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Article

Myosin-18B Promotes Mechanosensitive
CaMKK2-AMPK-VASP Regulation
of Contractile Actin Stress Fibers
Shuangshuang Zhao,1,7 Xuemeng Shi,1,7 Yue Zhang,2,3,7 Zeyu Wen,2,3 Jinping Cai,2 Wei Gao,2,3 Jiayi Xu,4

Yifei Zheng,4 Baohua Ji,4 Yanqin Cui,1 Kun Shi,1 Yanjun Liu,5 Hui Li,3,6 and Yaming Jiu1,2,3,8,*

SUMMARY

Actin stress fibers guide cell migration and morphogenesis. During centripetal flow, actin transverse

arcs fuse accompanied by the formation of myosin II stacks to generate mechanosensitive actomyosin

bundles. However, whether myosin II stack formation plays a role in cell mechano-sensing has re-

mained elusive. Myosin-18B is a ‘‘glue’’ molecule for assembling myosin II stacks. By examining actin

networks and traction forces, we find that cells abolishing myosin-18B resemble Ca2+∕calmodulin-

dependent kinase kinase 2 (CaMKK2)-defective cells. Inhibition of CaMKK2 activity reverses the

strong actin network to thin filaments in myosin-18B-overexpressing cells. Moreover, AMP-activated

protein kinase (AMPK) activation is able to relieve the thin stress fibers by myosin-18B knockout.

Importantly, lack of myosin-18B compromises AMPK-vasodilator-stimulated phosphoprotein and

RhoA-myosin signaling, thereby leading to defective persistent migration, which can be rescued

only by full-length and C-extension-less myosin-18B. Together, these results reveal a critical role of

myosin-18B in the mechanosensitive regulation of migrating cells.

INTRODUCTION

The ability of cells to do persistent migration, to exert forces to the environment, and to conduct mechano-

transduction depends on the actin cytoskeleton (Burridge and Wittchen, 2013; Kassianidou and Kumar,

2015; Tojkander et al., 2012). Many non-muscle cell types harbor contractile actomyosin bundles composed

of bipolar arrays of actin and non-muscle myosin II collectively, which are called stress fibers. Based on pro-

tein compositions and associations with focal adhesions, stress fibers can be divided into three subcate-

gories (Naumanen et al., 2008; Small et al., 1998). They are non-contractile ‘‘dorsal stress fibers,’’ thin ‘‘trans-

verse arcs’’ that undergo retrograde flow toward the cell center, and ‘‘ventral stress fibers’’ that are thick

actomyosin bundles generated through coalescence of multiple thin transverse arcs during the centripetal

flow. Moreover, the ventral stress fibers represent the major force-sensing and force-generating actomy-

osin bundles in migrating cells (Burnette et al., 2011; Hotulainen and Lappalainen, 2006; Tee et al., 2015;

Tojkander et al., 2015).

The fusion of transverse arcs and consequent formation of ventral stress fibers are accompanied by an

increased contractile force (Soine et al., 2015; Tojkander et al., 2015). It was suggested that long-range

attractive forces exist between individual myosin II filaments during the stack formation. Thus, transverse

arc fusion and myosin II stack formation always coincide during the formation of stress fibers (Beach

et al., 2017; Burnette et al., 2014; Fenix et al., 2016; Hu et al., 2017). The assembly and alignment of acto-

myosin bundles are under precise mechanosensitive control. Their maturation requires mechanosensitive

influx of Ca2+ and activation of downstream Ca2+∕calmodulin-dependent kinase kinase 2 (CaMKK2)-AMP-

activated protein kinase (AMPK)-AMPK-vasodilator-stimulated phosphoprotein (VASP) signaling cascade,

at least in human osteosarcoma cells (Tojkander et al., 2015, 2018). However, due to lack of specific

methods to inhibit myosin II stack formation, the function of myosin II stacks has not been completely stud-

ied, such as whether integrated myosin II stack formation involves in the regulation of mechanosensitive

assembly of contractile stress fibers.

Myosin-18B, a class XVIII unconventional myosin, was originally identified as a tumor suppressor (Nishioka

et al., 2002). Subsequently, increasing evidences show that myosin-18B gene mutations and its altered

expression levels are involved in the progression of various cancer types including lung, colorectal, and

ovarian cancer, as well as in cardiomyopathy and muscle weakness in humans, mice, and zebrafish (Ajima
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et al., 2008; Alazami et al., 2015; Berger et al., 2017; Gurung et al., 2017; Malfatti et al., 2015; Nakano et al.,

2005; Nishioka et al., 2002; Yanaihara et al., 2004). We have identified that in human migrating osteosar-

coma cells, depletion of myosin-18B specifically inhibits myosin II stack formation and consequent

contractile actin stress fiber maturation (Jiu et al., 2019). Therefore, myosin-18B provides an efficient way

to study the physiological significance of myosin II stack formation. In this study, we demonstrate that

myosin-18B is critical for mechanosensitive CaMKK2-AMPK-VASP signaling cascade of contractile actin

stress fibers.

