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On the role of myosin-induced actin 
depolymerization during cell migration

ABSTRACT  Mammalian cell migration in open spaces requires F-actin polymerization and 
myosin contraction. While many studies have focused on myosin’s coupling to focal adhesion 
and stress fibers, the indirect effect of myosin contraction on cell migration through actin 
depolymerization is not well studied. In this work, we quantified how cell velocity and effec-
tive power output are influenced by the rate of actin depolymerization, which is affected by 
myosin contraction. In addition, we derived scaling laws to provide physical insights into cell 
migration. Model analysis shows that the cell migration velocity displays a biphasic depen-
dence on the rate of actin depolymerization and myosin contraction. Our model further pre-
dicts that the effective cell energy output depends not only on the cell velocity but also on 
myosin contractility. The work has implications on in vivo processes such as immune response 
and cancer metastasis, where cells overcome barriers imposed by the physical environment.

INTRODUCTION
Mammalian cell migration is important in a number of fundamental 
in vivo biological processes such as morphogenesis (Mishra et al., 
2019a, b), immune response (van der Woude et al., 2017; Baeyens 
and Schwab, 2020), wound healing (Jorgensen and Sanders, 2016), 
tissue regeneration (Friedl and Gilmour, 2009), and cancer metasta-
sis (Montell et al., 2012). Actin polymerization and remodeling are 
central to actin-driven cell migration (Krause and Gautreau, 2014; 
Inagaki and Katsuno, 2017; Schaks et al., 2019). Multiple factors are 
known to influence the rate of polymerization and depolymeriza-
tion, including actin monomer (G-actin) concentration, the presence 
of major accessory proteins (Alberts et al., 2014), ATP concentration 
(Atkinson et al., 2004), and importantly, myosin activities (Vallotton 
et al., 2004; Guha et al., 2005; Medeiros et al., 2006; Haviv et al., 

2008; Wilson et al., 2010). Nonmuscle myosin II (hereafter abbrevi-
ated as myosin), when activated by myosin light-chain kinase, is a 
motor protein that generates contractile stress in the actin network 
(Vicente-Manzanares et al., 2009; Houdusse and Sweeney, 2016).

The impact of myosin on cell migration has been studied from 
several perspectives. In the canonical cell migration model, myosin 
retracts the rear end of the cell and moves the cell forward (Mattila 
and Lappalainen, 2008; Chi et al., 2014; Thomas et al., 2015). In this 
process, myosin engages with focal adhesions and stress fibers to 
transfer forces from the extracellular matrix to the cell body (Vicente-
Manzanares et al., 2007; Doyle et al., 2012; Bera et al., 2022). The 
contraction of myosin also elevates the intracellular pressure to push 
the nucleus (Petrie et al., 2014; Sao et al., 2019) or provides a pulling 
force for the nucleus (Mistriotis et al., 2019). Besides, myosin con-
traction acting on the cell membrane can lead to local pressure ac-
cumulation and blebbing (Charras et al., 2005), which provides an 
alternative amoeboid mechanism of cell migration (Bergert et al., 
2012; Paluch and Raz, 2013; Muñoz-López et al., 2022).

In addition to directly generating matrix-coupled forces for cell 
migration, myosin contraction indirectly affects cell migration by 
promoting the depolymerization of F-actin (Vallotton et al., 2004; 
Guha et al., 2005; Medeiros et al., 2006; Haviv et al., 2008; Wilson 
et  al., 2010), which affects the rates of actin retrograde flow and 
treadmilling (Maity et al., 2022). The actin retrograde flow affects the 
focal adhesion traction force (Gardel et al., 2008), which modulates 
cell migration velocity (Li and Sun, 2018). Thus the myosin-induced 
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actin depolymerization is expected to impact cell velocity. However, 
due to the indirect relation on cell migration, how myosin contrac-
tion-induced actin depolymerization influences cell migration re-
mains unclear.

Moreover, cell migration requires energy to overcome the physi-
cal barriers imposed by the environment (Bi et  al., 2014; Zhang 
et al., 2019). The ability to output mechanical energy against the 
surrounding affects a cell’s mobility in complex in vivo environments. 
For example, during metastasis, cancer cells are capable of navigat-
ing through a dense tumor, which has high hydraulic pressure and 
fluid viscosity (Young et  al., 1950; Nathanson and Nelson, 1994; 
Heldin et al., 2004; Munson and Shieh, 2014; Libutti et al., 2018; 
Gonzalez-Molina et al., 2018). But the same fluid environment can 
prevent drugs from being delivered into the tumor. This phenome-
non indicates the importance of having active mechanisms that gen-
erate mechanical energy in cell migration. However, the role of myo-
sin contractility in cell energy output has not been investigated. In 
this work, we provide a theoretical framework to elucidate the im-
pact of myosin contraction in modulating actin dynamics and cell 
migration. We further use our model to analyze the effective force 
and power output (Recho et al., 2014) generated by a migrating 
cell with different levels of myosin activity and contractile stress 
(Figure 1). The physiology- and continuum mechanics-based model 
demonstrates that the cell velocity is a biphasic function of the rate 
of actin depolymerization and myosin contraction. The predicted 
velocity trend is also compared with existing experimental data. 
Through analysis, we further demonstrate that cell velocity is not the 
sole indicator of the effective cell mechanical energy output; myosin 
contractility also influences the potential of a cell to overcome the 
energy barrier from the extracellular matrix. Our results have impli-
cations on how myosin is involved in cell migration in complex in 
vivo physical environments.

MATHEMATICAL MODELING METHOD
In this Method section, we provide a detailed biological description 
of the model along with the modeling assumptions and implications 
of such assumptions. The details of the equations and derivations 
are not included in the main text but can be found in the Supple-
mental Material. Readers who are more interested in the biological 
messages inferred from the model, instead of the model develop-
ment, should feel free to go directly to the Results section without 
reading the entire section on the Mathematical Modeling Method. 
With that being said, reading the first subsection Model overview 
will still help understand the results.

Model overview
Here we describe a multicomponent theoretical model to study how 
myosin contraction-induced actin depolymerization influences 
mammalian cell migration. To gain analytical insights and obtain 

useful scaling relations, we choose to reduce the computational do-
main to a one-dimensional space along the x-direction. This ap-
proach differs from a well-mixed model where the actin and myosin 
concentrations are taken as constants (Lee et  al., 2017). In our 
model, all the field variables vary along the x-direction, which is the 
direction of cell migration. The model is applicable to studying cell 
migration where the changes or field variables in the transverse di-
rection are negligible or for cells under narrow confinement in chan-
nels or three-dimensional matrices (Petrie et al., 2012, 2014; Stroka 
et  al., 2014; Zhang et  al., 2022; Bera et  al., 2022). Although this 
model is primarily developed for a whole cell, the theoretical frame-
work can also be used to model the lamellipodium region of a 
cell (Krause and Gautreau, 2014) or a cell fragment (Kozlov and 
Mogilner, 2007; Ofer et al., 2011).

