Coupling actin flow, adhesion, and morphology
iIn a computational cell motility model
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Cell migration is a pervasive process in many biology system S
and involves protrusive forces generated by actin polymeri zation,
myosin dependent contractile forces, and force transmissi on be-
tween the cell and the substrate through adhesion sites. Her e
we develop a computational model for cell motion that uses th e
phase field method to solve for the moving boundary with phys-

ical membrane properties. It includes a reaction-diffusio n model
for the actin-myosin machinery and discrete adhesion sites which
can be in a “gripping" or “slipping" mode and integrates the a dhe-

sion dynamics with the dynamics of the actin filaments, model ed
as a viscous network. To test this model, we apply it to fish ker -
atocytes, fast moving cells that maintain their morphology , and

show that we are able to reproduce recent experimental resul ts
on actin flow and stress patterns. Furthermore, we explore th e
phase diagram of cell motility by varying myosin Il activity and
adhesion strength. Our model suggests that the pattern of th e
actin flow inside the cell, the cell velocity and the cell morp hology
are determined by the integration of actin polymerization, myosin
contraction, adhesion forces, and membrane forces.
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introduction

Cell migration plays a crucial role in many biological proses,
including chemotaxis, embryogenesis, and cancer meigastas
eukaryotic cells, this migration is powered by the actinasin system
[1]: atthe cell’s leading edge, cross-linked actin filansgmilymerize
by adding actin monomers to their barbed ends, a processrkasw
"tread-milling", while at the back of the cell, myosin Il oim now on
referred to as myosin, binds to the bundled actin filamentsexerts
contractile stress.

Recent experiments have examined cytosolic actin flow, them
ment of actin network with respect to the substrate [2, 3,,4]5
Many of these studies were performed using fish epidermaitéer
cytes. These cells are ideally suited to investigate cetionasince
they are able to maintain a polarized morphology and dispayd
migration on the substrate [7]. These studies revealedrthié front
half of the cell, the actin network exhibits a small retraggelow in
the laboratory’s frame of reference. In contrast, theitigipart of the
cell displays anterograde actin flow at larger speed. Thitepaof
the actin flow, along with cell velocity and cell shape, wasd to be
dependent on various factors, including the rate of actigrperiza-
tion, the amount of myosin activity in the cell, and the cibstrate
adhesiveness [3, 8, 6].

cellis generated by adhesion sites that are in the grippiodemvhile
traction in the sides and back is generated by sites in tippisty
mode.

Even though experiments have generated numerous quietitat
results, the precise mechanisms of cell motion remain pagortier-
stood. A number of recent theoretical studies have atteirtptaodel
cell migration in an effort to probe the motility mechanismost of
these models, however, make several simplifications anchtiady
dress the full coupling between adhesion sites, actin flowd, cell
morphology. For example, some studies determined the fhotirin
aone-dimensional [16, 17, 18] or fixed two-dimensionalgetimetry
[19]. Inother studies, the cell boundary was allowed to ¢geeaccord-
ing to a phenomenal function of protrusion rate [6, 20] wiitber
approaches implemented physical forces along the cell mameb
obtained cell shape and speed, but ignored actin flow andletéta
adhesion mechanisms [21, 22, 23]. Other studies examinke- ad
sion dynamics and cell-substrate coupling ignoring cdibdeations
[24, 25, 26] or focused on the dynamics of the leading edged2F
Finally, a recently developed computational techniquéble & sim-
ulate migrating three-dimensional cells but does not ideldiscrete
adhesion sites [29].

Inthis study, we present a comprehensive model for cellaigmn
which couples actin flow with discrete adhesion sites andrdedible
cell boundaries. These moving boundaries are solved, ageir-p
ous studies [22, 23], using the phase field method. This rdeitho
a computationally efficient method in which the physical rbeame
forces, including surface tension and bending energy, eanddeled
without the explicit need of boundary tracking. In our mqdssl|
motion is generated through myosin contraction and actlynper-
ization, which are both treated as active stresses [18].dditian,
we include discrete adhesion sites which can be either igripping
or slipping mode and whose dynamics is integrated with &tdim.
Even though our model is easily formulated for general eyt
cell motion, we will apply it to keratocyte motility and wihow that
it can accurately account for a number of experimental figslirFur-
thermore, we show that we can start exploring different erpental
conditions through simple modifications of the parameters.