RESULTS

Depletion ofMyosin-18B Leads to Thin Stress Fibers and less Cell-Mediated Forces, Similar to

the Effects Caused by Compromised CaMKK2 Activity

Myosin-18B plays a critical role in maintaining higher-order myosin II stack structures for generation of

mature contractile actomyosin bundles (Jiu et al., 2019). Aligning with previous experiments, here we found

that the endogenous myosin-18B was dominantly localized to contractile actomyosin bundles, including

ventral stress fibers and laterally fused transverse arcs (nuclear-approximate portion of arcs), but not to

the non-contractile dorsal stress fibers (Figure 1A). It is to be noted that filamentous myosin-18B did not

reach the distal end of ventral stress fiber-associated focal adhesion sites (Figure 1A). In addition, abolish-

ing myosin-18B did not alter the stress fiber-associated expression of myosin IIA, suggesting its specific

role in myosin II stack formation (Figure S1A).

Cells with myosin-18B depletion displayed abnormal actin network phenotype, characterized by elon-

gated dorsal stress fibers, thinner transverse arcs, and lack of thick ventral stress fibers (Figure 1B). Inter-

estingly, cells with inhibition of CaMKK2, a newly identified kinase involved in regulating the mechano-

sensing signaling cascade in osteosarcoma cells, shared the similar actin network phenotype (Tojkander

et al., 2018). In addition, cells grown on compliant matrix (5 kPa) failed to assemble thick contractile ventral

stress fibers and thus resembled myosin-18B-deficient cells (Figure 1B). The total number of stress fibers

and thick actin filament bundles were calculated by ImageJ with two distinct optimized parameter set-

tings. The quantification confirmed that there were significant but similar decrease in levels of thick bun-

dles in myosin-18B depletion and CaMKK2 inhibition cells and cells grown on softer substrates, whereas

the total amount of filaments remained comparable (Figures 1C, S1B, and S1C). In addition, the elongated

dorsal stress fiber phenotype was confirmed by quantifying their lengths (Figure 1C). To allow more pre-

cise analysis of stress fiber phenotype, cells were plated on crossbow-shaped micropatterns, where they

obtained nearly identical shapes and displayed characteristic organization of the stress fiber network (Jiu

et al., 2015). It was clear that the longer dorsal stress fibers and thinner transverse arcs were observed and

found to be indistinguishable in myosin-18B depletion and CaMKK2 inhibition cells and cells grown on

soft matrix (Figure 1D). This abnormal actin network was significantly different from that of wild-type cells

cultured on stiff micropatterns with regard to the width of lamella and the radius of curvature (Figure 1E).

The stress fiber phenotype was further verified by RNA silencing and could be rescued by reintroducing

myosin-18B through transient transfection of myosin-18B-GFP into myosin-18B-silenced cells (Figures

S1D–S1F). Moreover, traction force microscopy revealed that cells with myosin-18B depletion or CaMKK2

inhibition and cells cultured on softer matrix displayed similar defects in exerting forces to the substratum,

leading to an apparent decrease of the strain energy and mild decrease of the ratio of traction moment

matrix a. These two parameters indicate the integrated measure of cell traction and cellular distribution of

the traction, respectively (Figures 1F, 1G, and S1G). Thus the actin organization phenotypes of defective

myosin II stack formation caused by myosin-18B depletion and of compromised mechano-sensing

pathway caused by CaMKK2 inhibition were well aligned. These results indicated that there might be a

potential correlation between myosin-18B-modulated myosin II stack formation and cell mechano-sensing

regulation.

Overexpression of myosin-18B resulted in moderate to strong actin network, which was comparable

with wild-type cells (Figures 1E and 1H). To clarify the relationship and regulatory contribution between

CaMKK2 and myosin-18B, we applied CaMKK2 inhibitor to myosin-18B-overexpressing cells grown on

micropatterns and found that the contractile stress fibers became thinner followed by wider lamella (Fig-

ures 1E and 1H), suggesting that myosin-18B was indeed involved in the regulation of CaMKK2-modulated

mechano-sensing.
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Cells Depleted of Myosin-18B Show Indistinguishable Actin-Associated Phenotypes as Wild-

Type Cells Grown on Soft Matrix

Focal adhesions are mechanosensitive structures (Iskratsch et al., 2014). We found that there were smaller

mature focal adhesions in myosin-18B-depleted cells grown on glass cover slips compared with wild-

type cells. The size of ventral stress fiber-associated focal adhesions was dramatically reduced in

myosin-18B-depleted cells, whereas dorsal stress fiber-associated focal adhesions remained a comparable

size (Figure 2A). This result suggested that myosin-18B specifically regulated the mechanosensitive ventral

stress fibers, which were equipped with contractile ability.

We further studied whether myosin-18B was critical for proper actomyosin network and traction forces

when cells were cultured on softer matrix. Different from growth on rigid substrates, all the cells grown

on softer matrix (5 kPa) including wild-type, myosin-18B knockout and CaMKK2-inhibited cells shared

similar thin actin network architectures and lost the thick actin bundles (Figures 2B and S2A). Moreover,

the effect of myosin-18B depletion on the levels of strain energy detected by traction force microscopy

was negligible when the cells were plated on 5-kPa matrix, and similar weak forces were observed in cells

treated with CaMKK2 inhibitor on the same soft substrates (Figure 2C).