We consider a scenario of directional cell migration where cells 
and the extracellular environment interaction converges to a 
steady state (Van Helvert et al., 2018). In this case, the cell velocity, 
v0, and the cell length, x t x t Lf b( ) ( )− = , are constants (Figure 1). 
We use superscripts “f” and “b” to represent quantities associated 
with the front and back ends of the cell, respectively. The front and 
back are defined by the direction of cell migration. This work fo-
cuses on actomyosin-driven migration where water permeation 
across the cell membrane is negligible so that the velocity of the 
cytosol, vc, follows the velocity of the cell, i.e., vc = v0. Under this 
condition, the cytosol phase can be removed from the model. 
Models including cytosol, water permeation, solute diffusion, and 
osmosis can be found in our prior works (Li and Sun, 2018; Li et al., 
2019; Bera et al., 2022; Maity et al., 2022; Yao and Li, 2022; Zhang 
et al., 2022;).

The current model includes the following components that are 
distributed across the one-dimensional cell along the x-direction: 
F-actin of concentration θn (x), G-actin of concentration θc (x), acti-
vated, F-actin attached myosin of concentration mn (x), and inacti-
vated, free-form myosin of concentration mc (x). The F-actin concen-
tration refers to the concentration of actin molecules in the 
filamentous form, not the concentration of actin filaments. The use 
of the subscript “n” refers to the components associated with the 
actin network, such as the F-actin and activated myosin; whereas 
“c” refers to the components in the cytosolic form, such as the G-
actin and inactivated myosin. In the model, we do not distinguish 
different subtypes of myosin, such as myosin IIA or IIB (Even-Ram 
et  al., 2007). Thus we consider a generic myosin that carries the 
primary function of providing contractility to the actin network. We 
do not include microtubules or other structures that can interact 
with actin and myosin. These elements can be considered in future 
models.

Forces in the actin network
The F-actin and the activated myosin form a fluidlike actin network. 
The existence of the actin filament provides a passive swelling 
stress, σn. The passive stress can be modeled by a linear constitutive 
relation, σ = θσkn nn

, where σk
n
 is the coefficient of actin swelling. A 

more involved constitutive relation from polymer physics can be 
used as well (Li et al., 2019). The activated myosin provides active 
contractile stress (Vicente-Manzanares et al., 2009; Houdusse and 
Sweeney, 2016), σa, which depends on the concentration of 
activated myosin. Without loss of generality, we let σk

a
 mn, where 

σk
a
 is the coefficient of myosin contraction. Alternative expressions 

of σa are possible but will keep our conclusion the same as long as 
σa is an increasing function of mn. Both σk

n
 and σk

a
 are positive con-

stants. We can thus express the total stress in the actin network as 
σ = σn – σa.

FIGURE 1:  Schematics of an actomyosin-driven cell migration model. 
fext is the effective external force on the cell from the environment. 
This force can be used to calculate the effective mechanical power 
output, P , of a migrating cell at velocity v0.
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While we can see that the stress of the actin network is explicitly 
affected by σk

n
 and σk

a
 through the constitutive relations, other fac-

tors will implicitly influence the actin network stress through the dis-
tribution of θn and mn. These factors include but are not limited to 
the rates of actin polymerization and depolymerization, myosin acti-
vation and inactivation rates, the strength of focal adhesion, etc. For 
example, in our early work, we have shown that as the rate of actin 
polymerization increases, F-actin becomes more polarized toward 
the front, where the concentration of F-actin increases (Yao and Li, 
2022). Therefore our model also produces an increased actin net-
work stress at the front as the rate of actin polymerization increases.

The actin network connects to the extracellular matrix via focal 
adhesions (Stricker et al., 2010). As cells migrate, focal adhesions 
exert an effective body force on the actin network in the opposite 
direction of the actin flow, vn. The magnitude of the body force de-
pends on the magnitude of the actin flow and the distribution of the 
actin network. It can be modeled by ηst θn vn (Li et al., 2019; Yao and 
Li, 2022), where ηst is the coefficient of focal adhesion, which de-
pends on the substrate stiffness (Bangasser et al., 2017; Walcott and 
Sun, 2010) and the size (Kim and Wirtz, 2013) and density (Cavalcanti-
Adam et al., 2007) of adhesions. In this work, we treat ηst as a para-
meter and do not include the dynamics of focal adhesion (Barnhart 
et al., 2011).

Although we do not explicitly model the cytosol, we consider the 
existence of the cytosol as it moves with the cell. The relative veloc-
ity between the cytosol velocity, vc (=v0), and the actin network pro-
duces a frictional force on the actin network, ηθn (vn – vc) , where η 
is the coefficient of interfacial friction. This frictional force also serves 
as an effective body force on the actin network (Dembo and Harlow, 
1986). Putting all the forces together, we can write out the force bal-
ance of the actin network,

d

dx
v v v 0n n c n nst( )−

σ
− ηθ − − η θ = � (1)

This equation will be coupled to the rest of the system to solve 
for the spatial variables.

F-actin and G-actin exchange and mass balance
Actin polymerization and depolymerization are essential to acto
myosin-based cell migration. Polymerization typically occurs at the 
cell’s front edge, whereas depolymerization occurs throughout the 
cytoplasm. Depolymerization can be considered a sink for F-actin 
but a source for G-actin. The amount of actin depolymerization per 
unit of time depends on the concentration of F-actin, which can be 
represented by γθn, where γ is the rate of actin depolymerization. 
Thus the material balance for F-actin and G-actin is
d

dx
v

d

dx
v D

d

dx

,n n n

c c c n

2

2c

( )

( )

θ = −γθ

θ = θ + γθθ � (2)

where Dθc is the diffusion coefficient of G-actin in the cytosol.
The contribution of actin polymerization is modeled through the 

flux boundary conditions of Eq. 2. At the front of the cell, the flux 
boundary condition for F-actin is v v Jn n x x0 actin

f
f( )θ − = −=  (Li et al., 

2019), where Jactin
f  is the rate of actin polymerization. We assume that 

the rate of actin polymerization increases with the concentration of 
G-actin, θc, and saturates when θc is large. Therefore Jactin

f  takes the 
form J J /a c c c cactin

f f
,

f( )= θ θ + θ , where Ja is the coefficient of actin po-
lymerization and θc,c is a constant; c

fθ  is the concentration of G-actin 
at the front of the cell, i.e., c c x x

f
fθ = θ = . Similarly, the flux boundary 

condition for G-actin is D d dx v v J/c c c x x0 actin
f

c
f( )− θ + θ −  =θ = . 

Since there is no polymerization at the back of the cell, the fluxes for 
F-actin and G-actin are zero at x = xb.

