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Dual role of the nucleus in cell migration on planar
substrates

Adrian Moure · Hector Gomez

Abstract Cell migration is essential to sustain life. There have been significant ad-
vances in the understanding of the mechanisms that control cell crawling, but the role
of the nucleus remains poorly understood. The nucleus exerts a tight control of cell
migration in 3D environments, but its influence in 2D migration on planar substrates
remains unclear. Here, we study the role of the cell nucleus in 2D cell migration us-
ing a computational model of fish keratocytes. Our results indicate that the apparently
minor role played by the nucleus emerges from two antagonist effects: while the nu-
cleus modifies the spatial distributions of actin and myosin in a way that reduces cell
velocity (e.g., the nucleus displaces myosin to the sides and front of the cell), its me-
chanical connection with the cytoskeleton alters the intracellular stresses promoting
cell migration. Overall, the favorable effect of the nucleus-cytoskeleton connection
prevails, which may explain why regular cells usually move faster than enucleated
cells.

Keywords Cell migration · Nucleus · Phase-field modeling · Actin cap

1 Introduction

Cellular migration plays a pivotal role in multiple crucial biological processes, such
as, wound healing, pathogen removal, and metastasis. Despite extensive research
highlighting the influence of the nucleus in moving cells (e.g., abnormal nuclear
shape and stiffness has been observed in metastatic cells (Harada et al., 2014)), the
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mechanisms whereby the nucleus regulates cell migration remain unclear. The nu-
cleus has been largely considered a mechanically passive cargo that limits the abil-
ity of cells to pass through narrow constrictions (Friedl et al., 2011). Recent stud-
ies of cell migration in 3D environments (Calero-Cuenca et al., 2018; Cho et al.,
2017; Fruleux and Hawkins, 2016; Lele et al., 2018; Liu et al., 2016) have shown
that the nucleus is more than a passive load. For instance, nuclear stiffness regulates
cell spreading in 3D extracellular networks. While stiff nuclei restrict cell spread-
ing, excessively soft nuclei may experience the rupture of the nuclear envelope and
DNA damage (Denais et al., 2016). The mechanical connection between the nucleus
and the cytoskeleton (Arsenovic et al., 2016; Jahed et al., 2015) plays a significant
role. This connection conducts the transmission of forces between the nucleus and
the cytoskeleton. The connection also mediates a nuclear response to the mechani-
cal properties of the extracellular environment, which manifests itself with the ad-
justment of the nuclear stiffness and nuclear transcription factors (Cho et al., 2017;
Guilluy et al., 2014; Swift and Discher, 2014)— a process called mechanosensing.
Cytoskeletal forces transmitted to the nucleus lead the shaping and movement of the
nucleus. Defects in nuclear position have been observed in human pathologies (Uhler
and Shivashankar, 2018; Denais and Lammerding, 2014) and also affect the transmis-
sion of cellular stresses, which impairs cell polarization and cell migration (Khatau
et al., 2012; Liu et al., 2016). Therefore, the mechanical connection between the nu-
cleus and the cytoskeleton is critical for cell migration. Further research is required
to determine the specific mechanisms that drive nuclear movement (e.g., whether the
nucleus is pulled or pushed (Wu et al., 2014) or why some cells experience a for-
ward displacement of the nucleus (Barzilai et al., 2017; Petrie et al., 2014), rather
than the usual backward displacement). Interestingly, an active role of the nucleus in
confined cell migration has been recently observed (Petrie et al., 2014, 2017; Stroka
et al., 2014). These papers show that the nucleus divides the cell into two distinct
compartments. Nuclear displacements driven by actomyosin contractility increase the
hydrostatic pressure of the front compartment, which promotes bleb-like protrusion.

The role of the nucleus in 2D cell migration is more controversial. The nature of
migration on planar substrates, where the nucleus interaction with the environment is
not apparent, reinforces the idea of the nucleus as a passive body. Furthermore, mul-
tiple studies have shown that the nucleus is not essential for 2D migration (Euteneuer
and Schliwa, 1984; Graham et al., 2018) and only plays a minimal role (Khatau et al.,
2012). Thus, the role of the nucleus in cell motion on planar substrates has been usu-
ally overlooked. However, although the nucleus is not essential, it does affect 2D cell
migration as shown experimentally (Euteneuer and Schliwa, 1984; Graham et al.,
2018; Kim et al., 2014; Lautscham et al., 2015). For example, intact cells in Euteneuer
and Schliwa (1984) and Graham et al. (2018) are faster than enucleated cells, despite
the biological processes driving cell motion are identical. Experiments in Kim et al.
(2014) and Lautscham et al. (2015) showed that persistence, cell polarization, and cell
velocity are strongly affected by the nuclear stiffness and the nucleus-cytoskeleton
connection. A review on mechanosensing (Swift and Discher, 2014) also pointed out
the interplay between the substrate stiffness, the nuclear envelope rigidity, and the
cellular shape, which consequently affects cell migration on elastic substrates. The
mechanisms whereby the nucleus affects 2D cell migration remain largely unknown,
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and cannot be extrapolated from 3D cell migration. For instance, cell velocity in 3D
migration decreases as the nuclear envelope stiffness increases, while the opposite
trend is observed in 2D migration (Lautscham et al., 2015). Likewise, the disruption
of the nucleus-cytoskeleton connection impairs 3D cell migration, but barely affects
2D motility (Khatau et al., 2012). Further research may provide insight into the active
mechanisms displayed by the nucleus in 2D migration. All of these evidence, along
with the fact that most experimental studies focus on motion on planar surfaces, high-
light the importance of a specific investigation on the role played by the nucleus in
2D cell migration.

Here, we study quantitatively the role of the nucleus in 2D cell migration using
a computational model. We focus on fish keratocytes because their simple motile
machinery has been widely studied in many experimental and computational works
(Barnhart et al., 2010; Camley et al., 2017; Fournier et al., 2010; Jurado et al., 2005;
Keren et al., 2008; Nickaeen et al., 2017; Raynaud et al., 2016; Rubinstein et al.,
2009). In addition, enucleated keratocyte fragments display the same motile mecha-
nisms as intact cells (Euteneuer and Schliwa, 1984). The motile machinery consists
of a 2D actin filament network which spreads over the keratocyte and undergoes
myosin-induced contraction at the cell’s rear. The actin network assembles into a
denser 2D structure at the cell’s front (lamellipodium), which exerts protrusive forces
on the cell membrane. The forces originated by the actomyosin network are transmit-
ted to the underlying substrate via transmembrane adhesion proteins (integrins) (Case
and Waterman, 2015). In our model, we localize the cytosolic compounds (actin
and myosin) inside the cell and outside the nucleus by using the phase-field method
(Gomez and van der Zee, 2018; Li et al., 2009; Lowengrub et al., 2009; Moure and
Gomez, 2018; Teigen et al., 2009). We propose two force balance equations for the
cytoskeleton and nucleus dynamics, where we include the forces produced by the
cellular motion machinery and the forces arising from the nucleus-cytoskeleton in-
teraction.