In wild-type cells, the transverse arcs first become visible near the leading edge of the cell. The consequent

assembly of thick ventral stress fibers occurs through fusion of the arcs during their centripetal flow

(Tojkander et al., 2015; Jiu et al., 2019). By live cell imaging expressing GFP-actin, we visualized the

centripetal flow in real time. In line with early study (Jiu et al., 2019), myosin-18B depletion led to faster actin

flow velocity when the cells were grown on glass cover slips, thereby causing less coalescence of thin

transverse arcs (Figure S2B). However, the averaged rates of actin centripetal flow showed no significant

difference in all the cells grown on softer 5-kPa matrix, including myosin-18B knockout, wild-type, full-

length re-expression and CaMKK2 inhibition cells (Figures 2D and Video S1, S2, S3, and S4). Together,

these data provided evidence that myosin-18B played a critical role in the force-producing maturation

of ventral stress fibers, without affecting non-contractile actin structures.

Myosin-18B Depletion Compromises Mechanosensitive Tension-Induced AMPK-Mediated

Phosphorylation of VASP

Phosphorylation of AMPK at Thr172 is indicative of its activation, and phosphorylation of VASP at the

AMPK targeting site Ser239 inhibits actin vectorial polymerization activity at focal adhesion (Benz et al.,

2009). Previous work indicates that the calcium-stimulated CaMKK2-AMPK-VASP pathway regulates the

mechanosensitive assembly of contractile actin stress fibers in human osteosarcoma cells (Tojkander

et al., 2015, 2018). We thus examined the levels of AMPK and VASP in myosin-18B knockout cells, and

Figure 1. Myosin-18B Knockout Cells Resemble the Cells with Mechanosensitive Defects

(A) Left panel shows the representative images of wild-type cells stained with phalloidin and myosin-18B antibody to

visualize actin filaments and endogenous myosin-18B. Magnified images (corresponding to the white boxes) display

myosin-18B distributions in wild-type cells. Scale bars, 10 and 2 mm in image and magnified images, respectively. Vsf,

ventral stress fiber; Dsf, dorsal stress fiber. Right panel shows the line profiles along the yellow line in white box 1,

demonstrating the colocalization of endogenous myosin-18B and F-actin at the ends of ventral stress fibers.

(B and C) Representative images of actin filaments visualized by phalloidin (B) and quantification of the total numbers of

stress fibers and thick bundles and the length of dorsal stress fibers (C) in wild-type cells grown on glass cover slips (n = 31)

or softer 5-kPa substrate (n = 19), and myosin-18B knockout (n = 22) and CaMKK2 inhibitor-treated cells (n = 27) grown on

glass.

(D) Wild-type, myosin-18B knockout and CaMKK2 inhibitor-treated cells grown on crossbow-shaped micropatterns and

stained with phalloidin. Scale bar, 10 mm in (B and D). In (B) and (D), orange arrows, dorsal stress fiber; blue brackets,

transverse arcs; red arrows, ventral stress fiber.

(E) Based on the calculated lamella width and radius of curvature, the ventral stress fibers of myosin-18B-depleted (n = 20),

CaMKK2 inhibitor-treated cells grown on glass cover slips (n = 18) and wild-type cells grown on soft substrate (n = 18) are

significantly less contractile compared with the wild-type cells grown on glass cover slips (n = 36). The lamella width and

radius of curvature are also measured in myosin-18B overexpression cells (n = 22) and further CaMKK2 inhibition-treated

cells (n = 23). Values obtained from wild-type cells are normalized to 1.

(F and G) (F) Representative traction force maps and (G) quantification of cell-exerted strain energy, which indicates cell-

exerted traction forces of wild-type (n = 28 for 26 kPa, n = 23 for 5 kPa), myosin-18B knockout (n = 21), and CaMKK2

inhibitor-treated cells (n = 25). Scale bar, 10 mm.

(H) The cells with myosin-18B overexpression are treated with CaMKK2 inhibitor. Scale bar, 10 mm. Quantification data are

represented as mean G SEM. ***p < 0.001 (Mann-Whitney-Wilcoxon rank-sum test).
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the results exhibited significantly lower phosphorylation levels of AMPK and VASP compared with wild-

type cells, whereas reintroducing myosin-18B to gene knockout cells partially restored these effects.

Nevertheless, the total protein levels of AMPK and VASP remained unaffected (Figure 3A). As a conse-

quence, actin vectorial elongation was promoted and ventral focal adhesion was thus less matured and

displayed as smaller size as we observed (Figure 2A). Moreover, when all above-mentioned cells were

cultured on a softer substrate (5 kPa), they display dramatically diminished phosphorylation levels of

both AMPK and VASP (Figure 3A), suggesting that the soft matrix is (at least) one of the extracellular stim-

ulations leading to compromised AMPK-VASP pathway, despite cells with relevant endogenous gene

knockout. To exclude the possibility that cell growth status was affected by myosin-18B, we performed

MTT and bromodeoxyuridine assays, which confirmed that the viability and proliferation of the cells

were not apparently influenced by myosin-18B depletion in both stiff and soft growing matrix (Figures

S3A and S3B).

