increased Centripetal Flow of Transverse Arcs and Reduced Contractility
(A) Representative force maps of wild-type and myosin-18B knockout U20S cells grown on 25-kPa polyacrylamide dishes with fluorescent nanobeads. Bars,

10 pum.

(B) Quantification of contraction (root mean square traction) in wild-type (n = 68) and myosin-18B knockout cells (n = 32) from three independent experiments. The

data are presented as mean + SEM. *p = 0.033 (non-parametric analysis).

(C) Representative examples of transverse arc flow visualized in wild-type and myosin-18B knockout U20S cells expressing GFP-actin. Red arrows indicate the
positions of the observed arcs in the beginning of the movies, and yellow arrows indicate the positions of the same arcs in subsequent time-lapse images. Bars,

20 um.

(D) The time-segmented centripetal flow rates of transverse arcs in wild-type (n = 10) and myosin-18B knockout (n = 11) cells. Data are represented as mean +

SEM. **p < 0.001 (t test).
See also Figures S4 and S5 and Videos S1 and S2.

To elucidate the origin of stress-fiber network organization and
contractility defects, we examined the dynamics of NMIl iso-
forms. Both NMIIA and NMIIB localized to the remaining thin
arcs in myosin-18B knockout cells (Figure S4D). Moreover,
based on FRAP analysis NMIIA-GFP and NMIIB-GFP displayed
similar, although slightly increased turnover, on stress fibers of
myosin-18B knockout cells compared to control cells (Fig-
ure S4E). The moderate increase in NMII dynamics in myosin-
18B knockout cells most likely results from the lack of thick
ventral stress fibers, because in wild-type cells the dynamics
of NMIIA was more rapid in transverse arcs compared to mature
ventral stress fibers (Figure S4F). Consistent with earlier studies
[33, 34], our FRAP analysis demonstrated that NMIIA displays
more rapid dynamics compared to NMIIB.

The assembly of thick ventral stress fibers occurs through
fusion of arcs during their centripetal flow [7]. Therefore, we
applied live-cell imaging on cells expressing GFP-actin to
examine whether arc fusion was perturbed in myosin-18B
knockout cells. In wild-type U20S cells the arcs first became
visible close to the leading edge. During the flow toward cell cen-
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ter, they fused with each other and their centripetal flow rate
decreased. In myosin-18B knockout cells, the appearance of
arcs at the leading edge and their initial centripetal flow rates
were similar to the ones in wild-type cells. However, as the
arcs flowed toward the cell center, they failed to fuse with
each other, and their centripetal flow rates did not decrease as
significantly as in the control cells (Figures 4C, 4D, and S5A;
Videos S1 and S2). These results demonstrate that myosin-
18B is critical for the coalescence of thin transverse arcs during
their centripetal flow, thus leading to defects in the formation of
thick ventral stress fibers in myosin-18B knockout U20S cells.

Myosin-18B Knockout Cells Display Defects in the
Assembly of Large Myosin Il Stacks

Because myosin-18B localizes to non-muscle myosin filaments
and filament stacks, we hypothesized that loss of myosin-18B
may affect their organization. This was examined by 3D-SIM ex-
periments, where the NMIl motor domain was visualized with an
antibody against the RLC, the NMIIA tail domain with an antibody
against its C-terminal region, and actin filaments by fluorescent
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phalloidin. Importantly, whereas the morphology and width (lon-
gitudinal diameter) of bipolar NMI! filaments appeared unaltered
in myosin-18B knockout cells, the NMII filament stacks were
smaller and less well aligned compared to control cells (Figures
5A and S5B). Quantification of the 3D-SIM data from a region
covering 10 um from the leading edge of the cell demonstrated
that the NMII filament density as well as the average lateral stack
diameter, were slightly diminished in myosin-18B knockout cells
(Figure 5B). Strikingly, the number of large stacks (lateral stack
diameter >500 nm), quantified from 20-pm-wide and 900-pum?
regions at the leading edges, was ~10-fold smaller in the
myosin-18B knockout cells compared to the wild-type cells
(Figure 5C).

Recent studies demonstrated that large NMII stacks can be
generated through parallel alignment and subsequent concate-
nation of individual bi-polar NMII filaments and small filament
stacks [16-18]. To examine whether myosin-18B deficiency
leads to problems in this process, we performed live-cell imaging
using Zeiss Airyscan microscope on U20S cells expressing
actin-RFP and a construct in which GFP was fused to the N ter-
minus of the NMIIA motor domain. These experiments revealed
relative frequent concatenation (fusion) of NMII filaments and
subsequent formation of stable myosin stacks in wild-type
U20S cells (see examples in Figures 6A and S6A; Video S3). In
contrast, the NMIl filament concatenation events were less
frequent in myosin-18B knockout cells (Figure 6C). Instead, the
NMII filaments often aligned but failed to fuse with each other
during the observation period or dissociated from each other
soon after the fusion event (Figures 6B and S6B; Videos S4
and S5). Accordingly, the frequency of myosin Il stack splitting
was much higher in the myosin-18B knockout cells, despite
the fact that they contain significantly lower number of large