Within the timescale of consideration, the total amount of actin 
is conserved so that the average concentration of actin, θ*, should 
be a constant, i.e., dx Ln cx

x
*b

f

∫ ( )θ + θ = θ . In the model, θ* is pre-

scribed but θc and θn are solved.
The rate of actin depolymerization, γ, depends on multiple fac-

tors (Blanchoin et  al., 2000). One major factor is the contractile 
stress in the actin network coming from activated myosin that pro-
motes actin depolymerization (Guha et al., 2005; Medeiros et al., 
2006; Yogurtcu et al., 2012; Ganzinger et al., 2019). In a minimal cell 
migration model where myosin is not considered, the rate of actin 
depolymerization can be a prescribed number. In a full cell migra-
tion model with myosin, we let γ take the form γ = γ0 + γaσa, where γ0 
represents a constant, myosin-independent, baseline rate of actin 
depolymerization; γaσa is a contractility-induced rate of depolymer-
ization; γa, the coefficient of contractility-induced depolymerization, 
is a constant.

Diffusion-convection-reaction of myosin
Activated and inactivated myosin, mn and mc, constantly intercon-
vert in the cytoplasm. The kinetic reaction for myosin can be sche-
matically written as m mc n n�+ θ  (Sakamoto et al., 2011). From this 
reaction, the activation rate of myosin is kon mcθn and the deactiva-
tion rate is koff mn, where kon and koff are the rate constant of myosin 
activation and deactivation, respectively.

The activated myosin attaches to F-actin and is also convected 
by the F-actin of velocity vn, whereas the inactivated myosin is 
convected by the cytosol of velocity vc. Therefore the steady-state 
diffusion-convection-reaction equations of the activated and inacti-
vated myosin are

( )

( )

= + θ −

= − θ +

d

dx
v m D

d m

dx
k m k m

d

dx
v m D

d m

dx
k m k m

n n m
n

c n n

c c m
c

c n n

2

2 on off

2

2 on off

n

c
� (3)

where Dmn
 and Dmc

 are diffusion coefficients. The boundary condi-
tions for Eq. 3 are zero fluxes at both front and back. Total myosin is 
also conserved so that the average concentration of myosin, m*, is a 
constant, i.e., m m dx Lmn cx

x
*b

f

∫ ( )+ = .

Force balance of the cell
At the back of the cell, F-actin adheres to the substrate through 
transmembrane proteins (integrins), which provide an adhesive 
force, Fad

b , that resists cell migration. We let the adhesive force be 
proportional to the cell velocity, i.e., F k vad

b
ad 0= , where kad is the 

coefficient of adhesive force. This adhesive force is physically equiv-
alent to the effective frictional force between the cell and the sub-
strate. Sometimes cells experience external forces at the front dur-
ing migration, such as forces from other cells, physical obstacles, or 
experimentally added forces from atomic force microscopy or opti-
cal twisters. We use fextf  to represent such an opposing force per unit 
area at the front of the cell (Figure 1).

To establish a force balance relation of the cell, we can draw a 
free-body diagram of the cell and collect all the forces applied to 
the cell either from the extracellular matrix or through other external 
means. Any internal forces within the cell should be excluded when 
analyzing a free-body diagram. This also means the choices of the 
constitutive relations for the actin network, such as actin swelling 
and myosin contraction, do not affect the force balance of the cell. 
In the Supplemental Material, we provide a full discussion on the 
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difference between internal and external forces in analyzing a free-
body diagram.

In the absence of fextf , the force balance of the cell is 

v dx k vn nx

x
st ad 0b

f

∫−η θ = . The cell velocity, v0, can be implicitly solved 

as a function of θnνn integrated over the space. With the external 
force, the force balance becomes

v dx k v fn nx

x
st ad 0 ext

f
b

f

∫−η θ = + .� (4)

In this case, the external force also directly affects the velocity of 
cell migration, in addition to the distribution of θnνn, the strength of 
focal adhesion, ηst, and the adhesive coefficient, kad.

Solving equations
Two types of solutions are presented in this work: numerical and 
analytical. The numerical results are fully based on the original non-
linear equations and boundary conditions. The one-dimensional cell 
is discretized into elements where the Finite Difference Method is 
applied. Our model outputs, or unknowns, are θn(x), θc(x), mn(x), 
mc(x), vn(x), and v0. The entire system is solved with the Newton–
Raphson iteration scheme. Other variables are expressed in terms of 
the unknowns or are considered model parameters. All the results 
(line plots and contour plots) presented in the main text come from 
numerical solutions.

We also obtain analytical solutions to gain mathematical insights 
into the scaling laws and the leading-order solutions. All analytical 
solutions are derived in the Supplemental Material. In the main text, 
we cite the important results from the analysis but do not go through 
the details. For a minimal model without myosin, we can obtain 
closed-form, approximated analytical solutions based on each para-
meter regime. The analytical solution from the minimal model pro-

vides the scaling laws. For a model with myosin, we obtain the 
leading-order solution based on the asymptotic analysis.

Model parameters
All the parameters used in the model are listed in Table 1. Unless 
otherwise specified or varied, these are the default values repre-
senting a typical mammalian cell. Parameters denoted as “varied” 
will serve as independent variables, and the cell velocity or other 
dependent quantities will be plotted as functions of these indepen-
dent variables. Below are a few comments on the choice of 
parameters.

The estimation of the coefficient of actin polymerization, Ja, 
comes from the actin flux boundary condition at the leading edge, 
i.e., v v Jn n

f f
0 actin

f( )θ − = − , where J J /a c c c cactin
f f

,
f( )= θ θ + θ . Since 

c c c,
fθ << θ  (Pollard et al., 2000), then J Jaactin

f ≈ . The quantity v vn
f

0( )−  
at the cell’s leading edge is the actin retrograde flow, which can vary 
from about 20 nm/s up to the order of 100 nm/s (Kiuchi et al., 2007; 
Chan and Odde, 2008; Gardel et  al., 2008; Vitriol et  al., 2015; 
Bangasser et  al., 2017). The concentration of F-actin at the cell’s 
leading edge also varies and is typically on the order of a few µM 
(Koestler et al., 2009). The value of Ja can thus be estimated by the 
product of the actin retrograde flow velocity and the concentration 
of F-actin. The value of Ja used in this work is meant to produce actin 
retrograde flow up to about 100 nm/s; the exact value depends on 
the rate of actin depolymerization. We can increase Ja if a higher 
rate of actin retrograde flow is desired. In this case, the velocity of 
cell migration will also increases accordingly.