Active level of AMPK is regulated in a tension-dependent manner, and this is essential for the maturation

of force-producing actomyosin bundles (Tojkander et al., 2015). Thus, we increased the active level of

AMPK by applying its activator, AICAR, to both wild-type and myosin-18B knockout cells cultured on glass

cover slips. Western blot experiment showed that activation of AMPK by AICAR led to an increased

phosphorylation of VASP (Figure S3C). Furthermore, upon AICAR treatment, wild-type cells displayed

conventional strong dorsal, arc, and ventral stress fibers (Figure 3B). It was worth noting that the phenotype

of thinner stress fibers was apparently relieved and assembled into thick bundles by AICAR treatment in

myosin-18B knockout cells (Figures 3B and S3D). This result indicated that the mechano-sensing pathway

promoted by active AMPK can bypass the actin stress fiber defects caused by myosin-18B depletion.

It is to be noted that the small GTPase RhoA regulates myosin light chain phosphorylation and activities of

several actin-binding proteins to promote stress fiber contractility and assembly (Guilluy et al., 2011a,

2011b; Lessey et al., 2012). We consequently examined the levels of active RhoA by using a well-established

G-LISA assay (Jiu et al., 2017). Absence of myosin-18B significantly decreased the level of active GTP-

bound RhoA (Figure 3C), indicating the synergy coordination of actin filaments’ assembly and myosin II

stack function. Wild-type and myosin-18B knockout cells were blotted and stained with an antibody

detecting phosphorylated (Thr18/Ser19) myosin light chain (P-MLC), showing that myosin-18B abolishment

dramatically reduced both P-MLC level and fluorescence intensity. This phenotype can be partially rescued

when myosin-18B was reintroduced (Figures 3D and 3E). It was interesting to note that myosin-18B-abol-

ished cells grown on either glass cover slips or soft substrates (5 kPa) had comparable decrease of

P-MLC intensity when compared with wild-type cells (Figure 3E), further suggesting the correlation be-

tween myosin-18B and tension-induced cell mechano-sensing.

Myosin-18B Depletion Reduces the Cell-Directed Migration

Myosin-18B depletion cells display more roundish morphology and dramatically reduced movement (Jiu

et al., 2019). However, whether myosin-18B regulates other motility properties, such as migration direction

persistency, or not remain elusive. We tracked the moving trajectory of individual cell seeded on fibro-

nectin-coated glass cover slips and found that there was a significant reduction of the migration rate

Figure 2. Wild-Type and Myosin-18B-Depleted Cells Show Similar Actin-Associated Phenotypes When Cells Are

Grown on Soft Substrates

(A) The representative imaging and quantification of ventral- and dorsal-associated focal adhesions in wild-type (n = 19

for vFA, n = 20 for dFA) and myosin-18B knockout (n = 19 for vFA, n = 21 for dFA) cells. vFA (red arrows), ventral associated

focal adhesion; dFA (orange arrows), dorsal associated focal adhesion.

(B) Representative images of actin filaments and quantification of the total numbers of thick bundle in wild type (n = 27),

myosin-18B knockout (n = 27) and CaMKK2 inhibition (n = 19) cells grown on softer matrix (5 kPa). orange arrows, dorsal

stress fiber; blue brackets, transverse arcs.

(C) Representative traction force maps and quantification of cell-exerted strain energy of wild-type (n = 19), myosin-18B

knockout (n = 23), and CaMKK2 inhibitor-treated cells (n = 27) grown on softer matrix (5 kPa). Scale bars, 10 mm in (A–C).

(D) Representative examples (corresponding to Video S1, S2, S3, and S4) and quantified centripetal flow rates of

transverse arcs in wild-type cells (n = 27), myosin-18B knockout cells (n = 25), full-length (FL) myosin-18B rescue cells (n =

25), and CaMKK2 inhibitor treated cells (n = 25) expressing GFP-actin grown on softer matrix (5 kPa). Yellow arrows, the

positions of the observed arcs in the beginning of the videos; red arrows, the positions of the same arcs in subsequent

time-lapse images. Scale bar, 5 mm.

Quantification data are represented as mean G SEM. ***p < 0.001 (Mann-Whitney-Wilcoxon rank-sum test).
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and the directionality index (Figures 4A–4C). However, when cells were switched to softer matrix (5 kPa),

both wild-type andmyosin-18B knockouts cells lost the dynamic mobility and relatively consistent direction

persistency and showed no significant difference with each other (Figures 4A–4C).

To explore the contributions of head and coiled-coil domains as well as the N- and C-terminal extensions of

myosin-18B, GFP-tagged mutant proteins were expressed in myosin-18B knockout cells (Figure 4D) and

tested for their ability to rescue the characteristic defects in cell migration. Only cells expressing

Figure 3. Myosin-18B Depletion Compromises Mechanosensitive AMPK-VASP Phosphorylation

(A) Western blot analysis of endogenous total AMPK, VASP, phospho-AMPK, and phospho-VASP levels in the lysates of

wild-type, myosin-18B knockout, and full-length rescue (FL) cells grown on glass cover slips and soft substrates (5 kPa).