We believe our study may constitute a significant step forward in the field of
computational cell migration. Although a few previous computational models have
considered the nucleus, its specific role in cell migration has been overlooked. Those
models that take the nucleus into account resort to diverse approaches. A common
conceptualization of the nucleus has been that of a hyperelastic or viscoelastic body
(Serrano-Alcalde et al., 2017; Zeng and Li, 2012; Aubry et al., 2015; Deveraux et al.,
2017). Although previous work recognized the interaction of the nucleus with the
cell membrane (Camley et al., 2014) and the potential effect of the nucleus on the
distribution of cytosolic compounds (Barnhart et al., 2015), our study sheds light on
the dynamics and morphology regulation of the nucleus and identifies the key role of
the nucleus-actin network connection on cell migration.

Our model results successfully reproduce the shape, velocity, actin and myosin
dynamics of 2D moving keratocytes and suggest a scenario in which the nucleus has
two antagonist effects in cell motion: While the nucleus geometry displaces actin
and myosin, leading to a less efficient distribution of the cytosolic compounds that
reduces cell motility, the nucleus-cytoskeleton connection exerts cellular stresses that
enhance cell migration. The latter effect prevails over the former and the presence of
the nucleus increases the efficiency of cell migration.
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2 Model description

We propose a 2D phase-field model of keratocyte migration. The phase-field method
permits us to pose the evolution equations for the cell, the nucleus, and the cytosolic
components on a fixed and known domain, which avoids the use of moving meshes
and other computational challenges.

2.1 Diffuse-domain approach. Cell, cytosol, and nucleus

Both the cell and the nucleus represent moving domains. We resort to the phase-field
method (Gomez and van der Zee, 2018; Li et al., 2009) to track the cell and the
nucleus. We employ the phase field φ(x, t) to locate the cell and ν(x, t) to identify the
location of the nucleus. The function φ (respectively, ν) takes the value 1 inside the
cell (respectively, nucleus) and 0 outside, with a smooth transition on the interface.
We utilize the function ψ(x, t) = φ(x, t)− ν(x, t) to locate the cytosol, i.e., ψ = 1
inside the cell and outside the nucleus, and ψ = 0 elsewhere. The evolution equations
for the cell and the nucleus are, respectively,

∂φ

∂ t
+uc ·∇φ = Γφ

(
ε∇

2
φ − G′(φ)

ε
+ cφ ε|∇φ |

)
, (1)

∂ν

∂ t
+un ·∇ν = Γn

(
ε∇

2
ν− G′(ν)

ε
+ cν ε|∇ν |

)
, (2)

where Γφ and Γn are constants and ε is a parameter controlling the interface width.
G(ι) = 18ι2(1− ι)2 is a double-well potential with minima at 0 and 1 and cι =
−∇ · (∇ι/|∇ι |) denotes the curvature of the interface, where ι stands for φ and ν .
Finally, uc(x, t) is the velocity of the actin network and un(x, t) the velocity of the
nucleus. Eqs. (1) and (2) move the cell membrane and the nucleus envelope with
velocities uc and un, respectively, while maintaining a hyperbolic tangent profile on
the interface. Eq. (1) has been originally proposed in Biben et al. (2005) to model
vesicle membrane deformations and was subsequently used in several models of cell
migration (Moure and Gomez, 2016; Shao et al., 2012).

2.2 Myosin dynamics

We consider the dynamics of active myosin ρm(x, t) inside the cytosol. By active
myosin we refer to the myosin motors bound to the actin filaments. Myosin may
freely move throughout the actin network, which is modeled as pure diffusion. Myosin
is also transported by the advection uc caused by the motion of actin filaments.
Myosin dynamics is governed by the equation

∂ (ψρm)

∂ t
+∇ · (ψρmuc) = ∇ · [Dmψ∇ρm] , (3)

where Dm is the diffusion coefficient. One may prove that Eq. (3) converges to the
classical advection-diffusion equation posed on the moving domain Ωψ with no-flux
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boundary conditions as the parameter ε → 0, where Ωψ denotes the spatial region
occupied by the cytosol; see Lowengrub et al. (2009) and Teigen et al. (2009).

2.3 Actin dynamics.

Globular actin subunits (G-actin) diffuse freely throughout the cytosol. Some proteins
may interact with G-actin and trigger the assembly of G-actin into actin filaments
(F-actin). Similarly, F-actin may depolymerize and transform into G-actin. F-actin
usually forms a network that gives shape to the cell and organizes the organelles,
among other functions. F-actin plays a crucial role in cell motility because it creates
structures capable of exerting forces and deforming the cell membrane. Keratocytes
develop a 2D dense actin network at the cell’s front, called lamellipodium that pushes
the cell membrane forward (Borisy and Svitkina, 2000; Pollard et al., 2000). We re-
sort to the wave-pinning model proposed in Mori et al. (2008) to account for the
phase transitions between G-actin, ρg(x, t), and F-actin, ρ f (x, t). The evolution equa-
tions for the actin compounds may be written as

∂ (ψρ f )

∂ t
+∇ · (ψρ f uc) = ∇ ·

[
D f ψ∇ρ f

]
+ψ fρ(ρ f ,ρg), (4)

∂ (ψρg)

∂ t
= ∇ · [Dgψ∇ρg]−ψ fρ(ρ f ,ρg), (5)

where D f and Dg are the diffusion coefficients. Note that the dynamics of Eqs. (4) and
(5) are restricted to the cytosol. The wave-pinning model assumes nonlinear reaction
kinetics between ρg and ρ f , total mass conservation, and different rates of diffusion
for ρg and ρ f . The function fρ accounts for the nonlinear kinetics and takes the form

fρ(ρ f ,ρg) = k0ρg +
γ f ρ2

f

K2 +ρ2
f

ρg−δ f ρ f , (6)

where k0, γ f , K, and δ f are constants. According to Eq. (6), ρ f will exhibit two
stable densities for a certain range of values of ρg (Mori et al., 2008). In our model,
the large stable density of ρ f represents the protrusive lamellipodium. For the time
interval considered in our problem, we can assume that the total amount of actin
NA =

∫
Ω

ψ(ρ f +ρg)dΩ is conserved. Since Dg >>D f (see, e.g., Novak et al. (2008);
Postma et al. (2004)), the diffusive term dominates Eq. (5) and we can assume that ρg
is uniformly distributed in the cytosol, i.e., ρg(x, t) = ρg(t). Therefore, we can rewrite
Eq. (5) as

ρg =
NA−

∫
Ω

ψρ f dΩ∫
Ω

ψ dΩ
, (7)

where NA is constant with a value given by the initial conditions. Solving Eq. (7)
instead of Eq. (5) simplifies the numerical treatment of the model without introducing
noticeable errors. Previous phase-field models of keratocyte migration (Camley et al.,
2014; Shao et al., 2012) have employed equations analogous to Eqs. (3)–(7). Because
those models did not consider the nucleus, the dynamics of the cytosolic compounds
was resolved on the entire cell (φ) rather than on the cytosol (ψ).
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Fig. 1 Model description. Schematic of the forces acting on the actomyosin network. The actin net-
work spreads over the cytosol and is treated as a viscous Newtonian fluid that obeys the force balance
∇ ·σσσ +F = 0 (top-left equation). The total stress σσσ includes the viscous stress σσσ c, the myosin-induced
isotropic contraction σσσ c

myo, and the protrusive stress normal to the membrane σσσ c
prot induced by the lamel-

lipodium. The total force F includes the cell-substrate adhesion Fc
adh, the cell membrane force produced by

surface tension Fc
mem, the nucleus-actin network connection via LINC complex and actin cap Fc