Figure 5. Myosin-18B Knockout Cells
Display Defects in Formation of Large
NMII Stacks

(A) 3D-SIM images of representative wild-type and
myosin-18B knockout cells where NMIIA motor
and tail domains were visualized by antibodies
against regulatory light chain (RLC) and NMIIA C
terminus, respectively. Bars, 5 um. Magnified im-
ages (corresponding to the yellow boxes) display
characteristic NMIIA filament distributions in wild-
type and myosin-18B knockout cells. Bars, 1 um.
White boxes in magnified regions display exam-
ples of (1) unipolar NMII structures, (2) bipolar NMII
filaments, (3) small (lateral diameter <500 nm) NMIl
stacks, and (4) large (lateral diameter >500 nm)
NMII stacks, which are displayed on the right.
Bars, 200 nm. Bars, 1 (5 um), 2 (1 um), 3 (200 nm).
(B) The average diameters (nm) and densities
(number/pm?) of NMIIA stacks were manually
measured. n = 16 cells for wild-type and 21 cells
for myosin-18B knockout. Data are represented
as mean + SEM. *p < 0.01, **p < 0.001 (t test).
(C) The numbers of large (lateral diameter >500 nm)
NMIIA stacks in the 900-um? area within 20-pm-
wide regions from the edge of cells. n = 12 cells for
wild-type and 12 cells for myosin-18B knockout.
Data are represented as mean + SEM. **p < 0.001
(Mann-Whitney U test).

See also Figure S5.

WT Myo18B KO

NMII stacks (Figure 6D). Collectively, these results demonstrate
that myosin-18B is critical for proper formation and stability of
NMII stacks in U20S cells.

Contribution of Myosin-18B Domains on Its Function and
Dynamics

To explore the contributions of head and coiled-coil domains as
well as the N- and C-terminal extensions of myosin-18B for its
function, we generated various GFP-tagged deletion constructs
of the protein (Figure 7A). The mutant proteins were expressed in
U20S cells (Figure S7A) and tested for their dynamics (Figures
7B and S7B), stress-fiber localization (Figure 7C), and ability to
rescue the characteristic defects in the size distribution of focal
adhesions that result from defects in the assembly of contractile
stress fibers in myosin-18B knockout cells (Figure 7D). Only cells
expressing intermediate levels of myosin-18B-GFP constructs
(as detected by GFP-fluorescence intensity) were selected for
further analysis. Based on western blot and fluorescence imag-
ing experiments (Figure S6C) these cells expressed approxi-
mately 10-fold higher levels of GFP-myosin-18B compared to
the endogenous myosin-18B levels in U20S cells.

The protein lacking the C-terminal extension (Myo18B_
1-2089) displayed similar stress-fiber localization and dynamics
to the wild-type protein and was able to rescue the focal adhesion
phenotype nearly as efficiently as the wild-type myosin-18B-
GFP. Also, the protein lacking the C-terminal extension and the
coiled-coil region (Myo18B_1-1398) localized to stress fibers,
although more uniformly compared to the full-length protein.
However, its dynamics in stress fibers was more rapid compared
to full-length myosin-18B, and it was unable to rescue the focal
adhesion phenotype. Finally, the N-terminal extension appears
to be critical for localization and function of myosin-18B. This is
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because the isolated N-terminal (Myo18B_1-555) could still
localize (although weakly) to stress fibers. Moreover, N-terminal
deletions resulted in either punctate (Myo18B_556-2567) or
uniform (Myo18B_554-1356, Myo18B_2091-2567) cytoplasmic
localization of the protein, and inability to rescue the focal adhe-
sion phenotype (Figures 7B-7D). Thus, the N-terminal extension,
head domain, and coiled-coil domain are critical for stable stress-
fiber association and cellular function of myosin-18B, whereas
the C-terminal extension has only a minor role in the function of
this protein, at least in osteosarcoma cells. Finally, the myosin-
18B knockout phenotype could be partially rescued also by over-
expressing full-length myosin-18Ain U20S cells, suggesting that
the two class XVIIl myosins may have partially overlapping func-
tions in cells (Figure S7C).