The ratio of k
nσ  and ηst has a dimension of length2/time, which is 

the dimension of the diffusion coefficient. Indeed, k / stn
ησ  serves as 

the effective diffusion coefficient for the F-actin (see the Supple-
mental Material analysis). The numerical stability of the model 

Parameters Description Values Sources

L (µm) Cell length 50 Generic

Pa s/µm /mM2( )η ⋅ Drag coefficient between two phases 1 10 2× − Dembo and Harlow (1986)

Pa·s/µm /mMst
2( )η Coefficient of drag from focal adhesion 1 104× Gardel et al. (2008)

k
nσ  (Pa/mM) Coefficient for the passive F-actin stress 1 104× See text (varied)

kad Pa·s/µm( ) Coefficient of adhesive force in F k vad
b

ad 0= 3 104× See text (varied)

*θ  (mM) Average concentration of the total actin 0.3 Based on Pollard et al. (2000)

θc,c (μM) Critical value of actin polymerization 0.2 Pollard et al. (2000)

m* (mM) Average concentration of the total myosin 0.01 Based on Barua et al. (2014)

Ja (nm mM/s) Coefficient in J J /a c c c cactin
f f

,
f( )= θ θ + θ 6 See text

0γ  (1/s) Baseline rate of actin depolymerization 1 10 4× − See text (varied)

aγ  (1/Pa/s) Myosin-dependent coefficient of actin depolymerization 2 10 3× − See text

kon (1/s/mM) Coefficient for myosin activation 1 Assumed (varied)

koff  (1/s) Coefficient for myosin deactivation 1.5 Assumed (varied)

Dθ ( m /s2µ ) Diffusion coefficient of G-actin 10 Kiuchi et al. (2011)

Dmc ( m /s2µ ) Diffusion coefficient of deactivated myosin 1 See text

Dmn ( m /s2µ ) Diffusion coefficient of activated myosin 0.1 See text

TABLE 1:  Model parameters. Unless otherwise specified or varied, these are the default parameters used in the models.
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requires that this effective diffusion coefficient cannot be too small. 
After careful numerical testings and estimation of passive actin net-
work stress, we found 104 Pa/mM to be a propitiate order of magni-
tude for the coefficient of passive F-actin stress, k

nσ . Since the con-
centration of F-actin is on the order of 0.01–0.1 mM (Satcher and 
Dewey, 1996; Pollard et al., 2000), this value of k

nσ  corresponds to a 
passive actin network swell pressure of 0.1–1 kPa. Although there is 
no direct measurement of the passive actin pressure, experiments 
that poke the actin network to measure its elasticity also fall in the 
range up to 1 kPa (Gardel et  al., 2006; Chaudhuri et  al., 2007). 
Hence we believe that the k

nσ  value we are using is within the rea-
sonable range. We can also use a higher value of k

nσ  than what is 
currently being used without negatively impacting the numerical 
stability of the model. In this case, the corresponding passive pres-
sure of F-actin will increase but will not change the conclusions and 
predictions from our model.

The adhesive force provides resistance to cell migration. So the 
coefficient of adhesive force, kad, modulates the overall velocity of 
cell migration. We choose kad = 3 × 104 Pa⋅s/μm so that the pre-
dicted cell velocity is on the order of 20–30 nm/s, which is the typical 
velocity of a generic mammalian epithelial cell. When necessary, we 
can increase the predicted cell velocity by either decreasing kad or 
increasing the coefficient of actin polymerization, Ja, without chang-
ing the rest of the system. But the choice of kad or Ja is not central to 
this work.

The estimation of the diffusion coefficient of deactivated myosin, 
Dmc

, and activated myosin, Dmn
, is based on the diffusion coefficient 

of G-actin, D
cθ . We let D Dm mn c

<<  and D Dmc c
<< θ  to reflect the 

physical nature of the molecules.
The rate of actin depolymerization, γ, in the minimal model and 

the coefficient of myosin contraction, k
aσ , in the full model are the 

two most essential parameters in the study. We let these two param-
eters vary across several orders of magnitudes. These values can be 
found in the Results section below. In the full model, two additional 
parameters, γ0 and γa, also affect the total rate of actin depolymer-
ization. However, since we vary the myosin contraction, k

aσ , over 
several orders of magnitudes, k

aσ  plays a central role in determining 
the total rate of actin depolymerization. In this regard, the two pa-
rameters, γ0 and γa, are nominal, and their values are assumed.

This work focuses on qualitative trends of cell response as a func-
tion of several parameters. The trends can be nonlinear, monotonic, 
biphasic, polarized, or anything cells adapt as a process changes. 
We found that the trends predicted by our model are robust and 
independent of our parameter choice as long as the model remains 
numerically stable.

RESULTS
We start with a minimal model where only actin is present and myo-
sin is not coupled to the system (without Eq. 3 and nσ = σ ). We also 
neglect the external force, fextf  (Figure 1), for the moment. This sys-
tem provides a theoretical basis for understanding the impact of 
actin depolymerization on cell velocity. We then analyze the fully 
coupled model with myosin contraction and discuss the physiologi-
cal relevance and significance. At the end, we consider the cell me-
chanical energy output by adding an external force.

Actin depolymerization polarizes F-actin
In the minimal model, the rate of actin depolymerization, γ, is inde-
pendent of myosin. We examine the case where γ is spatially con-
stant. The model predicts that the concentration of F-actin, θn, de-
creases with increasing γ (Figure 2a). When γ is small, the overall 
concentration of F-actiin is high. It is slightly polarized at the two 

ends of the cell, forming an almost symmetric spatial distribution 
with respect to the center of the cell (see the Supplemental Material 
for an analytical solution). As γ increases, F-actin moves toward a 
small region at the cell front and becomes highly polarized. In this 
case, the spatial distribution of F-actin decays exponentially from 
the leading edge to the interior. The predicted exponential decay is 
consistent with experimental observations from keratocyte frag-
ments, where the actin intensity was found to decay exponentially 
front the leading edge to the back (Ofer et al., 2011). Since the pas-
sive actin swell stress, σn, increases with the concentration of F-actin, 
the spatial distribution of F-actin also shows the polarized distribu-
tion of σn.

The actin network flows from the cell’s leading edge toward the 
interior, known as actin retrograde flow (Gardel et al., 2008). The 
velocity of this F-actin retrograde flow, νn, is predicted to decrease 
from the leading edge toward the back of the cell (Figure 2b). This 
prediction is also consistent with experimental observations from 
keratocyte fragments (Ofer et  al., 2011). In addition, the model 
found that the magnitude of the actin retrograde flow increases with 
γ (Figure 2b). This is because, for the same amount of actin flux at 
the cell front, low F-actin concentration leads to a high actin flow 
because of the flux boundary conditions.

The biphasic cell velocity
With these predicted features of F-actin distribution and flow, we 
perform the following analysis on cell velocity.

Small γ limit.  When the rate of actin depolymerization approaches 
zero (γ → 0), which can happen when F-actin is immobilized, the 
concentration of G-actin approaches zero ( 0cθ → ). This means that 
almost all the actin is in filamentous form. Since the total amount of 
actin is conserved at the timescale of consideration, the concentra-
tion of F-actin thus approaches the total actin concentration 
( n *θ → θ ). This can also be inferred from Figure 2a where θn be-
comes less polarized and approaches to θ* = 300 μM (Table 1) as 
γ → 0. In particular, as shown by the analysis, when γ << Ja/(θ*L), we 
have c c c

f
,�θ θ . This is a low G-actin regime in which Jactin

f  increases 
linearly with θc. In this case, the F-actin velocity, or the retrograde 
flow, is found to be a linear function in space, v x vn 0≈ −γ + , on the 
scale of γL. This linear analytical approximation of F-actin velocity is 
consistent with our numerical calculation (Figure 2b).