AC, and the
force Fc

def produced by the nucleus deformations. The solid-line inset shows the forces governing the nu-
cleus dynamics: a constraint imposing nuclear volume conservation (Fn

vol), the nucleus-substrate adhesion
(Fn

adh), the force induced by the surface tension of the nuclear envelope (Fn
mem), the nucleus-actin network

connection (Fn
AC), and the forces acting on the nucleus caused by the cell membrane motion (Fn

def) and the
actin assembly (Fn

poly). We assume that Fn
AC =−Fc

AC, where Fc
AC is modeled as a drag force proportional

to the relative velocity between the nucleus (un) and the actin network (uc).

2.4 F-actin network flow

We assume that cell motion is driven by the dynamics of the actin network. We model
the actin network as a Newtonian fluid governed by the Stokes equation. We do not
consider the short-term elastic response of the actin network because we assume that
viscous effects are dominant on the timescales relevant for cell migration (Mogilner
and Manhart, 2018). Following Rubinstein et al. (2009), we neglect the pressure term.
We augment the equation with the active (myosin contraction and actin protrusion)
and passive forces arising from the motile machinery; see Fig. 1. The final equation
may be expressed as

∇ · (σσσ c +σσσ
c
myo +σσσ

c
prot)+Fc

adh +Fc
mem +Fc

AC +Fc
def = 0, (8)

where we use the superscript c to identify the forces acting on the cytosol. σσσ c =
µψ(∇uc +∇uT

c ) is the viscous stress tensor localized to the cytosol, and µ is the dy-
namic viscosity. We model the myosin-induced contraction of the actin network with
the isotropic contractile stress σσσ c

myo = ηmψρmI, where I is the identity tensor and ηm
a coefficient setting the strength of the contractile stress. The protrusive stress applied
by the lamellipodium on the cell membrane takes the form σσσ c

prot =−η f ψρ f ∇φ⊗∇φ ,
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where η f is a parameter that controls the strength of the protrusive stress. Note that
σσσ c

prot is normal to the cell’s membrane and vanishes away from the membrane. We
use a frictional drag force to model cell-substrate adhesion via integrin proteins.
The adhesion force may be written as Fc

adh = −ςcψuc, where ςc is the friction co-
efficient. The forces arising from the cell’s membrane configuration are the force
produced by the surface tension and the bending-energy force. These forces may
be derived from the Helfrich free-energy for membranes (Canham, 1970; Helfrich,
1973) using the phase-field framework; the derivation may be found in Moure and
Gomez (2017). We neglect the force derived from the bending energy due to its small
contribution to the cell’s morphodynamics (Marth and Voigt, 2014). Thus, we have
Fc

mem = −γφ (ε∇2φ −G′(φ)/ε)∇φ , which is the force produced by the surface ten-
sion of the cell membrane. Fc

mem is equivalent to −γφ cφ nΓφ
, where γφ is the surface

tension coefficient and nΓφ
the unit normal vector to the cell membrane. The stresses

and forces described so far have been utilized in previous models, e.g., Moure and
Gomez (2017) and Shao et al. (2012), which do not consider the nucleus. Hence, the
actomyosin network in those models is assumed to occupy the entire cell (φ) rather
than the cytosol (ψ).

We propose two forces to model the effects of the nucleus-cytoskeleton interac-
tion in the actin network. First, we consider the direct connection between the nu-
cleus and the actin network. The connection is assumed to be regulated via LINC
(linker of nucleoskeleton and cytoskeleton) complex and actin cap (Khatau et al.,
2009, 2012; Kim et al., 2014); see Fig. 1. The actin cap is a perinuclear dense F-
actin structure attached to the nuclear envelope which regulates cell migration and
nuclear shaping. Since the disruption of the LINC complex prevents the formation
of the actin cap (Khatau et al., 2010; Kim et al., 2013), the force Fc

AC may also rep-
resent the strength of the actin cap. We model the nucleus-actin network connection
with the force Fc

AC =−τACε|∇ν |2(uc−un), where τAC is a parameter controlling the
connection strength and ε|∇ν |2 localizes the force to the nuclear envelope. Fc

AC is
a viscous drag force that tends to match the velocities uc and un. Second, we con-
sider the stress induced by the nucleus deformation. The cell membrane motion near
the nucleus produces nucleus deformations (Lele et al., 2018; Li et al., 2015; Tocco
et al., 2018). The nucleus tries to recover its initial configuration and exerts stress
in the surrounding actin network; see Fig. 1. This is represented by the force Fc

def,
which may be derived from the potential Fdef[φ ,ν ] =

∫
Ω

ηdef(1−φ)2ν2 dΩ , where
ηdef is a parameter controlling the strength of this potential (and, hence, the force
Fc

def). Making use of the phase-field formulation, the force Fc
def may be written as

Fc
def =

δFdef
δφ

∇φ =−ηdef2(1−φ)ν2∇φ ; see Appendix A1 for further details.

2.5 Nucleus dynamics

We propose a force balance equation for the nucleus dynamics, analogous to Eq. (8).
We disregard viscous forces, as done in Camley et al. (2014). In addition, we impose
nuclear volume conservation. The evolution equation for the nucleus dynamics may
be written as

Fn
vol +Fn

adh +Fn
mem +Fn

AC +Fn
def +Fn

poly = 0, (9)
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where the superscript n stands for the forces applied on the nucleus. Nuclear volume
conservation is imposed with the force Fn

vol =Λn(Vn(t)−Vn0)|∇ν |∇ν , where Vn(t) =∫
Ω

ν dΩ , Vn0 = Vn(0), and the parameter Λn determines the strength of the volume
constraint. We consider nucleus-substrate adhesion via actin-cap-associated integrins
(Kim et al., 2012), which we model as a continuous drag force Fn

adh =−ςnνun, where
ςn is the friction coefficient. We also consider the surface tension of the nucleus en-
velope, expressed as Fn

mem = −γn(ε∇2ν −G′(ν)/ε)∇ν with the surface tension co-
efficient γn. Fn

mem may be thought of as an indicator of the nucleus stiffness. We
consider three forces acting on the nucleus derived from the cell-nucleus interac-
tion. First, the nucleus-actin network connection which we assume elastic; see Fig. 1.
Thus, Fn