DISCUSSION

Assembly of myosin Il filaments into large stacks occurs during
the formation of contractile actomyosin bundles in interphase
cells, and in the contractile ring of dividing cells [5, 16-18]. How-
ever, the mechanisms of myosin Il stack formation have re-
mained elusive. Here, we reveal that (1) myosin-18B, a class XVIII
unconventional myosin, forms compact structures that display
stable association with NMlI-rich stress fibers, (2) myosin-18B
is critical for concatenation and persistent association of NMI| fil-
aments with each other and thus promotes the assembly of NMI|
stacks in cells, and (3) depletion of myosin-18B leads to defects
in the maturation of contractile actomyosin bundles in cultured
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Figure 6. Myosin-18B Knockout Cells
Exhibit Decreased Stability of NMII Stacks

(A and B) Representative time-lapse images re-
corded with Zeiss Airyscan microscope. Wild-type
and myosin-18B knockout U20S cells were
transfected with plasmids expressing GFP-NMIIA
and actin-RFP. An example of NMIIA filament
concatenation event is indicated in (A) (two NMIIA
filaments indicated by yellow arrows fuse with
each other to form a NMIIA stack indicated by a
yellow arrowhead). An example of NMIIA stack
fission event is highlighted in (B) upper row
(myosin stack indicated by a yellow arrowhead
splits into two NMIIA filaments indicated by yellow
arrows), and an example of fusion failure of two
small NMIIA stacks is highlighted in (B) lower row
(myosin stacks indicated by yellow arrows). Bars,
1 um.

(C and D) The number of NMIIA filament fusion (C)
and splitting events (D) quantified from 900-pm?
areas within 20-um-wide regions from the cell
edge in 10-min movies. n = 14 cells for wild-type
and 14 cells for myosin-18B knockout.

Data are represented as mean + SEM. ***p < 0.001
(Mann-Whitney U test). See also Figure S6 and
Videos S3, S4, and S5.

osteosarcoma cells and consequently re-
sults in abnormal cell morphogenesis and
ability to exert forces to the environment.
Moreover, our data provide evidence that
formation of myosin Il stacks is critical for
coalescence of transverse arcs during their centripetal flow, and
hence for generation of proper, contractile ventral stress fibers.

Several lines of evidence suggest that myosin-18B is directly
involved in NMll stack formation. First, myosin-18B predominantly
localizes to the ends of large NMII stacks and at the intersections
of smaller NMIl stacks. Second, myosin-18B depletion results ina
dramatic decrease in the density of large (diameter >500 nm) NMI|
stacks inthe lamella of osteosarcoma cells. Third, the frequency of
NMII filament fusions was decreased, whereas the frequency of
NMII stack fissions was increased in myosin-18B knockout cells
compared to control cells. Thus, we propose that myosin-18B
molecules, which co-localize with the NMII motor domains,
enhance association between adjacent NMII filaments with each
other to promote myosin stack formation. It is also formally
possible that myosin-18B enhances NMII stack formation indi-
rectly, for example, by regulating the activity of NMII filaments.
However, we consider this as an unlikely scenario, because
myosin-18B displays punctuate, non-uniform localization along
NMII filaments or filament stacks, and the remaining thin arcs
are still contractile in myosin-18B knockout cells as determined
by traction force microscopy (although with lower efficiency,
most likely due to their failure to assemble into thick ventral stress
fibers). Moreover, the thin arcs in myosin-18B knockout cells un-
dergo retrograde flow, a process that is dependent on myosin Il
activity [14], with similar rates compared to control cells.

Our work provides evidence that coalescence of trans-
verse arcs during their centripetal flow [7] is dependent on
myosin-18B-promoted NMII stack formation. This is because
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Figure 7. Localization and Dynamics of Myosin-18B Deletion Constructs and Their Effects on Stress-Fiber and Focal Adhesion Maturation
(A) Domain structures of GFP-tagged myosin-18B constructs used in the FRAP and rescue experiments.

(B) Normalized average FRAP recovery curves of different myosin-18B-GFP constructs expressed in myosin-18B knockout U20S cells. 23 myosin-18B-FL-GFP,
18 myosin-18B-1-2089-GFP, 12 myosin-18B-1-1398-GFP, and 13 myosin-18B-1-555-GFP-transfected cells were used for quantification. The data are pre-
sented as mean + SEM.

(C) Representative images of myosin-18B knockout cells transfected with different myosin-18B-GFP constructs shown in (A). F-actin and focal adhesions were
visualized by phalloidin and an antibody against vinculin, respectively. Magnified regions (corresponding to the yellow boxes) highlight localization of the proteins
to stress fibers. Bars, 10 um.

(D) The length distributions of vinculin-positive focal adhesions. The number of focal adhesions in each size group was divided with the total adhesion number of
the same cell. n = 988 adhesions from 14 cells (wild-type), 2,520 adhesions from 16 cells (myosin-18B knockout), 979 adhesions from 15 cells (myosin-18B-FL),
1,236 adhesions from 12 cells (myosin-18B-1-2089), 1,738 adhesions from 13 cells (myosin-18B-1-1398), 1,404 adhesions from 13 cells (myosin18B-1-555
rescue), 2,470 adhesions from 13 cells (myosin-18B-556-2567), 1,495 adhesions from 13 cells (myosin-18B-554-1356), 1,671 adhesions from 13 cells (myosin-
18B-2091-2567).