The quantifications are from three independent experiments. GAPDH is probed for equal sample loading.

(B) Representative images of actin filaments visualized by phalloidin, and quantification of total number of thick bundles in

wild-type (n = 24) and myosin-18B knockout cells (n = 24) treated with AICAR on glass cover slips. Orange arrows, dorsal

stress fiber; blue brackets, transverse arcs; red arrows, ventral stress fiber. Scale bar, 10 mm.

(C) The level of active RhoA detected by G-Lisa in wild-type, myosin-18B knockout, and full-length rescue cells grown on

glass cover slips and soft substrates (5 kPa). Quantification is based on five independent experiments.

(D) Western blot analysis of endogenous total MLC and phospho-MLC levels in the lysates of wild-type, myosin-18B

knockout, and full-length rescue cells grown on glass cover slips and soft substrates (5 kPa).

(E) Representative images of active MLC visualized by staining with phospho-MLC antibody in wild-type and myosin-18B

knockout cells cultured on glass and 5-kPa matrix. Scale bar, 10 mm.

Quantification data are represented as meanG SEM. Values obtained from wild-type cells are normalized to 1 in (A, C, D,

and E). *p < 0.05, **p < 0.01, ***p < 0.001 (unpaired t test).
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intermediate levels of GFP fluorescence intensity were selected for analysis. Among four truncations, the

protein lacking the C-terminal extension displayed comparable cell motility characteristics as the full-

length rescue cells (Figures 4E and 4F). Thus, the N-terminal extension, head domain, and coiled-coil

domain are critical for cellular function of myosin-18B, whereas the C-terminal extension had only a minor

role.

DISCUSSION

Myosin-18B supports the lateral association of individual myosin II filaments or stacks with each other (Jiu

et al., 2019). In this study, we provide evidence that in addition to the role as ‘‘molecular glue,’’ myosin-18B

is also involved in regulating the mechanosensitive CaMKK2-AMPK-VASP/MLC signaling cascade, which is

related to the persistent migration of the cells (Figure 4G). Owing to the fact that myosin-18B depletion

does not result in complete inhibition of myosin II stack formation (Jiu et al., 2019), there might be other

unidentified regulatory factors that are likely to contribute to the integrity of the actomyosin bundles

and related mechanosensitive pathways, such as tropomyosin and a-actinin.

The defective mechanosensitive signaling is also a possible reason for the various cellular phenotypes

caused by myosin-18B depletion because the remaining thin arcs are still contractile in myosin-18B

knockout cells. We speculate the possibility that changing the compactivity of actomyosin bundles by

alignment of myosin II stacks could regulate the mechano-sensing ability of cells. Moreover, our data

propose that, at least in osteosarcoma cells, contractile stress fibers are not able to maintain or become

thicker upon tension unless there is expression of myosin-18B. Taken together, our study provides impor-

tant new insight into the physiological importance of the higher-order myosin II structures in cells and

uncovers its association with cell mechanics regulation. These findings also provide an explanation for

the association of myosin-18B mutations with various diseases, including cancers and myopathies.

In the future, it will be interesting to examine the function and underlying mechanisms of myosin-18B-

related myosin II stacks upon imposed external forces. In addition, because many cell types including

epithelial cells can assemble peripheral actomyosin bundles resembling ventral stress fibers, it will be

equally interesting to explore the physiological function of myosin II stacks in non-motile cells by taking

advantage of myosin-18B as a tool. In addition, it will be important to reveal how the activities of other

proteins contribute to myosin II stack formation and consequent mechanosensitive regulation.

Limitations of the Study

Some limitations to the findings of this study must be acknowledged. First, there are two myosin-18B-

related clinical studies up to date (Alazami et al., 2015; Malfatti et al., 2015), which discovered two nonsense

mutations of myosin-18B (c.6905C > A:p.S2302*; c.6496G > T:p.Glu2166*). Two patients with 6905C > A

showed Klippel-Feil anomaly and myopathy phenotypes, and the patient with 6496G > T showed severe

nemaline myopathy with cardiomyopathy. However, there is no mechanism study focusing on these two

mutations. In our study, despite the fact that we dissected the function of distinct myosin-18B domains,

we did not explore whether these two nonsense mutations identified from clinical patients show any

potential importance in the mechano-sensing pathway. Because these patients display myopathy-related

disease, it would be interesting to explore whether mechano-sensing defects are a possible cause of

the disease in muscle system. Second, it would be also interesting to explore whether myosin-18A, the

other member of the myosin-18 family, is involved in the mechano-sensing pathway in this study. Third,

due to that there is high expression of myosin-18B in muscle system, e.g., cardiomyocytes. It would be

Figure 4. Myosin-18B Deletion Inhibits the Directed Migration of Cells on Rigid Substrates

(A) Representative images of the moving trajectory of individual wild-type or myosin-18B knockout cell seeded on

fibronectin-coated glass or 5-kPa matrix. Scale bar, 40 mm.