AC = −Fc
AC = −τACε|∇ν |2(un−uc). Second, the motion of the cell bound-

ary produces stresses that deform the nucleus (Li et al., 2015; Tocco et al., 2018);
see Fig. 1-inset. We model these stresses through the force Fn

def =
δFdef

δν
∇ν , where

the potential Fdef has been defined in the previous section. Note that Fn
def and Fc

def
are derived from the potential Fdef, which penalizes nucleus-extracellular environ-
ment overlap and acts both on the cell and the nucleus; more details can be found
in Appendix A1. Finally, we consider a LINC- and myosin-independent mechanism
that produces nucleus deformations due to high levels of actin polymerization in the
region of contact between the cell membrane and the nucleus; see Fig. 1-inset. This
mechanism has been suggested in Arsenovic et al. (2016); Aureille et al. (2017);
Li et al. (2015) and has also been observed during cell passage through constric-
tions (Thiam et al., 2016; Xia et al., 2019), where actin assembly is mediated by
Arp2/3 complex. We model this LINC-independent mechanism through the force
Fn

poly = η?
polyρ f (1− φ)2ν∇ν , where η?

poly is a constant. The force Fn
poly is normal

to the nuclear envelope and acts when the cell membrane approaches the nucleus.
According to the wave-pinning model [see Eq. (6)], we can assume that ρ f is con-
stant in the region of nucleus-membrane contact. Thus, we can rewrite this force as
Fn

poly = ηpoly(1−φ)2ν∇ν , where ηpoly is a parameter controlling the strength of the
force. In practice, Fn

poly prevents the nucleus from exiting the cell, besides deforming
the nucleus. For the sake of clarity, we describe all the forces acting on the actomyosin
network and the nucleus in Table 1.

We initiate all the simulations with a circular cell and a circular nucleus centered
at the same point. At the initial time, we consider uniform distributions for ρm and
ρg. The distribution of ρ f exhibits a smooth transition from a higher value on the
front half of the cell (i.e., the lamellipodium) and a lower value on the rear half of the
cell. We assume the velocity is zero at the initial time. Cell polarization is caused by
the initial non-uniform distribution of ρ f . During the initial times of the simulation,
the lamellipodium pushes the cell’s front and the myosin gradually accumulates at
the cell’s back, while the nucleus barely moves or deforms. Eventually, myosin con-
traction at the cell’s rear produces the forward movement of the membrane. Once the
membrane approaches the nucleus, the nucleus-membrane interaction induces defor-
mations in the nucleus (see Video in Supplementary Material for more details). More
details about the model, numerical methodology, initial conditions, and parameter
values used in our simulations may be found in the Appendix. Because we want to
study the influence of the nucleus in cell motility, we keep constant all the parameter
values except those related to the nucleus dynamics.
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3 Results

The results presented in the following sections are based on the analysis of compu-
tational simulations properly described throughout the text. Most of the simulations
are utilized in more than one section and shown in more than one figure. For the sake
of clarity, we report a list of the simulations in Table 2.

3.1 The main forces driving enucleated cell migration are myosin contraction
and F-actin protrusion

Prior to studying the influence of the nucleus in keratocyte migration, we analyze
the dynamics of enucleated cells (also known as cytoplasts). To simulate cytoplast
migration, we ignore the nucleus dynamics, define the cytosol marker ψ as ψ(x, t) =

Force/Stress Description

O
n

cy
to

sk
el

et
on

σσσ c Actin network viscosity
σσσ c

myo Myosin-induced contraction
σσσ c

prot Lamellipodium-induced protrusion
Fc

adh Cell-substrate adhesion
Fc

mem Cell membrane surface tension
Fc

AC Nucleus-actin network connection
Fc

def Nucleus-cell membrane interaction forces

O
n

nu
cl

eu
s

Fn
vol Nucleus volume conservation

Fn
adh Nucleus-substrate adhesion

Fn
mem Nuclear envelope surface tension

Fn
AC Nucleus-actin network connection

Fn
def Nucleus-cell membrane interaction forces

Fn
poly Perinuclear actin assembly forces

Table 1 Forces acting on the actomyosin network and the nucleus.

Section Goal Simulation / Experiment Figure
3.1 Study cytoplast migration (1) Cytoplasts with different size Fig. 2
3.2 ηdef estimation Cells spreading on micropattern / (Tocco et al., 2018) Fig. 3, Fig. S1C

ηdef estimation Keratocyte with ηdef = 4500 Fig. S1B
ηpoly estimation Keratocytes with increasing ηpoly Fig. S1A
τAC estimation (2) Keratocytes with increasing τAC Fig. 4A, Fig. S2

3.3 Study τAC and γn influence Keratocytes with increasing γn and (2) Fig. 4A, Fig. S2
Study ςn and Rn influence Keratocytes with increasing ςn and Rn Fig. S2
Test keratocyte-cytoplast behavior (1) and (2) / (Euteneuer and Schliwa, 1984; Graham et al., 2018) Fig. 4B
Test actin cap behavior (2) / (Kim et al., 2014) Fig. 4C
Study keratocyte stationary state (2) Fig. S3

3.4 Disrupted LINC complex (1) and (2) Fig. 5AB, Fig. 6A
Disrupted LINC complex Fixed nucleus geometry with τAC = 0 Fig. 5DF

3.5 Nucleus-cytoskeleton connection Permeable nucleus (τAC =150) and (1) Fig. 5AC, Fig. 6B
Nucleus-cytoskeleton connection (2) Fig. 5EF, Fig. 6B, Fig. S4

Table 2 List of simulations analyzed in each section, along with their purpose and the figures where their
results are shown.
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Fig. 2 Enucleated cell (or cytoplast) migration. The left-hand side shows steady state configurations of
four cytoplasts with different sizes. The cytoplasts have the same actin/myosin ratio (i.e., NA/

∫
Ω

ψρm dΩ )
but different amounts of actin and myosin. The cell area Acell is controlled indirectly by NA. The time-
averaged cell velocity ūcell increases with Acell. To test whether actin protrusion and myosin contraction
are the main forces driving cell motion, we adapt the approximation developed in Camley et al. (2013)
and propose the expression ũcell = αρF

f − βρF
m , where ũcell is the approximation of ūcell, α and β are

constants, and ρF
f and ρF

m are, respectively, the actin and myosin densities at the cell’s front. We use least
squares approximations to estimate α and β from the steady state configurations of the four cytoplasts. The
right-hand side shows the estimated velocity ũcell as a function of ρF

f and ρF
m . The four circles represent

the four cytoplasts and are plotted in the corresponding points (ρF
m ,ρ

F
f ). The inner circle and the annulus

indicate, respectively, the simulated cell velocity ūcell (color scale) and the relative error of the estimate
ũcell (grayscale) for each cytoplast. The relative error is smaller than ∼0.1% for the four cytoplasts.