Under these approximations, the cell velocity, v 0, is solved as

v
L

k L

L
v

2
,0

st *

ad st *
0( )=

η θ
+ η θ

γ





∝ γ � (5)

which is an increasing function of the rate of actin depolymerization, 
γ. Since θ* is essentially θn under small γ limit, the product θ*L repre-
sents the content of F-actin. The term Lst *η θ  indicates the capacity 
of cell migration under the influence of forces from focal adhesions 
(ηst is the coefficient of focal adhesion). The cell velocity increases 
with the combined effort of focal adhesion strength and the content 
of F-actin.

Large γ limit.  When J L/a *( )γ >> θ , we have c c c
f

,θ >> θ . This is a 
high G-actin regime in which Jactin

f is approximately a constant. Anal-
ysis shows that there is a length scale k / stn

� ( )( )= η+ η γσ  that 
shrinks as γ, the rate of actin depolymerization, increases. This is the 
“effective” cell length or the length of F-actin distribution. For ex-
ample, at a low rate of actin depolymerization, the distribution of 
F-actin is not polarized, and F-actin occupies the entire cell 
(Figure 2a). In this case, the effective cell length is the same as the 
physical cell length. At a high rate of actin depolymerization, F-actin 
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polarizes to the front of the cell and only occupies the front region 
of the cell. In this case, the effective cell length reduces to a fraction 
of the cell at the front. Since the reactive force from focal adhesions 
is transmitted through the F-actin, the effective cell length indicates 
the spatial span of the cell that is able to carry forces to contribute 
to actomyosin-driven cell migration.

When <<L/ 1� , meaning the physical cell length is much larger 
than the effective cell length, we find an approximate solution of cell 
velocity as

v
J

k
v,0

st actin
f

ad
0

1/2� ( )=
η

∝ γ − � (6)

which is a decreasing function of the rate of actin depolymerization, 
γ. This expression also suggests that the strength of focal adhesion, 
ηst, and the rate of actin polymerization, Jactin

f , serve as driving forces 
of cell migration.

Biphasic cell velocity on γ.  The above analysis shows that the cell 
velocity is biphasic in the rate of actin depolymerization, γ: at the 
small-γ limit, the cell velocity increases with γ linearly, whereas at the 
large-γ limit, the cell velocity decreases with γ in an inverse square 
root manner. This analysis result can be seen from the numerical 
calculation of cell velocity as a function of γ (Figure 2c). The physical 
interpretation of this biphasic behavior is as follows.

For cells to experience sufficient force from focal adhesions, the 
cell must maintain a sufficient actin retrograde flow (Li and Sun, 
2018). When γ is small (the rising phase in Figure 2c), most of the 
actin is in the filamentous form, which provides abundant connec-

tions to focal adhesions (Thievessen et al., 2013). In addition, the 
effective cell length is the entire physical length of the cell. In this 
case, the effective cell length is not the limiting factor, but the actin 
retrograde flow starts to influence cell speed. We see in the analysis 
that the actin retrograde flow scales with γL for a low rate of actin 
depolymerization, which leads to a linear relationship between cell 
velocity and γL (Eq. 5), or γ. When γ is large (the declining phase in 
Figure 2c), most of the actin is in the monomeric form, which leads 
to polarized F-actin distribution toward the cell front. In this case, 
the effective length of the cell, scaled by γ–1/2, becomes the domi-
nant factor for cell velocity (Eq. 6).

The model suggests that the interplay of F-actin redistribution 
and the rate of the actin retrograde flow produces a transition 
from retrograde flow-dominated regimes to effective cell length-
dominated regimes of cell migration. In the retrograde flow-domi-
nated regime, increasing the rate of actin depolymerization helps 
develop the flow, leading to the first phase of cell migration. In the 
cell length-dominated regime, increasing the rate of actin depoly-
merization reduces cell length, leading to the second phase of cell 
migration.

Biphasic cell protrusion velocity has also been predicted in mod-
els where the number of barbed ends was considered (Mogilner and 
Edelstein-Keshet, 2002). Cells need a sufficient number of barbed 
ends to provide protrusive force, but too many barbed ends lead 
to G-actin depletion and cell velocity reduction. Models based on 
G-actin availability (Mogilner and Edelstein-Keshet, 2002) and our 
model are developed from different prospectives and approaches 
but are related when considering actin dynamics and structure. For 

FIGURE 2:  Prediction from a minimal model with actin only. (a) Spatial distribution of F-actin concentration θn. 
(b) Spatial distribution of F-actin velocity vn in a fixed frame. In a moving frame with the cell, the F-actin velocity is 
shifted by vn – v0 i.e., at the back of the cell, the relative actin velocity to the cell is 0. In (a) and (b), x = 0 and x = 50 μm 
represent the back and front of the cell, respectively. (c) Cell velocity is biphasic in the rate of actin depolymerization, γ. 
(d) The contour of log10 γ gives the maximum cell velocity in the biphasic response as a function of the coefficient of 
actin polymerization and the coefficient of adhesive force.
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example, for a large number of barbed ends, where G-actin is 
depleted, the actin retrograde flow is predicted to be small, 
corresponding to the low cell velocity predicted in our model. On 
the other hand, for a low number of barbed ends, where actin pro-
trusive force is insufficient, the connection between the actin net-
work and focal adhesion is projected to be limited, which also cor-
responds to short cell length and low velocity in our model.

Actin network relaxation increases cell velocity
The analysis shows that the effective cell length, �, increases with 
the coefficient of passive actin stress, k

nσ . This is because the pas-
sive actin stress enhances mechanical relaxation within the actin 
network.

At low rates of actin depolymerization, where the F-actin spreads 
across the cell, the effective cell length is the same as the physical 
cell length. In this case, we do not expect k

nσ  to have an impact on 
cell velocity (Eq. 5). At high rates of actin depolymerization, where 
the effective cell length increases with k

nσ , we also expect the same 
trend for cell velocity (Eq. 6). Numerical calculation confirmed the 
analysis (Figure 2c). We see that the coefficient of passive actin 
stress does not influence the cell velocity for low rates of actin depo-
lymerization but starts to play a role as the rate increases. In particu-
lar, the impact of k

nσ  is most significant around the maximum cell 
velocity and diminishes as the rate of actin depolymerization contin-
ues to increase. The diminishment is due to the reduced F-actin 
content at a high rate of actin depolymerization.

The γ value that gives the maximum cell velocity depends on 
multiple factors. We have already seen that k

nσ  moves the peak to 
the large end of γ (Figure 2c). Increasing the coefficient of actin po-
lymerization, Ja, or decreasing the coefficient of adhesive force, kad, 
also moves the peak to the large end of γ (Figure 2d). Models based 
on G-actin availability also predicted that the peak of biphasic 
cell velocity depends on the membrane resistance (Mogilner and 
Edelstein-Keshet, 2002).