Data are represented as mean + SEM. See also Figures S6 and S7.
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myosin-18B appears to directly enhance NMII stack formation,
rather than regulating the organization or dynamics of actin fila-
ments in arcs or the activity of NMII molecules. Furthermore, our
data reveal that myosin-18B is important for migration of osteo-
sarcoma cells, especially in a 3D matrix, but whether this is due
to defects in the formation of thick actomyosin bundles, or due to
some other cellular functions of myosin-18B, remains to be eluci-
dated. The effects of myosin-18B depletion on cell migration are
also somewhat contradictory to earlier studies, where depletion
of NMIl enhanced cell migration [35-37]. It is possible that
the migration defects of myosin-18B knockout cells arise from
their decreased polarity (as measured by circularity index; Fig-
ure S3G). The polarity defects may also provide an explanation
for why low expression levels of myosin-18B are linked to carci-
noma progression [20, 26, 27]. Contractile actomyosin bundles
contribute to proper polarity of epithelial cells [38, 39], and thus
the lack of functional actomyosin bundles in epithelial cancers
is expected to enhance the epithelial-mesenchymal transition
(EMT) of carcinoma cells.

Clinical studies have associated mutations in human myosin-
18B to cardiomyopathy and nemaline myopathy. A homozygous
premature termination codon in the last exon of myosin-18B was
discovered in an infant, who suffered with severe cardiomyopa-
thy and died soon after birth [25]. Moreover, a non-sense muta-
tion in the last coding exon of myosin-18B, accompanied by a
nearly complete loss of myosin-18B transcript, was associated
with hypotonia, muscle weakness, Klippel-Feil anomaly, and
facial abnormalities in two young patients. Muscle biopsy anal-
ysis of one patient displayed abnormalities in thick filaments
[24]. These phenotypes are in line with defective sarcomeric or-
ganization and function in myosin-18B mutant mice and zebra-
fish [28-30]. Combined with our work on myosin-18B-deficient
osteosarcoma cells, these data suggest that myosin-18B is crit-
ical for maturation of myofibrils from their precursors, most likely
due to its role in assembly (and maintenance) of large, functional
myosin Il stacks.

Whereas Drosophila expresses only one myosin-18 family
protein [21], a gene duplication resulted in the presence of
two myosin-18 proteins in vertebrates. Myosin-18B is highly ex-
pressed in muscles and in osteosarcoma cells, which are of
mesodermal origin. On the other hand, myosin-18A is most
prominently expressed in cells of ectodermal origin, such as fi-
broblasts and HelLa cells (see e.g., Figure 1E). Thus, it is possible
that these proteins have similar roles in myosin Il stack formation
but function in different cell types and perhaps through partially
different interaction partners (as suggested by differences in their
N- and C-terminal extensions). In support of this hypothesis,
depletion of myosin-18A results in defects in the assembly of
thick ventral stress fibers in prostate cancer cells [40], and over-
expression of myosin-18A could partially rescue the myosin-18B
knockout phenotype in U20S cells (Figure S7C). Moreover,
our SIM experiments revealed similar localization pattern for
myosin-18B in the stress fibers of U20S cells as previously
demonstrated for myosin-18A in HeLa and Rat2 cells [22].

What is the precise mechanism by which myosin-18B drives
the fusion of NMII filaments? Our results show that myosin-
18B forms a relatively compact structure, which displays much
slower dynamics at stress fibers compared to the NMIIA heavy
chain. Thus, myosin-18B is well suited for serving as a “glue”
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to support the lateral association of individual NMII filaments or
stacks with each other. Importantly, our SIM data suggest that
myosin-18B foci co-localize with NMII motor domains. Thus, it
is possible that the head domain of myosin-18B associates
with NMII motor domains at the ends of filament stacks, whereas
the N-terminal extension or the C-terminal regions of the protein,
either directly or through other proteins, promote interactions
between adjacent NMII filaments and stacks. This scenario is
consistent with myosin-18B deletion analysis demonstrating
that the N-terminal extension, head domain, and coiled-coil re-
gion are required for proper stress-fiber localization and function
of the protein, whereas, at least in osteosarcoma cells, the C-ter-
minal extension has only a minor role. However, the precise mo-
lecular mechanism by which myosin-18B incorporates into NMII
bundles and how its different domains together with other poten-
tial interacting proteins promote the fusion of NMil! filaments into
stacks remain important challenges for future research.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture and transfections