Model

Our model is motivated by experiments on keratocytes andiders
cell shapes that reach a stationary state. A schematio/gdeef a
keratocyte cell is given in Fig. 1A and shows a bulb-shapdidody

The active stresses generated by the actin-myosin system aﬁmd a thin lamellipodium. Since lamellar fragments can haartyp-

transmitted to the substrates through adhesion sitesjdingvthe
necessary forces required for propulsion [2, 9, 10]. Thellesion
sites are formed near the front of the cell, grow into matoaf ad-
hesions and gradually disassemble as the cell advance$1102].
The force transmission between cells and the substrateeis wewed
as a clutch that is either engaged or disengaged [13, 14,Id5he
engaged, or gripping, mode the cell’s cytoskeleton is firattpched
to the substrate while in the disengaged, or slipping, mbdeetis
slippage between the cytoskeleton and the substrate. Atregper-
imental study using keratocytes examined the relationbkipveen
actin flow and substrate stress [2] and showed that the stibstiress
vector was not aligned with the actin velocity vector in trentral
part of the cell. This study suggests that traction at thaetfa the

www.pnas.org/cgi/doi/10.1073/pnas.0709640104

Ical fan-like shapes and motility [7] we will ignore this tbbdy and
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will treat the lamellipodium as a two-dimensional obje¢town as a
top view in Fig. 1B.

Our model exists of four coupled “modules”, each descrildifig
ferent aspects of cell motility. More details of our modehdae
found in the Supporting Information. The first module ddsesi the
cell shape in terms of the phase field method and is similauto
previous work. In this method, an auxiliary non-physicaldjep,
is introduced to distinguish between the interior and eatesf the
cell. The membrane is then modeled as a diffusive interfateden
these two values (here, = 1 for the inside the cell ang = 0 for
the outside). The main advantage of this method is that idaube
need for explicit boundary tracking techniques. Consetiyeihhas
been applied successfully to a large amount of free-boynplarb-
lems [30, 31, 32, 33, 22, 23]. In our case, the dynamic equdtio
the phase field is written as

99 _

ot

where the advection term couples the phase field to the lotialfiow
velocity, u, ¢ denotes the local curvatutéjs a Lagrangian multiplier,
e is the parameter controlling the width of the cell bounday) G
is a double well potential with minima @ = 1 and¢ = 0. This
description is similar to the one we used previously exdegtwe no
longer enforce a constant cell area and that, following R&3], we
have added the last term to stabilize the phase field inerfac

—U-V¢+T(eV3p— % + ce| Vo) [1]

(0]

The second module describes the actin network which iseeat

as a viscous fluid [19] in the quasi steady approximation:
VOV'[¢(vu+vuT)]+v'amy0+v'0poly+Fmem+Fadh =0 [2]

wherev is the effective viscosity of actin network. Through exfilic
simulations, we have verified that solving the time-depeh@gua-
tion for the actin flow does not lead to qualitatively diffateesults.
The first term represents the symmetrized strain rate tembibe the
next two terms describe the contractile stress generatehymsin
and the expansive stress due to actin filament polymerizatispec-
tively, and are detailed in the Supporting Information [18he fourth
term in this equation represents the membrane forces (®utémsion
and bending force) and are implemented in the phase fieldbappr
as before [34, 22].