φ(x, t), and neglect the forces Fc
AC and Fc

def that model the interaction of the nucleus
with other cellular compartments. Note that the reduced model is analogous to ear-
lier cytoplast migration models (Barnhart et al., 2011; Löber et al., 2014; Shao et al.,
2012). It has been often argued that spontaneous cell migration on planar substrates
results from the balance between myosin contraction and F-actin protrusion. To test
this idea, we perform four simulations corresponding to cytoplasts of different sizes,
where we maintain the actin/myosin ratio but change the total amount of actin and
myosin (see Fig. 2). We compute the time-averaged cell velocity ūcell =

∫
T |ucell|dt/T

for the four cases, where ucell is the velocity of the mass center of the cell and T de-
notes the time interval during which the cell performs quasi-steady motion. Even
though the actin/myosin ratio is conserved, ūcell increases as the cytoplast size in-
creases, in agreement with experimental observations (Keren et al., 2008). This be-
havior may be explained by different myosin and actin distributions in the four cyto-
plasts. The actin and myosin distributions change because the Peclet number associ-
ated with each cell is different. The Peclet number determines the advection/diffusion
ratio in a mass transport problem and depends on a representative length scale, which
in our case is the cytoplast characteristic length. Thus, the cytoplast size affects the
distribution of the cytosolic compounds. We next test if these changes in the actin
and myosin distributions explain the variations observed in ūcell. Following the the-
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oretical argument given in Camley et al. (2013), we can assume that the steady-state
velocity of motile cytoplasts can be approximated as ũcell = αρF

f −βρF
m , where ρF

f
and ρF

m are, respectively, the F-actin and myosin densities at the cell front and ũcell
is an estimate of ūcell. In Camley et al. (2013), the approximation ũcell accounts for
the edge velocity of a 1D cell governed by equations analogous to Eqs. (1)–(8). The
derivation assumes a planar edge of the cell (curvature cφ ≈ 0), a small value of ε ,
and that the cell edges are far enough from each other; more details in Camley et al.
(2013). We presume those assumptions hold true because we focus our study on the
front edge of the axis of symmetry of the cell at the steady state. Given the simulation
results of the four cytoplasts, we use least squares approximations to estimate α and
β (see Fig. 2). The relative error of ũcell with respect to ūcell is ∼0.1% for all four
cases. Therefore, we conclude that the slight differences in the myosin and F-actin
distributions explain the differences in ūcell. The results also reinforce the idea that
contraction and protrusion are the main forces driving cytoplast migration.

3.2 Simulations and experiments allow to robustly estimate the model
parameters controlling nuclear dynamics

Some of the model parameters controlling the nuclear dynamics can be estimated
from experiments, while others are computationally adjusted to reproduce realistic
keratocyte dynamics. The computationally estimated parameters are those controlling
the forces Fn

AC (and Fc
AC) and Fn

poly. The nucleus-actin network connection force Fn
AC

(and Fc
AC) is controlled by the parameter τAC, which we have not been able to estimate

in a direct way. However, we know that the actin cap controls the cell-nucleus shape
correlation (Khatau et al., 2009), which allowed us to determine a range of values for
τAC from our simulation results (see Section 3.3). The parameter ηpoly controls the
strength of the force Fn

poly. In our simulations, if ηpoly takes a low value, the cell can
neither deform nor move the nucleus (see Fig. S1A in Supplementary Material) and
the nucleus eventually exits the cell. We take ηpoly high enough to guarantee that the
nucleus stays inside the cell.

The parameters that can be directly estimated from experiments are those con-
trolling the forces Fn

adh, Fn
vol, Fn

mem, Fn
def, and Fc

def. The main difference between the
actin-cap-associated and regular focal adhesions lies on their mechanosensing role
(Kim et al., 2012). Therefore, we assume similar adhesion properties and take the
same friction coefficient for nucleus- and cell-substrate adhesion. The cell-substrate
friction coefficient can be estimated from the characteristic traction force density and
flow rate observed in keratocytes (Oliver et al., 1999; Rubinstein et al., 2009). We
can estimate the value of the parameter Λn (which controls the force Fn

vol) from the
elastic properties of the nucleus. The force Fn

vol may be interpreted as a pressure act-
ing on the nucleus due to nuclear volume changes. Given the definition of the bulk
modulus Kn = −V dP

dV , where V is volume and P is pressure, we can establish a re-
lation between Λn and the nucleus bulk modulus Kn; more details may be found in
Appendix A3. Note that Fn

vol allows mild changes in the nucleus volume, as reported
in Lele et al. (2018). We cannot express the nuclear surface tension coefficient (γn)
as a function of the nucleus elastic properties. However, there are evidence showing
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that the force Fn
mem can be interpreted as a measure of the nuclear stiffness. For ex-

ample, micropipette aspiration is employed to determine the elastic properties of the
nucleus (Deguchi et al., 2005; Guilak et al., 2000) such that the Young’s modulus
is proportional to a∆P

L , where a is the inner radius of the pipette, L is the aspirated
length, and ∆P is the applied pressure. Micropipette aspiration is also employed to
estimate the surface tension of lipid bilayers (Hochmuth, 2000) such that the sur-
face tension is proportional to ∆P/( 1

a −
1

Rc
), where Rc is the cell radius. These two

experiments show that, to achieve the same deformation, the force that must be ap-
plied to a nucleus modeled as an elastic body is proportional to the Young’s modulus,
while the force that must be applied to a nucleus modeled as a lipid bilayer is pro-
portional to the surface tension coefficient. Additional evidence indicating that the
elasticity of a cell (or cell nucleus) can be described by the force Fn

mem was recently
provided by Palmieri et al. (2015). Since the nucleus is 2 to 10 times stiffer than the
cytoplasm (Denais and Lammerding, 2014; Liu et al., 2016), we consider a nuclear
surface tension coefficient ∼ 10 times larger than the surface tension coefficient of
the cell membrane.

We computationally replicate the experiment performed in Tocco et al. (2018) to
adjust the parameter ηdef, which controls the forces Fn

def and Fc
def. The experiment

examines a cell spreading on an adhesive micropattern of dimensions 75×5µm2; see
Fig. 3. To perform the simulations, we employ appropriate initial conditions (further
details may be found in Appendix A4) and annihilate the protrusive stress outside the
region occupied by the micropattern, as done in Camley et al. (2013). We compared
the experiments in Tocco et al. (2018) with the computational results for different
values of ηdef. Fig. 3A shows the cell and nucleus contour lines taken from the exper-
iment (dashed lines) and the simulation with ηdef = 250pNµm−1 (solid lines) at four
different times. Fig. 3B compares the time evolution of the cell area (solid lines) and
length (dashed line) for different values of ηdef with the experimental values taken
from Tocco et al. (2018). The cell’s length does not change with ηdef. The differences
in cell area are too small to provide a robust estimate of ηdef. Fig. 3C shows the time
evolution of the nucleus length (dashed lines) and width (solid lines) for different
values of ηdef, compared to the experimental data. In this case, the simulation results
are different enough to accurately estimate the value of ηdef. At the steady state (∼t3
in Fig. 3), the value of ηdef that best fits the experimental data is ηdef ≈ 275pNµm−1.
The steady state for low and high values of ηdef can be found in Fig. S1C. Throughout
this paper, we will take ηdef = 250pNµm−1.

The dependence of cell migration on the model parameters related to the nucleus
dynamics is summarized in Fig. S2 in Supplementary Material, where we show the
cell morphology, the cell velocity (ūcell), the cell aspect ratio (ARcell), and the nucleus
aspect ratio (ARnucl) for increasing values of each parameter separately.