Human osteosarcoma (U20S) cells (derived from a fifteen-year-old human female suffering from osteosarcoma), Hela cells (derived
from cervical cancer cells taken from a human female), and Human dermal fibroblast (HDF) cells (derived from the dermis of normal
male neonatal foreskin) were maintained in high glucose (4.5 g/L) Dulbecco’s modified Eagle’s medium (DMEM) (BE12-614F, Lonza)
supplemented with 10% fetal bovine serum (10500-064 GIBCO), 10 U/ml Penicillin, 10 pg/ml streptomycin and 20 mM L-Glutamine
(from 100X concentrate, GIBCO) (later referred as complete DMEM) at 37°C in humidified atmosphere with 5% CO,. Transient trans-
fections were performed with Fugene HD (Promega) according to manufacturer’s instructions using 3.5:1 Fugene to DNA ratio and
24 hour incubation prior fixation with 4% paraformaldehyde (PFA) in phosphate buffered saline (PBS). 48 hours incubation before
fixation was used for mutants rescue experiments. For live-cell and 3D-SIM imaging, cells were detached 24 h post-transfection
with (0.25% w/v) Trypsin-EDTA and plated onto glass-bottomed 35 mm dishes (Greiner bio-one) coated with 10 pg/ml fibronectin
(Roche) diluted in PBS. siRNA experiments were performed with Lipofectamin RNAIMAX (Invitrogen) according to manufacturer’s
instructions using 40 nM On-target siRNA pool of myosin-18B (Dhmacon) (Target sequence 5 GCAGAAAGGCCUCGGAUAC 3/,
5 AAUCAGAGAAGUUGCGGAA 3/, 5 GAGAACAUGACGCGGAACA 3/, 5 CGGCAAAAGTACUGTCAUU 3'), myosin-18A (Dhmacon)
(Target sequence 5 CCAAGAAACACGGGCGUAA 3, 5 AGGAAGACAUGAACGAAUU 3/, 5 CAAUGGAGGUGGAGAUCGA 3,
5 UGAAAGGACGCAAGUGAA 3') or 40 nM AllStars negative control siRNA (QIAGEN). 72h incubation period was used to efficiently
deplete target protein.

METHOD DETAILS

BiolD screen

BiolD analysis for tropomyosin 1.6 was performed as described in [10, 31]. To obtain a plasmid for expressing BirA fused to the
N terminus of Tpm1.6, human Tpm1.6 cDNA was amplified and subcloned into the pcDNAS3.1 mycBiolD vector (Addgene). The fusion
protein displayed similar stress fiber localization compared to the endogenous tropomyosin1.6 when expressed in U20S cells. For
proteomics analysis, U20S cells growing on five 15 cm tissue culture plates were transfected with the plasmid using FUGENE HD
transfection reagent (Promega) according to the manufacturer’s instructions. Backbone vector pmycBiolD-C1 was transfected as
control. Cells were grown for 24 h without biotin and another 24 h in the presence of 50 uM biotin. The cells were harvested in
PBS and stored at —80 Co. Single-step affinity purifications of the biotinylated proteins, as well as liquid chromatography mass spec-
trometry sample preparation, and mass spectrometry were performed as in [10]. To obtain a list of high-confidence protein interac-
tions for Tom1.6 the data were filtered against our in-house BiolD contaminant database.

CRISPR knockout cell line generation

Guide sequences targeting exon 1 and exon 2 of human myosin-18B were selected based on CRISPR Design Tool (crispr.mit.edu)
with quality scores of 83 and 92, respectively [42]. Oligonucleotides for cloning guide RNA into pSpCas9 (BB)-2A-GFP vector (a gift
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from Feng Zhang, Addgene # 48138) were designed as described previously [43]. Forward primer: 5 CACCGCTCATCACG
CCTCGCCCTGT 3 and reverse primer: 5 AAACACAGGGCGAGGCGTGATGAGC 3’ (guide sequence underlined) for targeting
exon 1. Forward primer: 5 CACCGTCATTAAGCAACTGGTCCGG 3’ and reverse primer: 5 AAACCCGGACCAGTTGCTTAATGAC
3’ for targeting exon 2. Transfected cells were detached 24 h post-transfection, suspended into complete DMEM with 20 mM HEPES
and sorted with FACS Aria Il (BD Biosciences), using on low intensity GFP-expression pass gating, as single cells onto 96-well plate
supplemented DMEM containing 20% FBS and 10 mM HEPES. CRISPR clones were cultivated for two weeks prior selecting clones
with no discernible myosin-18B protein expression. Out of total eight surviving clones screened with identical phenotype and no
myosin-18B protein expression, one which targeted to exon 2 was selected to use in this study. Cell migration assay presented in
Figure S3H was performed by CRISPR cell line targeted to exon 1 (Myo18B KO T2 in the figure).