ble to different actin-myosin models. Our reaction term farction
f(pa, p*) that also depends on the cytosolic actin monomer concen-
trationp¥*. Since actin monomer diffuse rapidly, we will assume that
this monomer concentration is uniform. The mass-consgriunc-
tion f is chosen to be bi-stable with solutions corresponding tallsm
and large actin concentrations [35, 36]. Choosing the tatah con-
centration neither too large nor too small leads to a symynietiken
solution in which one part of the cell has a high actin conegitn
and the remainder has a small actin concentration. The &lieuiv
equation for the conserved myosin concentration descritgssin
advection due to actin and diffusion. This diffusion is ased to

be a function of actin such that the diffusion constant desee for
increasing actin concentration. These equations can lepoated
into the phase field model for a moving cell with zero-flux bdary
conditions as has been described before [37, 22]:

2 (Bpa) =~V - (Bpaw) + DY - (6Vpa) + 07 (par ) (3]

0

ot
whereD, and D, (p.) are the diffusion coefficients of the two fields.
Note thatD,, does not represent physical diffusion but can be thought
of as an effective diffusion constant arising from randorergs that
include other actin related proteins and polymerizatiod dapoly-
merization processes [38].

The partial differential equations [1-4] are solved d80a x 200
rectangle with grid size of.2;um and time stepAt = 10™%s. To
reduce computational costs we assumed perfect symmetmatbe
midline of the cell shown in Fig. 1B and only consider half bét
cell. The force generated by each adhesion site is dis¢ibetjually
to the nearest four grids that encloses the site. To redeceaimput-
ing time even further, we periodically shift our computatioox such
that the cell remains in the central portion of the box. Thigngftow
equation is solved using an implicit scheme and the readiffusion
equations are calculated explicitly at locations where 10~%. The
parameters used in the simulations are provided in Suppfiable
1.

(¢pm) = =V - (¢pmU) + Dim(pa)V - (Vpm) [4]

Results and Discussion

The last term in the equation for the actin flow represents thsteady state cell shapes. A typical simulation starts from a discoid

forces due to the adhesion mechanism, described in therttucilile.
It contains a spatially uniform drag force that is linearhpportional

to the velocity of the cell. Additionally, we consider adivesforces
arising from discrete adhesion complexes. Newly createdpbexes
are in the gripping mode and are modeled as springs with dadlate
attached to the substrate and to the actin network. Theiposit the

former is fixed in the laboratory frame of reference while gosition

of the latter is subject to movement due to actin flow. Henoeedhe
actin network starts to flow, these springs stretch and exttce on
both the actin network and the substrate. As the networkiroes to
flow, the spring is stretched further and its probability oédking in-
creases. Once the adhesive bond is broken, the complexege®pe
the slipping mode and the adhesive force is modeled as aesiinad
force. Finally, the complexes disappear at a constant redendnen
encountering the cell boundary, after which a new one is ithately

created, keeping the number of adhesion sites fixed. Thé&doocaf

a new adhesion site is chosen from a probability distributdensity
that is proportional to the actin density. In a moving célistconcen-
tration is high near the leading edge and low near the tgditige of
the cell, leading to nascent adhesion sites that are caatedtat the
front of the cell.

The final module in our model contains reaction-diffusioni@q
tions for the actin filament and myosin concentrations,and p.,.
The equation for actin contains an advection term, a diffugerm
and a reaction kinetics term. We will present here resultafepe-
cific choice of the reaction kinetics but our model is equalbplica-
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cell with radiusro = 10m and with a uniform myosin densify?, ].
To break the symmetry and to determine the cell’s directiloajnitial
actin filament concentration is chosen to be nonzero onligérfriont
half of the cell. The ensuing polymerization of actin filarteepushes
the cell forward, resulting in myosin being advected to thekbof
the cell. The increase of myosin at the back of the cell preduon-
tractile stress and retracts the cell rear, resulting ihretion. After
a transitory period, the cell reaches a stationary fandikepe, (Fig.
2A), and moves at constant speed. Fig. 2B and Fig. 2C show the
corresponding steady state distribution of actin filamantsmyosin,
respectively.