3.3 The computational results are compatible with experimentally-observed
data

Our simulations indicate that a wide range of values for τAC produces realistic kera-
tocyte morphodynamics (see Fig. S2-top). Fig. 4A shows the stationary configuration
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Fig. 3 Cell spreading on a 75×5µm2 micropattern. Comparison between the experiment in Tocco et al.
(2018) and our model simulations for different values of ηdef (units pNµm−1). A Cell and nucleus contours
at four different times of the experiment (dashed lines) and the simulation with ηdef = 250pNµm−1 (solid
lines). B Time evolution of cell area (solid lines) and length (dashed line) for different values of ηdef. Cell
length does not change with ηdef. C Time evolution of nucleus length (dashed lines) and width (solid lines)
for different values of ηdef. The experimental values taken from Tocco et al. (2018) are plotted adapting
the time scale to our simulation.

of four keratocytes with different values of τAC and γn. The keratocyte morphodynam-
ics observed in Fig. 4A shows good agreement with that of live keratocytes (Keren
et al., 2008; Riaz et al., 2016). Our simulations reach a quasi-steady state, in which
the cell exhibits mild periodic oscillations in shape, area, and velocity (see Fig. S3 in
Supplementary Material for more details). These oscillations are also experimentally
observed in live keratocytes (Barnhart et al., 2011, 2017). The steady states shown in
this paper correspond to the time tA in the periodic wave such that |ucell|(tA) = ūcell

and ∂ |ucell|
∂ t (tA)> 0.

Experiments in Euteneuer and Schliwa (1984) and Graham et al. (2018) show
cytoplasts that move slower than intact cells. Fig. 4B-left compares the normalized
velocities and areas of regular cells with those of cytoplasts. We use normalized quan-
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Fig. 4 Model results compatible with ex-
perimental observations. A Myosin and uc
(grey arrows) distributions for four kerato-
cytes with different values of τAC and γn
(units pNsµm−2 and pN, respectively). B
Left, normalized cell velocity (ūcell) and
cell area (Acell) of cytoplasts and intact
cells taken from Euteneuer and Schliwa
(1984) and Graham et al. (2018). Right,
normalized ūcell and Acell of keratocyte and
cytoplast simulations, shown in Figs. S3
and 2, respectively. C ūcell dependence on
actin cap (black solid line) taken from Kim
et al. (2014) and ūcell dependence on τAC
in our model (blue dashed line).
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tities because Euteneuer and Schliwa (1984) and Graham et al. (2018) employ differ-
ent cell types. In the experiments, the cytoplast velocity is ∼50% of the nucleated-
cell velocity, while the cytoplast area is less than 50% of the nucleated-cell area.
Fig. 4B-right shows the computational prediction of the normalized velocity and area
for a keratocyte with τAC = 150pNsµm−2 and three cytoplasts of different sizes (see
Fig. 2). We observe area reductions of ∼50% associated with velocity reductions of
∼10%. Thus, although the model predicts that intact cells migrate faster than smaller
cytoplasts as in the experiments (Euteneuer and Schliwa, 1984; Graham et al., 2018),
the velocity drop is underestimated. Our model also captures the influence of the
nucleus-actin network connection via actin cap. Fig. 4C shows that the computations
predict that ūcell increases with τAC (blue dashed line), following a similar trend to
the experimental data in Kim et al. (2014) (black solid line) which shows that the
actin cap enhances migration; more details about these simulations may be found in
Fig. S2. Finally, our model results show an increase in cell velocity with increasing
values of γn (see Fig. S2). This result is in agreement with some experiments that
observed faster cell migration with increasing nuclear stiffness via lamin A/C expres-
sion (Houben et al., 2009; Lee et al., 2007). However, other works (Lautscham et al.,
2015) have reported the opposite behavior, which suggests that lamin A/C expression
(or depletion) may affect other motile mechanisms.

3.4 When the LINC complex is disrupted, the nucleus impairs cell migration by
modifying actin and myosin distributions

To perform the analysis, we compare the simulation results of a cytoplast (#333 in
Fig. 2) to those of a keratocyte with disrupted LINC complex and actin cap (τAC =
0pNsµm−2). The cytoplast and the keratocyte have the same amount of actin and
myosin. Fig. 5A (left and center) shows the quasi-stationary morphology of both
cells, as well as the myosin isolines in the insets. Note that the cytoplast moves faster



Dual role of the nucleus in cell migration on planar substrates 15

Disrupted LINC complex (fixed nucleus geometry)

myosin isolines

0

0.2

0.4

0.6

y
-v

e
lo

c
it

y
 (
μ

m
·s

-1
)

rear front

y-axis

M
y
o
s
in

 (
μ

m
-2
)

myosin
uy

Disrupted LINC complexCytoplast

0

0.2

0.4

0.6

D
e
n

s
it

y
 (
μ

m
-2
)

rear front rear

s=position along the membrane

F-actin
myosin

s

lamellipodium

a CytoplastDisrupted LINC complex (τAC=0) Permeable nucleus (τAC=150)

b c

d

e

f g

myosin isolines

ūcell=0.110 μm·s-1 ūcell=0.113 μm·s-1 ūcell=0.121 μm·s-1

lamellipodium

Myosin

0 0.3 0.6

uc

0

0.2

0.4

0.6

y
-v

e
lo

c
it

y
 (
μ

m
·s

-1
)

rear front

y-axis

M
y
o
s
in

 (
μ

m
-2
)

myosin
uy

Permeable nucleusCytoplast

0

0.2

0.4

0.6

D
e
n

s
it

y
 (
μ

m
-2
)

rear front rear

s=position along the membrane

F-actin
myosin

τAC=150 τAC=350

1.5 2.01.00.5

ARnucl (-)

0.10

0.13

0.12

0.11

ū
c
e
ll
 (
μ

m
·s

-1
)

2.0 2.51.5

ARcell (-)

0.10

0.13

0.12

0.11

ū
c
e
ll
 (
μ

m
·s

-1
)

τAC=0 (see D)

τAC

τAC increase (see E)

τAC

ūcell

ARnucl ARcell

τACγn

�0.45

0.12

�0.39

�0.14

0.53

0.79

0.74

0.48

0.07

�0.08

�0.45

0.12

�0.39

�0.14

0.53

0.79

0.74

0.48

0.07

�0.08

s

78.9

728

78.9728

78.9

728

78.9

728

Fig. 5 Nucleus influence on keratocyte migration. A Myosin and actin velocity uc (grey arrows) distri-
butions at the steady state for a keratocyte with disrupted LINC complex (left), a cytoplast (center, #333 in
Fig. 2), and a cell with permeable nucleus (right). The insets show myosin isolines. B Comparison between
the cell with disrupted LINC complex (dashed line) and the cytoplast (solid line). On the left, F-actin (blue)
and myosin (black) densities along the cell membrane. On the right, actin y-velocity uy (red) and myosin
(black) distributions along the y-axis. The cell and nucleus edges are marked with dashed vertical lines.
C Comparison between the cell with permeable nucleus (dashed line) and the cytoplast (solid line). The
setup is equivalent to B, replacing the keratocyte with disrupted LINC complex by the cell with permeable
nucleus. D Myosin isolines for cells with disrupted LINC complex, keeping fixed the nucleus geometry.
E Myosin and uc distributions for keratocytes with τAC = 150 and 350pNsµm−2. F ūcell dependence on
ARnucl (top) and ARcell (bottom) for the cells with disrupted LINC complex shown in D (dashed blue line)
and keratocytes with increasing τAC (solid black line). G Pair-wise correlations of ūcell, τAC, γn, ARnucl,
and ARcell.