In order to confirm the CRISPR knockout, the region for sequencing was amplified using 5 - ATCTCATGTGCTGCGTGTGTC - 3’
and 5’ - CTCGCTCTCCTTGCCCAGAAT - 3 or 5 - GCCTCTTTCAGCTCTGTGGTC - 3'. The obtained PCR products were sanger-
sequenced with the following primer 5’ - ATTCGGGAAGAGGACAAGAGC - 3'. Additional validation was performed using lllumina
next generation sequencing (NGS). The genomic region containing second exon was amplified using the oligonucleotides 5’ - CTTG
GTCATGTATGTCTCCTC -3 and 5 - GGATGACAAATGACTCAGAGG - 3/, both annealing to the introns surrounding the 2nd exon.
More than 300 000 reads were obtained for wild-type and knockout cells, and in both cases 100% corresponded to wild-type and
mutant myosin-18B sequences, respectively.

Plasmids

Plasmids for expressing full length human myosin-18B-GFP (1-2567), myosin-18B-GFP (1-555), myosin-18B-GFP (556-2567),
myosin-18B-GFP (1-2089) and myosin-18B-GFP (554-1356) were kind gifts from Jun Yokota (National Cancer Center Research Insti-
tute, Tokyo, Japan) and sequenced for verification. All the other myosin-18B constructs were cloned using NEBuilder kit (NEB,
#E5520S). The backbone and insert were amplified using the primers 5’ - GACTCAGATCTCGAGCTATGGCCATCTCATCACGCCTC
GCC - 3 and 5’ - GTATGGCTGATTATGATCAGTTATCTACTTGTACAGCTCGTCCATGCCGAGAGTG - 3 for mCherry-myosin-18B-
GFP, 5 - CGGACTCAGATCTATGGCCATCTCATCACGCCTCGCC - 3 and 5’ - ATTATGATCAGTTAGGTGGCACTAAGTAGAGGC
TGGAGGGAAC - 3’ for myosin-18B-GFP (1-1398) and 5’ - CGGACTCAGATCTCCTCTACTTAGTGCCACCATTGGAACTG - 3’ and
5 - ATTATGATCAGTTACTTCTGGAGGTATTTCTTCATTATGCTCGCAAC - 3’ for myosin-18B-GFP (2091-2567). Then mixed with
NEBuilder Master Mix according to manufacture protocol. Other plasmids used in this study are listed in the Table S2.

Immunofluorescence microscopy

Immunofluorescence (IF) experiments were performed as previously described [10]. Briefly, U20S cells were fixed with 4% PFA-PBS
for 20 min at room temperature (RT), washed three times with 0.2% BSA in Dulbecco’s phosphate buffered saline and permeabilized
with 0.1% Triton X-100 in PBS for 4 min. Both primary and secondary antibodies were applied onto cells and incubated in RT for
1 hour. Alexa-conjugated phalloidin was added together with primary antibody solution onto cells. All IF data were obtained either
with a wide-field fluorescence microscope (Leica DM6000) with a HCXPL APO 63 x 1.40-0.60 NA oil objective or by Leica TCS
SP5 laser scanning confocal microscope with a 63 x 1.3 NA glycerol objective. Cells were plated on CYTOOchips™ prior to fixation
as described [10]. 3D-SIM imaging and processing was performed on a GE Healthcare DeltaVision OMX equipped with a 60x 1.42 NA
Oil objective and sCMOS camera as described previously [17]. The following myosin-18B antibodies were tested: Sigma
(cat # HPA000953), LSBio (cat # LS-C403352), Novus (cat # NBP1-89967), Bioss (cat # bs-2965R), Sdix (cat # 3681.00.02) and Ab-
cam (cat # ab121125). We used the antibody from LSBio for immunofluorescence microscopy on U20S cells and antibody from
Sigma for Western Blots. The following primary antibodies were used for immunofluorescence: myosin-18B rabbit polyclonal anti-
body (1:50 dilution; LS-C403352, LSBio); myosin-18B rabbit polyclonal antibody (1:50 dilution; HPA000953, Sigma); vinculin mouse
monoclonal antibody (1:100 dilution; V9131, Sigma); NMIIA rabbit polyclonal antibody binding to C-terminal tail residues 1948-1960
(1:1000 dilution; 909801, BioLegend); NMIIA RLC mouse polyclonal antibody (1:100 dilution; M4401, Sigma); NMIIB rabbit polyclonal
antibody binding to C-terminal tail residues 1965-1976 (1:100 dilution; 909901, BioLegend); «-actinin-1 mouse monoclonal antibody
(1:200 dilution; A 5044, Sigma). F-actin was visualized with Alexa Fluor 488-, 568- or 647 conjugated to phalloidin (dilution 1:200;
Invitrogen). Secondary antibodies were conjugated to Alexa Fluor 488, 568 or 647 (Invitrogen). The numbers and width of actin fila-
ments bundles from cells plated on crossbow micro-patterns were analyzed by the FilamentSensor software as described before
[32]. The numbers of thin arcs and thick arcs were manually counted from leading edge of the cells plated on micro-pattern as pre-
viously described [43]. The manual quantification in this assay, as well as in the one presented in Figure 5 for the number of myosin Il
stacks, was blinded in the way that the person analyzing the images was provided a randomized set of images for quantification.