Myosin contractility does not affect force balance at the 
cellular level
We next consider a model where myosin is included (with Eq. 3 and 
σ = σn – σa). We first examine a hypothetical case of a constant rate 
of actin depolymerization, γ, i.e., we implement the myosin compo-
nent in the model but dissociate the rate of actin depolymerization 
with myosin. This step aims to clarify whether myosin contraction 
directly affects cell migration through its mechanical effect.

It might be tempting to expect that myosin contractility is part of 
the force balance and thus influences cell migration. The numerical 
calculation indicates that when the rate of actin depolymerization is 
low, the cell velocity is almost independent of myosin contractility, 
k

aσ  (Figure 3a). Asymptotic analysis on small perturbation of the 
rate of actin polymerization and depolymerization also shows that 
the leading-order solution for the cell velocity is independent of k

aσ . 
As the rate of actin depolymerization increases to an intermediate 
range, the myosin contractility starts to reduce cell velocity slightly, 
but this only happens at the large end of k

aσ  (Figure 3a). This slight 
reduction of cell velocity comes from a slightly reduced effective 
cell length due to the opposite effect of actin relaxation, i.e., the 
effect of antirelaxation. Further increasing the actin depolymeriza-
tion rate reduces myosin contractility’s contribution to cell velocity 
(Figure 3a).

The result shown in Figure 3a may appear unexpected. As dis-
cussed above, the distribution of F-actin and the actin retrograde 
flow affect cell migration. When the rate of actin depolymerization is 
dissociated with myosin contractility, the distribution of F-actin and 

the actin retrograde flow are barely affected by myosin contractility 
for the most part. In the Supplemental Material, we have more 
discussion on why the internal stress of the actin network does not 
directly affect the cell force balance. Only when the stress is signifi-
cant enough to modulate the cell effective cell length will the cell 
velocity be able to change. For example, we have seen that actin 
passive swelling helps to relax the actin network and increase the 
effective cell length, increasing the cell velocity in a γ-dependent 
manner (Figure 2c). Given the above results, we thus expect that 
myosin plays a role through other means. Below we will explore the 
role of myosin contraction through its modulation of the rate of actin 
depolymerization.

Myosin contraction affects actomyosin distribution and flow
Now we consider a full model with a myosin-dependent rate of actin 
depolymerization: a a0γ = γ + γ σ . γ0 and γa are constants but the 
myosin contraction, k ma na

σ = σ , is a variable because the activated 

myosin concentration, m xn ( ), depends on multiple factors. We will 
vary the coefficient of myosin contraction, k

aσ , to modulate the rate 
of actin depolymerization, γ: large k

aσ  leaders to high γ. With the 
change of myosin contractility, k

aσ , the spatial distribution of F-actin 
(Figure 3b) follows the same trend as seen in the minimal model 
(Figure 2a). This model prediction, where myosin contraction breaks 
down the actin network, also matches experimental observations on 
an actin cortex model where the intensity of the actin network de-
creases with increasing contraction from myosin (Ganzinger et al., 
2019). Observations on keratocytes also showed that myosin disas-
sembles the actin network (Wilson et al., 2010). Since in our model 
myosin is activated on F-actin, the activated myosin distribution fol-
lows the F-actin trend (Figure 3c). The active stress, k ma na

σ = σ , still 
increases with the contractility k

aσ  even if the myosin concentration 
reduces with k

aσ .
Similar to the minimal model, with an increasing myosin-in-

duced actin depolymerization rate, the amplitude of actin retro-
grade flow increases (Figure 3d). The analysis also indicates that 
myosin contractility has a leading-order effect on the actin retro-
grade flow through the rate of actin depolymerization. From mod-
eling perspectives, the actin retrograde flow can be incorporated 
from either a kinematic or kinetic perspective. We model the actin 
flow from an actin flux kinematic boundary condition. Models 
based on kinetic relation and myosin contraction have also been 
developed (Barnhart et  al., 2011). An alternative approach is to 
develop a kinematic relation for the actin flow through the kinetics 
of myosin contraction (Chan and Odde, 2008; Bangasser et  al., 
2017). Although different approaches have been used to model 
the actin retrograde flow, the conclusions remain consistent that 
high myosin contraction increases actin retrograde flow, while sup-
pressing myosin activity reduces the flow (Cai et al., 2006; Yang 
et al., 2012).

Myosin contraction leads to biphasic cell velocity via actin 
depolymerization
Analysis indicates that the leading-order solution for the cell velocity 
is affected by both γ0 and the myosin contractility, k

aσ . The latter in-
creases the total rate of actin depolymerization, γ. Numerical solu-
tions of the model predict that the cell velocity, v0, is biphasic in k

aσ  
(Figure 3e) in a similar manner as the biphasic response in γ in the 
minimal model (Figure 2c). We discuss the implications of this result 
in the Discussion section. Models showing a bifurcation distribution 
of myosin (Kruse and Jülicher, 2003; Recho et al., 2013, 2015) can 
provide an alternative mechanism for the biphasic cell velocity in 
myosin contractility.
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The influence of the coefficient of passive actin swelling stress, 
k

nσ , on the full model is the same as that in the minimal model 
(Figures 3e and 2c). Both γ0 and k

aσ  have the potential to impact cell 
velocity in a biphasic manner (Figure 3f). However, the biphasic re-
sponse does not always occur. For example, when k

aσ  is large, the 
cell velocity is monotonic in γ0 (Figure 3f). Likewise, when γ0 is large, 
the cell velocity is monotonic in k

aσ . For extremely large γ0 such that 
a a0γ >> γ σ , γ is dominated by γ0 so the effect of k

aσ  on cell velocity 
is negligible. In this case, myosin contraction is not predicted to af-
fect cell velocity. Myosin-independent cell migration has been ob-
served in mice bone marrow-derived dendrite cells. Inhibiting myo-
sin II by blebbistatin did not affect cell velocity when the cells were 
not physically confined (Barbier et al., 2019). Although it was not 
clear why myosin was not involved in this particular case, it could be 

that when mature dendrite cells spread on open two-dimensional 
spaces, myosin II did not directly participate in the rate of actin de-
polymerization and retrograde flow.

The rates of myosin activation, kon, and deactivation, koff, are 
present in the leading-order solution for the cell velocity when the 
system is perturbed on the rate of actin polymerization and depolar-
ization. Within the first phase in Figure 3f, increasing the rate of 
myosin deactivation leads to a decrease in cell velocity through de-
creased myosin concentration and thus the rate of actin depolymer-
ization. For the same reason, increasing the rate of myosin activation 
leads to an increase in cell velocity (Figure 3g). Since myosin dynam-
ics are controlled by multiple intracellular variables such as pH, cal-
cium concentration, and ATP (Doyle et al., 2012), the model sug-
gests a mechanism with which cells can modulate their speed.