Actin flow. The map of the actin flow produced by our model for the
steady state shape corresponding to Fig. 2 is shown in FigHa#re,
blue indicates retrograde flow, red corresponds to antadegflow
and the vectors correspond to the local actin flow velocity cAn
be seen from these figures, the actin network flows forward astm
parts of the cell with increasing speed near the back andities s
of the cell. However, the front part of the cell is characted by
a retrograde flow. This is further illustrated in Fig. 3D waexe
plot the actin flow velocity along the midline of the cell (shoas
the dashed line in Fig.1B). The retrograde velocity along time
reaches a maximum magnitude-0f0.012um/s. The sharp increase
in flow velocity ahead of the retrograde flow zone represdmdar-
ward movement of the cell boundary, generated by the polizaison
of actin filaments. At steady state, this forward velocitydentical
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to the velocity of the backifront = Vback = Veenn = 0.14um/s) as
both boundaries move forward with the same speed.

concentrations and increases for increasing adhesivegth® In Fig.
5B we report the maximum retrograde actin flow which is redifoe
increasing gripping strength and decreasing myosin cdretgon. In

Substrate stress. Fig. 3B illustrates the stress map of the substratd/9- 5C we plot the aspect ratio, defined as the ratio betwien t

corresponding to the cell in A. Here, red represents forwaltk rep-
resents rearward stress and the arrows indicate the loeakshagni-
tude and direction. The cell-to-substrate stress containgibutions
from the basal level friction between the cell and the sastifriction

from the slipping sites and the stress from the grippingsiteediated
through stretched springs. The stress was computed asgtimairthe
substrate is very rigid and that substrate deformationdedgnored.
We have checked that the substrate stress, including tferomirag

force, sums up to zero at steady state, such that the netdoitbe cell
vanishes. The stress map reveals that the stress is direstadds
the back in roughly the front half of the cell and directediard in

the trailing part of the cell.

Actin stress alignment.

To investigate the alignment between actin

width and the length of the cell. The aspect ratio of cell$waitarge
myosin concentration shows a monotonic increase in thecasgto
as the gripping strength is increased. In contrast, thecasago for
an intermediate myosin concentration, corresponding ¢ontiddle
row in Fig. 4, does not change monotonically with grippingsgth:
the aspect ratio is small for low and high vaIuesFté)Lip and reaches

a maximum forFy,.,,, = 5Pa.

Comparison with experimental results. A comparison of the numer-
ical results presented above with experimental data revéak our
model is able to capture most experimental findings. Firstlofind
consistent with our earlier work [22], the stationary shapsely
match the experimentally observed cell morphologies. Aditg
moving cell for intermediate adhesion strength and myosimcen-

flow and substrate stress we computed the angle between tihe adration exhibits a fan-like morphology (Fig. 2). Our resulilso

flow and the substrate stregs, A map ofcosf is shown in Fig. 3C
using a color scale with red corresponding:te = 1 and blue cor-
responding tazosd = —1. If adhesion were purely due to frictional
drag, the substrate stress would always be in the same idimexs$
the actin flow. Indeed, in most of the cell, the map reveals ttia
actin flow and substrate stress are aligned. At the centrabpéhe
cell, however, the stress is not perfectly aligned with tbenaflow
(cosf < 1) and can even be opposite to the actin floasg = —1).

Distribution of adhesion sites.
distribution of adhesion sites that are in the gripping matide in 3F
we plot the equivalent distribution for adhesion sites ie #fipping
mode. Clearly, most of the gripping sites are located in tbetfpart
of the cell, while the slipping sites are located at the bddke cell.
Furthermore, due to their significant decay rate, most ofelstes
are found away from the trailing edge of the cell.

Role of myosin and adhesion on cell morphologies and flow pat-
terns. Within our model, it is straightforward to investigate celbr-
phologies and flow patterns for different parameters, epoading
to experimental perturbations. We focus here on the effeats/osin
contractility and adhesion strength. Experimentally, filvener can
be altered using blebbistatin (a myosin inhibitor) or calyt A (a
phosphatase inhibitor that activates myosin contractidmle the lat-
ter can be changed by coating the substrate with specificoly[6].
The corresponding numerical parameters in our model aré¢otiaé
myosin concentratiop,, and the gripping force parametEﬁrip.