FRAP

Wild-type or myosin-18B knockout cells were transfected with NMIIA-GFP, NMIIB-GFP, myosin-18B-GFP as well as various dele-
tions of myosin-18B-GFP and incubated for 24 hours. Confocal images were acquired with a 31 Marianas imaging system (3l Intel-
ligent Imaging Innovations), consisting of an inverted spinning disk confocal microscope Zeiss Axio Observer Z1 (Zeiss), a Yokogawa
CSU-X1 M1 confocal scanner and 63x/1.2 WC-Apochromat Corr WD = 0.28 M27 objective (Zeiss). Heated sample environment
(+37°C) and CO,, control were used. SlideBook 6.0 software (3l Intelligent Imaging Innovations) was used for the image acquirement.
Five pre-bleach images were acquired followed by bleaching scans with 100% intensity laser lines over the region of interest.
Recovery of fluorescence was monitored 50 times every 200 ms and 300 times every 1 s. The intensity of the bleached area was
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normalized to a neighboring non-bleached area. Mean scatterplots were calculated from different FRAP experiments and the means
and standard deviations were calculated.

Western blotting

U20S cell lysates (WT and KO) were prepared by washing cells once with PBS and scraping into lysis buffer (50 mM Tris-HCI pH 7.5
150 mM NaCl, 1 mM EDTA, 10% Glycerol, 1% Triton X-100) supplemented with 1 mM PMSF, 10 mM DTT, 40 ug/ml DNase | and
1 ng/ml of leupeptin, pepstatin A and aprotinin. All preparations were conducted at 4°C. Protein concentrations were determined
with Bradford reagent (#500-0006, Bio-Rad) and equal amount of the total cell lysates mixed and boiled with Laemmli Sample Buffer
(LSB), were loaded and run on 4%-20% gradient SDS-PAGE gels (#4561096, Bio-Rad). Proteins were transferred to nitrocellulose
membrane with Trans-blot Turbo transfer system (Bio-Rad) using Mini TGX gel transfer protocol. Membrane was blocked in 5% milk-
TBS with 0.1% Tween20 (TBS-T) for one hour at RT. Primary and secondary antibodies were diluted into fresh blocking buffer with
overnight at 4°C and one hour at RT, respectively. Proteins were detected from the membrane with Western Lightning ECL Pro sub-
strate (PerkinElmer). All quantifications of band intensities from WB data were conducted with Imaged densitometry analysis and
normalized to GAPDH protein level. For western blot of hESc H9 cells -derived cardiac embryoid bodies (EBs), the cell lysates of
differentiated EBs were prepared in the same manner as described for U20S cells. The following primary antibodies were used:
myosin-18B rabbit polyclonal antibody (1:500 dilution; HPA000953, Sigma); myosin-18A mouse monoclonal antibody (1:1000 dilu-
tion; H-10, Santa Cruz); NMIIA rabbit polyclonal antibody (1:1000 dilution; 909801, BioLegend); NMIIB rabbit polyclonal antibody
(1:1000 dilution; 909901, BioLegend); GFP rabbit polyclonal antibody (1:2000 dilution; G1544, Sigma); anti-sarcomeric-a-actinin
mouse monoclonal antibody (1:500 dilution; clone EA 53, Sigma-Aldrich), cardiac myosin heavy chain (MHC) mouse monoclonal
(1:500 dilution; clone 3-48, Thermoscientific), GAPDH mouse polyclonal antibody (1:1000 dilution; G8795, Sigma).

Cell migration assay

Phase contrast time-lapse imaging of migrating U20S cells were conducted in continuous cell culturing platform Cell-IQ (CM Tech-
nologies). Twelve-well plates (Greiner) were coated with fibronectin and the plate lid was switched to Cell-Secure (CM Technologies)
enabling insertion of CO, input and output valves. Cells were allowed to attach for two hours, washed twice with PBS and replaced
with DMEM containing 10 mM HEPES prior starting the imaging. 5% CO,-flow was set cycling between 8 min on, 20 min off. Average
migration velocity of wild-type and myosin-18B knockout cells was quantified by tracking the nucleus movement in between 10 min
imaging cycles for 10 hours with Cell-IQ analyzer (CM Technologies). Only cells that did not collide with one another were selected for
measurements. Cell circularity was measured by ImageJ and calculated with equation circularity index = perimeter®/(4m x area).

3D matrigel invasion assay

3D-like circular invasion assay was performed as previously [44], where cell-free space was created using cell stoppers (#81176,
Ibidi). After removing the stopper, cells were covered with a thin layer of Matrigel (4 mg/ml) to create a matrix barrier (0.8 mm
high) against the cellular surface and allowed to polymerize for 2 hours prior to adding growth medium on the top of the Matrigel.
Cell migration was then recorded by Cell-IQ (CM Technologies).