than the keratocyte with disrupted LINC complex. In Fig. 5B-left, we have plotted the
F-actin (blue lines) and myosin (black lines) densities along the cytoplast (solid lines)
and keratocyte (dashed lines) membranes. The plot shows that, for the keratocyte, (i)
the lamellipodium spreads over a larger region of the membrane and, (ii) the nucleus
displaces the myosin from the cell back towards the cell sides. Fig. 5B-right shows
the myosin density (black lines) and actin y-velocity (uy, red lines) along the cytoplast
(solid lines) and keratocyte (dashed lines) axis of symmetry (y-axis). The data confirm
the displacement of myosin towards the cell front in the nucleated cell with disrupted
LINC complex (compare dashed with solid black lines). The actin retrograde flow
(negative uy at the cell’s front) affects a larger region in the cytoplast. The actin ret-
rograde flow plays an outstanding role in cell-substrate force transmission (Case and
Waterman, 2015), even in the case of adhesion-independent migration (Bergert et al.,
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Fig. 6 Forces driving cell motion. A Migration of cytoplasts and a cell with disrupted LINC complex.
Estimated cell velocity ũcell as a function of ρF

f and ρF
m , with the same setup as Fig. 2. The inner circle and

the annulus represent, respectively, ūcell and the relative error of the estimate ũcell for each cell. The circles
correspond to the cytoplasts shown in Fig. 2 (#1 to #4) and the cell with disrupted LINC complex (#5).
The relative error of the keratocyte with disrupted LINC complex is ∼0.1%, similar to the relative error
of the cytoplasts. The relative error of the keratocytes with disrupted LINC complex and fixed geometry
(Fig. 5D) is ∼0.5% (data not shown). We believe this slight mismatch is caused by the imposed nucleus
velocity u?

n; see Appendix A5. B Permeable-nucleus cell and keratocyte migration. The figure displays the
same information as A. Here, the circles represent the permeable-nucleus keratocyte (a) and keratocytes
with increasing τAC (b to e). The relative error reaches values of∼10% and is proportional to the parameter
τAC. We propose the expression ûcell = ũcell + γAC(τAC) to approximate ūcell. On the bottom, γAC (units
µms−1) as a function of τAC (units pNsµm−2) computed from keratocytes a to e, which shows that the
stronger the nucleus-cytoskeleton connection the greater its contribution to increase the cell velocity.

2015). Differences in the actin flow distribution affect the forces transmitted to the
substrate and, hence, cell migration. While it is apparent from the results that the nu-
cleus modifies the distribution of the cytosolic components, we do not know yet if the
differences in the actin and myosin distributions explain the difference between the
velocities of the cytoplast and the cell with disrupted LINC complex. To address this
question, we resort to the approximation ũcell =αρF

f −βρF
m introduced earlier, which

assumes that actin protrusion and myosin contraction are the main forces driving cell
migration. We can apply the approximation ũcell to keratocytes because α and β de-
pend on the properties of the actomyosin network (Camley et al., 2013), which we
consider the same for cytoplasts and keratocytes. We compute ũcell and the relative
error corresponding to the keratocyte with disrupted LINC complex (#555 in Fig. 6A).
The relative error is ∼0.1%, which is of the same order as the relative error for the
cytoplasts in Fig. 2. This result suggests that the motion of a cell with disrupted LINC
complex is controlled by myosin contraction and actin protrusion. We conclude that
the nucleus geometry in the keratocyte with disrupted LINC complex modifies the
actin and myosin spatial distributions in such a way that cell velocity is reduced.

To further explore this idea, we simulate keratocytes with disrupted LINC com-
plex keeping fixed the nucleus geometry (more details in Appendix A5). Fig. 5D
shows the myosin isolines as well as the cell and nucleus contour lines for three cells
with different nucleus geometries. The data show that the nucleus displaces more
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myosin to the cell front as ARnucl increases (i.e., the nucleus acquires a more flattened
shape). Fig. 5F-top shows (blue dashed line) that ūcell decreases as ARnucl increases,
which is explained by the accumulation of myosin at the cell’s front.

3.5 The nucleus-actin network connection enhances cell migration

To study the role of the nucleus-actin network connection ignoring the nucleus-
induced redistribution of the cytosolic compounds we perform simulations using a
fictitious permeable nucleus. In our virtual cell with permeable nucleus the forces de-
rived from the cell-nucleus interaction act on both the nucleus and the actin network
but the cytosolic compounds can traverse the nucleus and be transported through it.
We simulate a keratocyte with permeable nucleus by setting ψ(x, t) = φ(x, t) and
neglecting the nucleus-substrate adhesion (the reformulated equation for the actin
network flow accounts for adhesion on the entire cell). We compare the simulation
results of a keratocyte with permeable nucleus (τAC = 150pNsµm−2) and a cyto-
plast (#333 in Fig. 2), where both of them have the same amounts of actin and myosin.
We have plotted the stationary morphology and the myosin isolines of both cells in
Fig. 5A (center and right). The cell with permeable nucleus moves faster and shows
a more canoe-like shape when compared to the cytoplast. We next analyze whether
the actin and myosin distributions can explain the increase in cell velocity. Fig. 5C
compares the cytoplast to the cell with permeable nucleus. Fig. 5C-left shows the
lamellipodium spreading on a larger region of the membrane in the cell with perme-
able nucleus. We also observe a mild displacement of myosin towards the cell sides in
the cell with permeable nucleus. In Fig 5C-right, the myosin density along the y-axis
is lower in the cell with permeable nucleus, which is compatible with the displace-
ment of myosin towards the cell sides. The region affected by the actin retrograde
flow is smaller in the cell with permeable nucleus. All of these observations in the
cell with permeable nucleus coincide with the behavior of the keratocyte with dis-
rupted LINC complex, except for the myosin density along the y-axis. However, the
cell with permeable nucleus moves faster than the cytoplast, rather than slower. These
results suggest that the nucleus-cytoskeleton connection modifies the stress distribu-
tion in the cell such that ūcell increases. To test this hypothesis, we use again the
approximation ũcell = αρF

f −βρF
m and compute a relative error of ∼5% for the cell

with permeable nucleus (see Fig. 6B, case a). The relative error is much larger than
the relative error for cytoplasts (∼ 0.1%), which indicates that an additional force
drives cell motion along with actin protrusion and myosin contraction. This suggests
that the nucleus-cytoskeleton connection induces a force in the actomyosin network
strong enough to affect the protrusive and contractile stresses.