In Fig. 4 we plot the simulated cell morphologies for seveli&l
ferent combinations of myosin concentration and adhediemgths.
The initial myosin density is varied from high (top row), tcedium
(middle row), and to low (bottom row) while the gripping stoggh
increases from left to right. All the cell shapes shown in.Fig
are stationary except the one with the smallest myosin cdratéon
and highest cell-substrate adhesion (right-bottom cymérich ex-
hibits shape oscillations. For low gripping strength (leffumn),
cells become rounder as the amount of myosin increasesntrest,
the morphologies of cells with intermediate or high grigpsirength
(middle and right column in Fig. 4) change in a more compédat
fashion: cells with low and high myosin concentrations anender
than cells with intermediate myosin concentrations.

Further quantification of the effects of varying myosin cenitra-
tion and cell-substrate adhesion is presented in Fig. 5ewverplot
several quantities as a function of the gripping force pateny’y, ,,
(adhesion strength) fgr,,, = 0.3m =2 (dashed line, corresponding
to the middle row in Fig. 4) ang,, = 0.4um~2 (solid line, upper
row in Fig. 4). In Fig. 5A we plot the area of the cell as a fuonti
of the cell-substrate adhesion. This area is smaller fgelamyosin

Footline Author

compare favorably to the experimental data in the study ohBat
et al. in which the myosin activity and adhesion strength was adter
[6]. In particular, the morphologies shown in Fig. 4 are rekably
consistent with the ones reported in their experimentalystéor ex-
ample, the experiments also found that the area decreasasreas-
ing myosin activity and increasing cell-substrate adhe$ammpare
with Fig. 5A). Furthermore, our numerically obtained adpato for
intermediate myosin concentrations (middle row in Fig. K¥paex-
hibits a biphasic dependence on adhesion strength, witharaivling
at intermediate adhesion strength displaying the highgsa ratio

InFig. 3E we showthetime-averaged (Fig. 5C).

Our actin and myosin distributions are consistent with expen-
tal observations which show that actin is enriched at thetfod the
cell and myosin is concentrated in the back half of the cell .
The actin flow pattern is in general accordance with the awpr-
tally observed patterns which show a retrograde flow with albm
velocity in the front of the cell and a larger anterograde flavithe
cell rear [3, 39, 8, 2]. Also, the actin flow was reported tordese
for increased adhesion strengths, similar to our findingsvshin Fig.
5B [6]. Finally, our stress map is qualitatively similar toetmaps
obtained in experiments using traction force microscogy [2 par-
ticular, as in the experiments, we observe that the regioearfward
stress extends further away from the leading edge than theafoet-
rograde actin flow. This can be seen in Fig. 3C which showstheat
actin flow and stress direction are in opposite directiorhian¢entral
part of the cell.

Motility mechanism. Taken together, our results suggest the follow-
ing biophysical picture of cellmovement: Cell movementesgrated
through the asymmetric distribution of actin filaments angbsin.
The actin is concentrated at the front of the cell, leadingrtdrusive
forces that push the membrane forward. Since myosin ishathto
the actin filaments, it is advected with actin towards the oédhe
cell. As aresult of the bi-stable reaction kinetigdit Eq. 3), the actin
concentration is high in the front part of the cell and dragggidly to a
small value in the remainder of the cell, leading to an aatthrayosin
concentration profile as in Fig. 2B and C. The expansive sfresn
the actin network, together with the contractile stress pbsin, lead
to retrograde flow in the front part of the cell as the netwarkoth
pushed (by actin) and pulled backwards (by myosin). At tlze of
the cell, however, the actin must move with the cell’'s vepaind in
the anterograde direction. The result is an actin veloaditfile as in
Fig. 3A and D.