FIGURE 3:  Predictions from a full model with myosin. (a) Cell velocity as a function of a constant rate of actin 
depolymerization, γ, and the coefficient of myosin contraction, σk a

. (b)–(d) Spatial distribution of the concentration of 
F-actin (b), the concentration of activated myosin (c), and the velocity of F-actin (d) for different values of the coefficient 
of myosin contraction, σk a

; x = 0 and x = 50 μm represent the back and front of the cell, respectively. The legend of color 
lines in (d) applies to all three panels (b)–(d); γ0 = 5 × 10–4 1/s. (e) Cell velocity is biphasic in the coefficient of myosin 
contraction, σk a

. The two points, A and B, correspond to the curves A and B in Figure 4(c), respectively. (f) Cell velocity 
contour as a function of the baseline rate of actin depolymerization (γ0) and the coefficient of myosin contraction ( σk a

) 
shows dual biphasic curves. (g) Cell velocity as a function of the rate of myosin deactivation, koff, for different rates of 
myosin activation, kon; σk a

 = 500 Pa/mM is within the first-phase regime in (f).
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Stall force decreases monotonically with myosin contractility
Stall force, fstall

f , is defined as the force stalls cell migration. It esti-
mates the ability of the cell to overcome physical barriers in the ex-
tracellular environment. In our model, we apply an opposing exter-
nal force per unit area at the front of the cell, fextf  (Figure 1). When the 
external force is absent, meaning =f 0ext

f , we define the cell velocity 
as the baseline velocity. The velocities predicted in Figures 2 and 3 
are all baseline velocities. As the external force increases from zero, 
the cell velocity will decrease and eventually come to a stop. We can 
plot the cell velocity as a function of the external force and obtain the 
stall force per unit area when the cell stalls, i.e., v0 = 0.

The model predicts that the stall force decreases monotonically 
with increasing myosin contractility (Figure 4a), although in the first 
phase, the cell baseline velocity increases with k

aσ  (Figure 3e). This 
result indicates that the stall force does not necessarily correlate 
with the cell velocity. In other words, the cell velocity alone does not 
reflect the ability of the cell to overcome external physical barriers.

An analytical solution from the minimal model shows the same 
trend of the stall force in the rate of actin depolymerization, γ,

( )= η






=
η+ η γ

σf J
L k

tanh
2

,stall
f

st actin
f

st

n�
�

� � (7)

which decreases monotonically for all γ > 0 even though the cell ve-
locity is biphasic in γ. The result suggests that with the increasing rate 
of actin depolymerization, less force is needed to stall cell migration, 
implying that cells with decreasing F-actin concentration have a re-
duced ability to overcome physical barriers in the environment.

The expression of the stall force per unit area, or stall pressure, 
from the minimal model (Eq. 7) indicates that the magnitude of the 
pressure depends on multiple factors, including the strength of focal 
adhesion, the rate of actin polymerization, and the effective cell 
length. The stall pressure calculated from the model is on the order 
of 1 kPa, consistent with the stall pressure measured from kerato-
cytes (Prass et al., 2006). Different cell types may exhibit different 
interactions with the substrate or distinct patterns of F-actin distribu-
tion, which can alter the magnitude of the stall pressure. For exam-
ple, the stall pressure estimated from fibroblasts is on the order of 
10 kPa (Abraham et al., 1999), one magnitude higher than the stall 
pressure measured from keratocytes (Prass et  al., 2006). Interest-
ingly, keratocytes are known as the fastest migrating cells, yet the 
stall pressure measured from keratocytes is one order of magnitude 
lower than that of fibroblasts. This nonintuitive result supports our 
model prediction that cell velocity alone does not reflect the ability 
of the cell to overcome external physical barriers (Figure 4a).

Mechanical power output is biphasic in myosin contractility
Cell migration consumes energy (Lodish et al., 2004; Zanotelli et al., 
2018; Zhang et al., 2019) and outputs mechanical work (Li et al., 2019). 
The power output can be quantified similarly to a car engine, where 
the engine rotational speed is measured against the applied resis-
tance. In this work, we will calculate the effective cell output power by 
multiplying the external force and the corresponding cell velocity, i.e., 

f vPower ext
f

0= . To obtain a relation between the power output and 
the cell velocity, we vary the external force from 0 up to the stall force. 
By doing so, the cell velocity changes from the baseline velocity to 0 
(Figure 4a). We know that when f 0ext

f =  or v0 = 0, the product is 0.
The model shows that the effective cell output power is qua-

dratic in v0 (Figure 4b). For the same baseline velocity on the two 
sides of the biphasic velocity curve, the mechanical power output in 
the second phase (Figure 4b line B, corresponding to the point B in 
Figure 3e) is uniformly reduced compared with that in the first phase 
(Figure 4b line A, corresponding to the point A in Figure 3e). This is 
a direct result of the reduced ability of the cell to overcome physical 
barriers as myosin contractility increases (Figure 4a).

Each of the quadratic curves of power output has a maximum 
value. The model predicts that the maximum power output is also 
biphasic in myosin contractility, k

aσ , and increases with the coefficient 
of passive actin stress, k

nσ . The location of the peaks in the maximum 
power shifts toward the smaller values of k

aσ  (Figure 4c) than that in 
the maximum velocity (Figure 3e). This shift comes from the reduced 
ability of cells to overcome external forces with increasing k

aσ .

DISCUSSION
Scaling laws and the underlying physics
We derived several scaling relations that provide physical insights 
into the mechanics behind actomyosin-driven cell migration. The 
mechanisms behind the two-phase cell velocity are the effects of the 
actin retrograde flow and the distribution of F-actin. In the small-γ 
limit, the average actin retrograde velocity is L v/2n 0γ ≈ −γ + . We 
can substitute nγ  into Eq. 5 and rewrite the cell velocity as 
v k v L/ n0 st ad *( )( )= η θ . From this expression, we can see that when 
F-actin is distributed throughout the cell, i.e., the effective cell 
length is the original cell length ( L� = ), the cell velocity is propor-
tional to the magnitude of the actin retrograde flow. At the large-γ 
limit, as shown in Eq. 6, the cell velocity is proportional to the effec-
tive cell length, �. Together, we can express the cell velocity as

v
k v L

k J

/ small limit

/ large limit

n
0

st ad *

st ad actin
f �( )

( )( )
( )

=
η θ γ

η γ






� (8)

FIGURE 4:  (a) Cell velocity as a function of the external force for different coefficients of myosin contraction σk a
. (b) The 

mechanical power output of cell migration as a function of cell velocity. Line A is in the first phase, and line B is in the 
second phase but has the same baseline velocity as line A in the first phase (see points A and B in Figure 3e). (c) 
Maximal power output as a function of the coefficient of myosin contraction σk a

. Points A and B correspond to the same 
myosin contractility as the points in Figure 3e.