(B and C) Quantification of the (B) migration rate and (C) directionality of wild-type (n = 27 for glass, n = 23 for 5 kPa) and

myosin-18B knockout cells (n = 24 for glass, n = 28 for 5 kPa).

(D) Truncated myosin-18B constructs used in the rescue experiments.

(E and F) Quantification of the (E) migration rate and (F) directionality of different myosin-18B constructs expressed in

myosin-18B knockout cells. n = 25 for myosin-18B-FL-GFP, n = 25 for DCE-myosin-18B, n = 27 for DNE-myosin-18B, n = 21

for DCE + CC-myosin-18B, and n = 23 for head-myosin-18B transfected cells were used for quantification. Data are

represented as mean G SEM. ***p < 0.001 (Student’s t test).

(G) A working model for the regulation of myosin-18B in the mechanosensitive CaMKK2-AMPK-VASP/MLC signaling

cascade and directed cell migration.
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interesting to study myosin-18B-related mechano-sensing pathway in the context of differentiation and

developmental regulation of cardiomyocytes. These subject matters have been left untouched in this

article but deserve future investigation.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.isci.2020.100975.
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Supplemental Information 

 

Figure S1 Depletion of myosin-18B and inhibition of CaMKK2 share similar actin 

network defects, Related to Figure 1. (A) Representative images of actin and myosin 



2 

 

II in wild type and myosin-18B knockout cells. (B and C) The detected total numbers 

of stress fibers (B) and thick bundles (C) are done by ‘rigid detection’ plugin of Fiji 

ImageJ with distinct settings for the representative images in Figure 1B. The scale bar 

represents 10 µm.  (D and E) Representative examples and quantification of lamella 

width and length of ventral stress fibers of wild type, myosin-18B and CaMKK2 

knockdown, and myosin-18B-reintroducing cells cultured on glass micropatterns. The 

scale bar represents 10 µm. (F) The representative example to show the transfection 

efficiency of myosin-18B-GFP to myosin-18B knockout cells. (G) The quantification 

of the ratio of the traction moment matrix α of wild type (n=28 for 26 kPa), myosin-

18B knockout (n=21 for 26 kPa). *p< 0.05, ***p < 0.001 (Student t test). 
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Figure S2 Actin retrograde flow is faster in myosin-18B depletion cells grown on 

glass, Related to Figure 2. (A) Quantification of the total number of stress fibers and 

the length of dorsal stress fibers in wild type, myosin-18B knockout and CaMKK2 

inhibition cells grown on softer matrix (5 kPa). (B) Representative examples of 

transverse arc flow in wild type and myosin-18B knockout cells expressing GFP-actin 

grown on glass cover slips. Yellow arrows, the positions of the observed arcs in the 

beginning of the movies; red arrows, the positions of the same arcs in subsequent time-

lapse images. The scale bar represents 10 µm.  
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Figure S3 Myosin-18B depletion and CaMKK2 inhibition do not affect cell 

proliferation and viability, Related to Figure 3. (A) Quantification of the absorbance 

at 570 nm detected via MTT assay in wild type and myosin-18B knockout cells grown 

on glass cover slips and soft substrates (5 kPa). n=9 from three independent experiments. 

(B) Quantification of the absorbance at 450 nm detected via BrdU assay in wild type 

and myosin-18B knockout cells grown on glass cover slips and soft substrates (5 kPa). 

(C) Western blot analysis of phospho-VASP level upon AICAR treatment in wild type 

cells. GAPDH is probed for equal sample loading. (D) Quantification of the length of 

dorsal stress fibers in wild type and myosin-18B knockout cells grown on glass with or 

without AICAR treatment. ***p < 0.001 (unpaired t test).  
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Transparent Methods 

Cell culture, transfection and treatment 

Human osteosarcoma (U2OS) cells were maintained in high-glucose (4.5 g/l) 

Dulbecco’s modified Eagle’s medium (DMEM, BE12-614F; Lonza, Basel, 

Switzerland), supplemented with 10% Fetal Bovine Serum (10500-064; Gibco, 

Waltham, MA, USA), 10 U/ml penicillin, 10 µg/ml streptomycin, and 20 mM L-

glutamine (10378-016; Gibco) at 37°C in humidified atmosphere with 5% CO2. 

Myosin-18B knockout U2OS cells were generated and well verified in our previous 

work (Jiu et al., 2019), and used in this study. Transient transfections were performed 

with Fugene HD (Promega, Madison, WI, USA), following the manufacturer’s 

instructions using 3.5:1 Fugene/DNA ratio, and cells were incubated for 24 h before 

fixation with 4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS). For 

inhibition of CaMKK2, cells were treated with 10 mM STO-609 (S1318, Sigma-

Aldrich) for 3 h. For activation of AMPK, cells were treated with 25 µM AICAR 

(A9978, Sigma-Aldrich) for 16 h. 

 

Immunofluorescent microscopy 

Immunofluorescence (IF) experiments were performed as previously described (Jiu et 

al., 2017; Lehtimaki et al., 2017). Briefly, cells were fixed with 4% PFA in PBS for 15 

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 5 min. 