Adhesion sites are formed with a probability distributidrat
is proportional to the actin concentration. Thus, new orrespae-
dominantly formed near the front of the cell where they ar¢hia
gripping mode. Since the actin near the front of the cell flaws
the retrograde direction, these sites will move backwarestilting
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in retrograde stress on the substrate (Fig. 3B). After tleemation,
these sites become more strongly attached to the substrdtara
stretched further, increasing the retrograde cell-sabsstress. Once
the actin flow reverses its direction from retrograde to eogeade,
the length of the spring is reduced, leading to a decreasiagvard
stress. Eventually, as the actin continues to flow in theragtade
direction, the adhesion springs are stretched in the fahdaection,
resulting in forward substrate stresses. Hence, as waswaltse
the experiments [2], the location where retrograde flow chvés to
anterograde flow does not coincide with the location whegesthess
changes from forward to rearward, resulting in an oppodigmement
of actin flow and substrate stress in the central part of thig[Eig.
3C). Specifically, the region of opposite alignment cormg}s to the
part of the cell in which the actin flow is anterograde while #d-
hesion spring is still stretched in the rearward directi@ince the
flow velocity is roughly linear (Fig. 3D), the amount of tinereturn
from the maximal rearward extension to the unstretchedtiposis
roughly identical to the amount of time during which the sgris
being stretched backwards. Hence, the spatial extent aétien in
which the stress and flow are aligned oppositely is roughéyital
to the spatial extent of the frontal region where the flow anksrate
stress are aligned. As the anterograde flow magnitude iseseshe
adhesion force increases until the adhesive bond is brokérs is
also shown in Fig. 5D where we plot the average substratessifeng
the midline of the cell where negative values corresponeaoward
stress and positive values correspond to forward stresss fijure
demonstrates that the anterograde flow increases the fbsubstrate
stress rapidly, after which the bonds break. Once brokessetlad-
hesive sites exert a forward stress due to frictional drag. (BE and
F).

Our parameter modifications show that the cell morpholotpna
with actin flow speeds, depend not only on cell-substratesidh but
also on myosin activity (Fig. 4 and 5). For low gripping sigéms
(left column in Fig. 4), increasing the myosin concentratiesults in
increased contractility and, hence, rounder cells with alEnaspect
ratio (Fig. 5A). Increasing the gripping strength leads ttvaasi-
tion from gripping to slipping adhesion sites that occurs drger
cell-substrate stress. Consequently, as can be seen mady ¢h the
bottom row of Fig. 4, cells become more elongated in the divac
of their motion.

Summary and possible extensions.  Even though our model results
are consistent with experimental studies, it has sevenéidtions and
can be extended in various ways. For example, our cell isetdeas
a two-dimensional object. This is a reasonable approxomdtr the
lamellipodium but is not sufficient to describe the bulboal lbody.
Extension to three dimensions [29] are in principle streffvard
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albeit computationally more intensive. Also, we have fezhlsere
on solutions that are symmetric around the midline of thi(dakshed
line in Fig. 1B). Hence, any left-right asymmetries or bipkkbco-
motion as reported in the literature [40, 6] can not be cagatum our
numerical study. A numerical extension that solves the detagell
shape is straightforward. Note, however, that the mechaign-
derlying the observed left-right asymmetry are not prdgigkaown
and might not be present in the current model. In additioriken
our numerical studies, experiments show a significant asmén ad-
hesion at the sides of the cell. This suggests a specific macha
absent in our model, that is responsible for this accumdlatthe-
sion at the sides of the cell. Furthermore, it would be irgtng
to explore the dependence of cell velocity on model pararseted
substrate properties. We have found that the cell speechdspmn-
monotonically ofF,.;,,, with lower speeds at high and low adhesion
strength (data not shown). This peak in cell speed appeaspend
on the myosin concentration and a further exploration israrded.
Also, in our model the cell morphology is treated deterntinaly
and is not able to address experimental results which shivahapes
with a noisy periphery under low myosin activity and highéhasion
strength conditions [6]. Furthermore, our reaction-difitn model
can be extended to include more complicated actin-myosivafy
ics. Forexample, it has been suggested that myosin mighgshsnble
F-actin near the cell back [8]. In addition, it would be irgsting to
include extra pathways to contrp®*, ensuring that the cell is able to
polarize [35]. Also, we have assumed that the substratdirstaly
rigid. Experiments have shown that substrate rigidity cfiectthe
shapes and motility properties of cells [24], and our prasiwvork has
shown how to describe substrate deformations [26]. FinaNyould
be worth exploring the effects of barriers on the cell veigcs was
investigated in recent experiments [41]. We believe thatoodel is
well-suited to start exploring these extensions, whichugthéead to
a more fundamental biophysical understanding of cell ritytil