Traction force microscopy

To measure the contractile forces that cell exert upon their substrate, also called traction, we used traction force microscopy, as pre-
viously described [43]. In brief, both wild-type and myosin-18B knockout cells were cultured for 3-8 hours on custom made 35 mm
dishes (Matrigen) with fibronectin-coated polyacrylamide gel (Young’s modulus = 25 kPa). 200 nm YG fluorescent (505/515) micro-
spheres were immobilized to the surface of the gel. Images of the cells and of the fluorescent microspheres directly underneath the
cells were acquired during the experiments and after cell detachment with trypsin. We computed the traction force fields using the
approach of constrained fourier-transform traction cytometry and reported the results as the root mean squared (RMS) values.

Live cell imaging

After transient transfection, the cells were incubated for 24 hours and re-plated prior to imaging on 10 pg/ml fibronectin-coated glass-
bottomed dishes (MatTek Corporation). The time lapse images of actin-GFP for centripetal arc flow were acquired with 3| Marianas
imaging system (3l intelligent Imaging Innovations), consisting of an inverted spinning disk confocal microscope Zeiss Axio Observer
Z1 (Zeiss) and a Yokogawa CSU-X1 M1 confocal scanner. 63x/1.2 WC-Apochromat Corr WD = 0.28 M27 objective (Zeiss), appro-
priate filters, heated sample environment (+37°C), and CO, control were used. SlideBook 6.0 software (3l intelligent Imaging Inno-
vations) was used for the image acquirement. Neo sCMOS (Andor) camera was used for image recording. The time-lapse live cell
imaging of GFP-NMIIA and actin-RFP for NMII stack formation were acquired with Zeiss LSM 880 confocal microscope combined
with Airyscan detector. ZEN software (Zeiss), 63x magnified plan-apochromat oil immersive objective with NA = 1.40, heated sample
environment (+37°C), and CO, control were used for the image acquirement. The recording setting is every 5 s for 10 min. One focal
plane was recorded for all time lapse videos. The total events of NMII stack fusion and splitting were measured by manually blind
quantification from 10 min time lapse videos in constant area of 20 um wide and 900 um? at the leading edge of the cell.
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Focal adhesion data quantification

Focal adhesion (FA) lengths were manually quantified with ImagedJ from untransfected wild-type, and myosin-18B knockout cells, as
well as from knockout cells expressing myosin-18B-GFP deletion constructs. Cells adhered to several neighboring cells were dis-
carded from the analysis, and only the cells that displayed low or moderate GFP intensity were selected for analysis. Adhesions sizes
were classified to seven size groups and percentual ratio of FA in each class was obtained by dividing the FA number on individual
size class with the total detected FAs for the same cell.

Real-time quantitative PCR

Total MRNA was extracted with GeneJET RNA purification kit (#K0731, Thermo Scientific) and single stranded cDNA was synthetized
(#K1671, Thermo Scientific) from 500 ng of extracted mRNA. The following primers were used: forward myosin-18B 5" ATGGCCA
TCTCATCACGCCTC 3, reverse myosin-18B 5 GCCTCTTTCAGCTCTGTGGTC 3/, forward myosin-18A 5 GGACATGGTGACAAAG
TATCAGAA 3/, reverse myosin-18A 5 TTTGACAACCAGGACTTGACC 3/, forward GAPDH 5 GAAGGTGAAGGTCGGAGTC 3/,
reverse GAPDH 5 GAAGATGGTGATGGGATTTC 3'. Quantitative PCR reactions were carried out with Maxima SYBR Green/ROX
(#K0221, Thermo Scientific) in Bio-Rad CFX96 (Bio-Rad). Changes in expression were calculated with 2AACt method, normalized
to GAPDH (ACt) and WT expression levels respectively.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics were performed with Excel (Microsoft) and SigmaPlot (Systat Software Inc). Sample sizes and the numbers of replications
are included in the images. For data following normal distribution, Student’s two-sample unpaired t test was used. If data did not
follow normal distribution, Mann-Whitney u-test for two independent samples was conducted. To quantify myosin-18B localization
in 3D-SIM images, NMII stacks were divided to 100 nm segments. The percentage of myosin-18B positive segments in the ends and
in the middle sections of the NMII stacks were quantified (from 50 stacks, randomly chosen from each cell). Please note that, instead
of 100 nm, the length of the ‘last segment’ of the middle section varied between 51 and 149 nm. Statistical differences in RMS traction
between the WT and myosin-18B KO groups were assessed by using the non-parametric Mann-Whitney-Wilcoxon rank-sum
(MWW) test. For all image analyses, no raw data were excluded with the exception of cells that were not in focus or the ones that
were overexposed in the obtained images. Geneious (Biomatters Limited) analysis tool was used to construct sequence alignments
in Figure S3D.
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