Cells were blocked in 1× Dulbecco PBS supplemented with 0.2% BSA. The following 

primary antibodies were used for immunofluorescence: myosin-18B rabbit polyclonal 

antibody (1:50 dilution; LS-C403352, LSBio, Seattle, WA, USA); phospho-myosin 

light chain 2 (Thr18/Ser19) rabbit polyclonal antibody (1:50 dilution; #3674, Cell 

Signaling, Beverly, MA, USA). Both primary and secondary antibodies were applied 

onto cells and incubated at RT for 1 h. Alexa-conjugated phalloidin was added together 

with primary antibody solutions onto cells. All IF data were obtained with a Leica 

DM6000B wide-field fluorescence microscope with a HCXPL APO 63, NA 1.40 oil 
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objective. For micropattern experiments, the cells were plated on CYTOOchipsTM prior 

to fixation as described previously (Jiu et al., 2019). 

 

Live cell imaging 

The cells were plated prior to imaging on 10 μg/ml fibronectin-coated glass bottomed 

dishes (MatTek Corporation, Ashland, MA, USA). The time-lapse images of GFP-actin 

for centripetal arc flow were acquired with 3I Marianas imaging system (3I intelligent 

Imaging Innovations, Denver, CO, USA), consisting of an inverted spinning disk 

confocal microscope Zeiss Axio Observer Z1 (Zeiss, Dublin, CA, USA) and a 

Yokogawa CSU-X1 M1 confocal scanner (Tokyo, Japan). Appropriate filters, heated 

sample environment (+37°C), controlled CO2, and 63/1.2 WC-Apochromat Corr 

objective (Zeiss) were used. The images were acquired via SlideBook 6.0 software (3I 

intelligent Imaging Innovations), and recorded via Neo sCMOS (Andor Inc., UK) 

camera. One focal plane was recorded for all time lapse videos.  

 

Focal adhesion data quantification 

Vinculin mouse monoclonal antibody (dilution 1:100; V9131, Sigma-Aldrich, St. Louis, 

MO, USA) was used to mark the focal adhesion (FA), whose lengths were manually 

quantified with ImageJ from wild type and myosin-18B knockout cells. Cells adhered 

to several neighboring cells were discarded from the analysis, and only the cells that 

displayed well phalloidin staining were selected for analysis.  

 

Traction force microscopy 

Traction force microscopy was used to measure the contractile forces that cells exerted 

upon their substrate as previously described (Jiu et al., 2017). Briefly, cells were 

cultured for 3-8 h on custom-made 35-mm dishes (Matrigen Life Technologies, CA, 

USA) with fibronectin-coated polyacrylamide gel with either 26- or 5- kPa stiffness. 

The diameter of 200 nm yellow-green fluorescent (505/515) microspheres were 

immobilized to the surface of the gel. Images of the cells and of the fluorescent 
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microspheres directly underneath the cells were acquired during the experiments and 

after cell detachment with trypsin. By comparing the reference image with the 

experimental image, we computed the cell-exerted displacement field. From the 

displacement fields, and manual traces of the cell contours, together with knowledge of 

substrate stiffness, we computed the traction force fields using the approach of 

constrained Fourier-transform traction cytometry. From the traction fields, we 

calculated the strain energy by equation  

𝑈 =
1

2
∫𝑻(𝑟). 𝒖(𝑟)𝑑𝐴 

It is the total deformation energy produced by the cells through applying the traction on 

the surface of the substrate, which suggested an integrated measure of cell traction. To 

measure the distribution of the traction, we calculated the first order moment of the 

traction by equation 

𝑀𝑖𝑗 =
1

2
∫(𝑥𝑖𝑇𝑗 + 𝑥𝑗𝑇𝑖)𝑑𝐴 

which is a two-dimensional matrix. The net moment is given by the trace of the matrix 

as μ=tr(M), which is the measure of the contractile strength of cell. And the distribution 

of the traction can be measured by the ratio of the two principal values of the traction 

moment matrix as α=λmax/λmin, which can be calculated by solving the eigenvalue 

problem Mij – λIij =0 (He et al., 2020). 

 

Western blotting  

All cell lysates were prepared by washing the cells once with PBS and scraping them 

into lysis buffer (50 mM Tris-HCl pH 7.5 150 mM NaCl, 1 mM EDTA, 10% Glycerol, 

1% Triton X-100) supplemented with 1 mM PMSF, 10 mM DTT, 40 μg/ml DNase 

I and 1 μg/ml of leupeptin, pepstatin, and aprotinin. All preparations were conducted at 

4°C. Protein concentrations were determined with Bradford reagent (#500-0006, Bio-

Rad, Richmond, California, USA). Then western blotting was performed as described 

previously (Jiu et al., 2019). The following antibodies were used in this assay: phospho-

myosin light chain 2 (Thr18/Ser19) rabbit polyclonal antibody (dilution 1:500; #3674, 

Cell Signaling); myosin light chain mouse monoclonal antibody (dilution 1:1000; 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/leupeptin
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/pepstatin
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/aprotinin
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#M4401, Sigma-Aldrich); AMPK rabbit polyclonal antibody (dilution 1:500; 

SAB4502329, Sigma-Aldrich); phospho-AMPK (Thr172) rabbit polyclonal antibody 

(dilution 1:500; # 2531S, Cell Signaling); VASP rabbit polyclonal antibody (dilution 

1:500; HPA005724, Atlas Antibodies, Stockholm, Sweden); phospho-VASP (Ser239) 

rabbit polyclonal antibody (dilution 1:500; 16C2, Millipore, Temecula, CA, USA); 

GAPDH mouse polyclonal antibody (1:1000 dilution; G8795, Sigma-Aldrich). 