In summary, we have presented a computational model for cell

motility that incorporates cytosolic actin flow, discret#hasion sites,
myosin contraction, actin polymerization, and membrameds. Our
computational methodology employs a phase-field, enablimgffi-
cient determination of the morphology of the cell. The resof our
model are in good agreement with experimental data. Inqaati,
it is able to reproduce maps of actin flow, substrate stredsttaeir
alignment as observed in recent experiments that combiaetidn
force microscopy and actin flow measurements. Our resufigesi
that cell motion and its associated cell morphology andnafbiv
patterns are controlled by the collective effects of myasintraction,
actin polymerization, and adhesion site dynamics.
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Fig. 1. (A) Schematic side view of a migrating cell. Our model describes the thin
lamellipodium extending in front of the bulbous cell body and is approximated as a two-
dimensional sheet, shown in the top view of (B). Within this lamellipodium, cross-linked
actin, responsible for protrusion, is concentrated at the front while myosin, generating con-
traction, is mainly found at the back of the cell. Forces are transmitted to the substrate via
discrete adhesion sites that can either be in the gripping mode (schematically shown in
red) or in the slipping mode (schematically shown in blue). As a result, the actin network
exhibits a small retrograde flow in the front part of the cell and a anterograde flow in the
back half of the cell. The midline of the cell, shown as a dashed line in (B), is assumed to
be a line of symmetry, facilitating the computations.

Fig. 2. Snapshots of cell migration. (A) Three successive snapshots of a typical simulation
of a cell evolving and reaching a stationary shape with aspect ratio S = 2.6 and speed v =
0.14pm/s. The corresponding steady-state distributions of F-actin and bound myosin are
shown in (B) and (C), respectively, representing a a 40pumx40um area. Parameters are
given in Supporting Table 1 with Fgrip = 5Paand [p¥,] = 0.3um~2.
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Fig. 3. Steady-state maps of actin flow and substrate stress. Maps of actin flow (A), substrate stress (B), gripping sites (E) and slipping sites (F) corresponding to the
cell morphology in Fig. 2. (C): Coupling between actin flow and stress, measured by computing the cosine of the angle between flow vector and stress vector. (D): Actin
flow velocity along the midline of the cell. The actin flow velocity equals the cell's speed (0.14 um/s) at the back of the cell and, due to the phase-field implementation,

at the front of the cell. The scale bar corresponds to 10m.

>
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Fig. 4. Morphologies for different cell-substrate adhesion and myosin concentration values,

shown in 40um X 40um plots. The gripping strength is tuned by Fgm.p: Fgm.p = 1Pa (left
0 _ . 0 _ . .
column), Fg”.p = 5Pa (middle column) and Fgrip = 10Pa (right column). The myosin

concentration varies from [p2,] = 0.2um ™2 (bottom row) to [p9,] = 0.3um =2 (middle
row) and [pgn] = 0.4um_2 (top row). Other parameters are as in previous figures.
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Fig. 5. Quantification of the effects of different gripping strengths and myosin concentrations. Solid lines represent [p?n} = 0.4#1‘[172 and dashed lines correspond
to [pgn] = 0.3um‘2. Plotted as a function of the gripping strength are the cell area (A), maximum retrograde velocity (B), and aspect ratio (C). (D): The average
substrate stress along the midline of the cell.
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