10  |  L. Yao et al.	 Molecular Biology of the Cell

In a more descriptive way, based on Eq. 8, the cell velocity is 
scaled by

v
focal adhesion actin flow

resistance
effective cell length0 ( )( )( )

∝ � (9)

The product of the “focal adhesion” and “actin flow” provides 
the “driving force” of actomyosin-driven cell migration, whereas the 
“effective cell length” magnifies or shrinks the driving force. The 
biphasic cell velocity predicted by the model is thus a result of the 
interplay between the actin flow and the effective cell length, i.e., 
vn  increases with γ, whereas � decreases with γ.

The stall force is predicted to decrease monotonically with the 
rate of actin depolymerization. In Eq. 7, the “tanh” term is dimen-
sionless and saturates as the argument increases. We thus neglect 
this factor in our discussion and only focus on the first three factors. 
Our Jactin

f  is the material flux with a dimension of (concentration)· 
(velocity). � is an effective cell length, and we assume that the cross-
sectional area of the cell is constant. So the product of Jactin

f � is pro-
portional to the total material of F-actin times a velocity. Since the 
total material represents the total mass, the product Jactin

f � is also 
proportional to the effective momentum of F-actin. Together, we 
can scale the stall force by

f focal adhesion F actin momentumstall
f ( )( )∝ − � (10)

This scaling relation suggests that cells’ ability to overcome phys-
ical barriers in the environment depends on the strength of focal 
adhesion and the momentum of the actin network.

Implications of the scaling laws on cell migration
Myosin plays a vital role in actomyosin-driven cell migration. Experi-
mental observations suggest that how myosin contributes to cell 
migration depends on the cell type and cell geometry. For example, 
inhibiting nonmuscle myosin IIA in nonconfined migration of RW4 
mouse embryonic stem cells (RW4 ES) (Even-Ram et al., 2007) and 
NIH 3T3 fibroblasts (Doyle et al., 2012) was found to increase cell 
velocity. But inhibition of myosin II decreased velocities of noncon-
fined migration of keratocytes (Wilson et al., 2010). It did not show 
an effect on the migration of mice bone marrow-derived dendrite 
cells (mDCs) (Barbier et al., 2019). However, when NIH 3T3 (Doyle 
et al., 2012) and mDCs (Barbier et al., 2019) migrated in confined 
spaces, inhibiting myosin IIA decreased cell velocity. These experi-
mental results indicate that myosin contractility can have biphasic 
effects on cell velocity.

Our model has the potential to provide possible physical expla-
nations behind these observations. For example, as mDCs get 
more confined, myosin inhibition was more likely to reduce cell 
velocities compared with nonconfined cells (Barbier et al., 2019). 
We know that cells under confinement are polarized (Stroka et al., 
2014; Mistriotis et al., 2019; Zhao et al., 2019, 2022; Bera et al., 
2022). The directionality of the actin retrograde flow, which is along 
the cell length, is prominent under confined geometry. In this case, 
inhibiting myosin is expected to reduce the actin flow along the 
cell, leading to a reduced cell velocity based on Eq. 9. This may 
also be the case for NIH 3T3 cells under confinement (Doyle et al., 
2012).

Cell migration on nonconfined space exhibits different mor-
phology. RW4 ES cells with knocked-out myosin IIA displayed 
elongated and protrusive cell shape and increased cell velocity 
(Even-Ram et al., 2007). The relation between cell elongation and 
increased velocity can potentially be explained by Eq. 9. Kerato-
cytes, on the other hand, displayed shortened front-to-rear cell 

length upon myosin II inhibition (Wilson et  al., 2010). Interest-
ingly, keratocytes were found to have decreased cell velocity 
upon myosin inhibition. In a separate study on keratocytes frag-
ments, the speed of the fragments was also found to increase 
with the front-to-rear length of the fragments (Ofer et al., 2011). 
All these results suggest that the cell velocity was correlated with 
the effective cell length along the direction of cell migration, as 
predicted by Eq. 9.

Model limitations and future development
In our model, the myosin plays two roles: providing contractile stress 
for the actin network and promoting actin depolymerization through 
myosin contraction. We do not explicitly connect myosin to the sub-
strate, only implicitly through the distribution of F-actin. As a result, 
myosin contractile stress is an internal stress within the cell and is 
indirectly linked to the extracellular environment. So the major con-
tribution from myosin is influencing the rate of actin depolymeriza-
tion. We have assumed a steady-state cell migration so that the cell 
length remains constant. If the cell length could extend or shrink 
depending on myosin contractility, myosin may have additional 
effects on cell migration. Moreover, we have left out components 
such as water flux, osmosis (Li et al., 2020), myosin-dependent ad-
hesion dynamics (Vicente-Manzanares et  al., 2007; Doyle et  al., 
2012; Craig et al., 2015; Murrell et al., 2015; Swaminathan et al., 
2017), membrane-tension-dependent actin polymerization (Tsujita 
et  al., 2015), and substrate physical properties (Chan and Odde, 
2008; Bangasser et al., 2017). These components can be incorpo-
rated into future studies.

CONCLUSION
In this work, we developed a multiphase cell migration model, 
which includes F-actin, G-actin, activated myosin, and nonactivated 
myosin, to study the relationship between cell velocity and actin 
depolymerization. Although this model is primarily developed for a 
whole cell, the theoretical framework is also applicable to modeling 
the lamellipodium region of a cell (Krause and Gautreau, 2014) or a 
cell fragment (Kozlov and Mogilner, 2007; Ofer et al., 2011). The 
model predicts that myosin contraction can increase the rate of actin 
depolymerization and modulate cell velocity in a biphasic manner, 
which is rooted in the interplay of actin flow and the redistribution of 
F-actin. However, cell velocity alone does not determine the effec-
tive mechanical power output of cell migration. For example, even 
if cells migrate at the same velocity (on the two sides of the biphasic 
velocity curve), the effective cell energy outputs are distinct, as high 
myosin contractility leads to low migratory energy output at the 
same velocity. This result has implications on how cells in vivo such 
as neutrophils during immune response (van der Woude et  al., 
2017; Baeyens and Schwab, 2020) or cancer cells during metastasis 
(Montell et al., 2012) design their intracellular machinery to achieve 
a desired migratory outcome. For instance, to migrate at the same 
velocity, cells might stay in the first phase to obtain sufficient me-
chanical power output to navigate challenging physical environ-
ments. Since myosin contractility reduces F-actin concentration by 
increasing the actin depolymerization rate, the model suggests that 
the F-actin content indicates cells’ ability to overcome external bar-
riers. This is consistent with the physical explanation from the mini-
mal model that the strength of the connection between focal adhe-
sion and F-actin affects cell velocity. Therefore the model suggests 
that the F-actin content indicates cells’ ability to overcome external 
barriers. Understanding the roles of myosin contraction in cell mi-
gration will also help design physics-based, bio-inspired robots for 
advanced health therapy.
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