 

RhoA activity assay 

RhoA activity was determined with a RhoA G-LISA absorbance-based biochemical 

assay kit (Cytoskeleton Inc., Denver, CO, USA) following the manufacturer’s 

instructions. Briefly, cells were lysed, and binding buffer was added to the cell lysate, 

followed by an incubation on a RhoA-GTP affinity plate coated with RhoA-GTP-

binding protein. The plate was placed on an orbital plate shaker at 400 rpm for 30 min 

at 4°C. After washing, primary anti-RhoA antibodies (dilution 1:250) and secondary 

HRP-linked antibodies (dilution 1:62.5) were sequentially added, followed by an 

incubation on an orbital shaker at 400 rpm for 45 min at RT. Afterwards, HRP-detection 

reagents were added, and the absorbance was recorded via a plate reader 

spectrophotometer Enspire (PerkinElmer Company, Waltham, MA, USA). 

 

Fabrication of soft substrate 

Gels of polyacrylamide (PAA) of various stiffness were prepared by mixing 40% 

polyacrylamide and 2% bis-acrylamide solution, as described previously (Pelham and 

Wang, 1997). Substrate preparation protocols and modulus values were adopted from 

previously published work (Tse and Engler, 2010). Briefly, the gel solution for desired 

stiffness was mixed with ammonium persulfate (APS; 1:100) and 

tetramethylethylenediamine (TEMED; 1:1000) and placed between a hydrophobic 

glass (octadecyltrichlorosilane treated; 104817, Sigma-Aldrich) and the transparency 

sheet treated with 3-APTMS (A17714, Alfa Aesar, Ward Hill, MA, USA). Once 

polymerized, the hydrophobic plate was carefully removed. The gel was conjugated 
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with sulfo-SANPAH (sulfosuccinimidyl 6 (4-azido-2- nitrophenyl-amino) hexanoate) 

and incubated with rat tail type I collagen (25 µg/ml) (A1048301, Invitrogen, CA, USA) 

at 4°C for overnight. 

 

Filament analysis  

The total number of stress fibers, as well as the number of thick actin filament bundles 

in U2OS cells were quantified with ridge detection plugin from Fiji ImageJ. The 

parameters used for quantifying the total number of stress fibers are: line width 20.0, 

high contrast 230, low contrast 100, sigma 6.57, low threshold 0.0, and upper threshold 

0.34. The parameters used for quantifying the thick bundles are: line width 29.0, high 

contrast 230, low contrast 87, sigma 8.87, low threshold 0.0, and upper threshold 0.17. 

Please note that the detection of thick bundles identified some dorsal stress fibers, 

whereas the defects which supporting the decreased contractile bundles still significant. 

We manually outlined the dorsal stress fibers in cells on petri dishes and the ventral 

stress fibers in cells on micropattern chips, and subsequently measured the lengths for 

quantification. Please note that we made sure that selection of cells etc. for the analyses 

were completely unbiased by mixing all data together and analyzing blindly by another 

person. 

 

Cell proliferation assay 

Cell proliferation and viability were assessed by MTT and BrdU assay. For MTT assay, 

in brief, wild type and myosin-18B knockout cells were plated in 96-well plates at 2×

103 per well, and cultured for 24 h. Then 20 μl of MTT (0.5 mg/ml) was added to each 

well and the plates were further incubated at 37°C for 4 h. After incubation, medium 

was removed and 150 μl of DMSO per well was added to dissolve MTT-formazan 

crystals. Absorbance of each well at 570 nm was recorded with plate reader 

spectrophotometer Enspire (PerkinElmer). BrdU assay was performed via a BrdU kit 

(Abcam, Cambridge, UK) in accordance with the manufacturer’s instructions. In brief, 

cells were labeled with BrdU and fixed, followed by an incubation with an anti-BrdU 
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antibody and HRP-linked IgG. Afterwards, HRP substrate was added, and the 

absorbance at 450 nm was determined by using plate reader spectrophotometer Enspire 

(PerkinElmer). 

 

Quantification and statistical analysis  

Statistical analyses were performed with Excel (Microsoft, Redmond, WA, USA) and 

SigmaPlot (Systat Software Inc, San Jose, CA, USA). Sample sizes and the numbers of 

replications are included in the images. Radius of curvature were calculated with the 

equation used in previous study (Tojkander et al., 2018). Student’s two-sample unpaired 

t test or Mann-Whitney-Wilcoxon rank-sum test was used to assess the statistical 

difference. P < 0.05 was considered to be significant.  
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