We next study the influence of the nucleus-actin network connection on kerato-
cytes with impermeable nucleus, i.e., regular keratocytes. We perform simulations
with increasing values of τAC and the same amounts of actin and myosin as in the
cell with permeable nucleus. Fig. 5E shows the quasi-stationary morphology, veloc-
ity and myosin distribution of keratocytes with τAC = 150 and 350pNsµm−2. As τAC
increases, ūcell increases and the cell acquires a more canoe-like shape (more details
in Fig. S2-top), which is consistent with the results obtained for the cell with perme-
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able nucleus. The differences in the cellular and nuclear shape, controlled by the actin
flow distribution, show the importance of the nucleus-actin network coupling (Gomes
et al., 2005; Luxton et al., 2010). We compute ũcell and the relative error for kerato-
cytes with increasing τAC (see Fig. 6B, cases b to e). The relative error is proportional
to τAC, reaching values of ∼10%, which confirms that the approximation ũcell is no
longer valid. Finally, we quantify the forces induced by the nucleus-cytoskeleton con-
nection and compare them with the protrusive and contractile forces in a keratocyte
with τAC = 150pNsµm−2 (see Fig. S4 in Supplementary Material). These results fur-
ther confirm that the nucleus-actin network connection produces a redistribution of
intracellular stresses that enhances cell migration.

4 Discussion

The role of the nucleus in cell migration on a planar substrate remains unclear. We
have followed a parsimonious modeling approach to show that the nucleus plays a
dual role with two antagonist effects: while the nucleus produces a redistribution of
actin and myosin that hinders cell migration, the mechanical connection of the nu-
cleus to the actin network increases the ability of the cell to move. Experiments show
that intact cells move faster than enucleated cells (Euteneuer and Schliwa, 1984; Gra-
ham et al., 2018), suggesting that the effect of the nucleus-cytoskeleton connection
prevails over the inefficient redistribution of the cytosolic components. Fig. 5F-top
captures this behavior. The effect of the LINC complex disruption is plotted with a
blue dashed line, where ūcell decreases as ARnucl increases. By restoring the connec-
tion of the nucleus to the actin network (black solid line), the trend changes com-
pletely and ūcell increases for increasing values of ARnucl. Fig. 5F also shows that the
cell and nucleus shape correlation is regulated by the nucleus-actin network connec-
tion. While for τAC = 0, ARnucl and ARcell display opposite behavior, for τAC > 0, the
trends coincide, in agreement with experiments (Kim et al., 2014).

The results show a realistic picture of keratocyte morphodynamics, compatible
with many experimentally-observed data such as, for example, cell velocity, actin
and myosin distributions, and cellular morphological features (Barnhart et al., 2017;
Keren et al., 2008; Riaz et al., 2016). To further analyze the behavior of the model,
we performed a parameter correlation analysis based on Pearson coefficients (r). We
analyzed the quantities ūcell, τAC, γn, ARnucl, and ARcell using the steady state solu-
tion of 37 simulations. The correlation results are plotted in Fig. 5G. The correlations
r(ūcell,τAC) = 0.53 and r(ūcell,ARnucl) =−0.39 confirm the two opposite effects pro-
duced by the nucleus with the nucleus-actin network connection (via τAC) dominating
cell migration. The results also confirm the role played by the actin cap in the cell and
nucleus shape correlation (Khatau et al., 2009, 2012); see the triple positive correla-
tion between τAC, ARnucl, and ARcell. The almost vanishing correlation r(ūcell,ARcell)
is more surprising because experiments (Keren et al., 2008; Kim et al., 2014) have
shown that cell velocity correlates with ARcell. The small number of simulations con-
sidered in the analysis or the fact that we simulate cells with the same amount of
actin and myosin might explain this result. The model has also other limitations. For
instance, the presence of microtubules, which play a crucial role in nucleus posi-
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tioning and cell polarity (Ramdas and Shivashankar, 2015), or the mechanosensing
role developed by the nucleus (Cho et al., 2017; Fruleux and Hawkins, 2016; Swift
and Discher, 2014) have not been considered. Another limitation of the model is that
it treats separately the nucleus stiffness and the actin cap although they have been
shown to be related (Calero-Cuenca et al., 2018; Khatau et al., 2009).

The number of experiments that study the role played by the nucleus in 2D cell
migration is limited. We think that additional experiments might help understand the
role of the nucleus and verify our model results. For example, new cellular enucle-
ation techniques that avoid the loss of cytoplasm would permit to compare the mor-
phodynamics of cytoplasts and keratocytes with the same amounts of cytosolic com-
ponents. Most of the experiments that study the effects of LINC complex disruption
and lamin A/C knockdown utilize fibroblasts or myoblasts (see, e.g., Graham et al.
(2018); Khatau et al. (2012); Kim et al. (2014)). The replication of those experiments
with keratocytes would allow further validation of our results. Likewise, a cell mor-
phodynamics analysis (analogous to, e.g., the one performed in Keren et al. (2008))
that considers the nucleus morphology would shed light on the interplay between
the cell and nucleus shape and the cell velocity. Finally, the design of an experimen-
tal setup that permits to adjust the strength of the nucleus-cytoskeleton connection
would allow a better estimation of the parameter τAC.

We believe our model may constitute a significant step forward in the field of
computational cell migration. The nucleus-cytoskeleton interaction proposed here
can be incorporated into existing models to study others modes of motion and cell
migration in complex environments (e.g, amoeboid motion, haptotaxis, durotaxis,
and 3D confined migration). We believe our model may also be used to address other
open questions. For example, it may prove useful to identify the role of the nucleus
rigidity in 2D cell migration on compliant substrates (Lautscham et al., 2015; Lee
et al., 2007; Liu et al., 2016) or to understand why cells require the nucleus to be con-
nected to the cytoskeleton to migrate on soft matrices, but not on stiff 2D substrates
(Khatau et al., 2012).
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Appendix

A1: Additional model details

The cell volume conservation is weakly imposed by the wave-pinning model used
for actin dynamics. Since NA =

∫
Ω

ψ(ρ f +ρg)dΩ is kept constant, the model results
show variations of cell area of at most ∼15%. The nuclear volume conservation is
imposed with the force Fn

vol (see Eq. (9)), which is equivalent to the force Λ ?
n [Vn0−

Vn(t)]ε|∇ν |2nΓn . There, ε|∇ν |2 localizes the force to the nuclear envelope, nΓn is the
unit normal vector to the nuclear envelope, and Λ ?

n is a constant.
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Some of the forces in Eqs. (8) and (9) can be derived from an energy functional
making use of the phase-field formulation (Gomez and van der Zee, 2018; Moure
and Gomez, 2017). Let us consider a generic functional Fa[φ ,ν ] =

∫
Ω

Ψa(φ ,ν)dΩ .
The forces applied on the cell (i.e., the cytosol) may be written as Fc

a =
δFa
δφ

∇φ and

the forces applied on the nucleus as Fn
a = δFa

δν
∇ν . In particular, Fc

def and Fn
def may

be derived from the repulsive potential Fdef[φ ,ν ] =
∫

Ω
ηdef(1−φ)2ν2 dΩ , such that

Fc
def =−ηdef2(1−φ)ν2∇φ and Fn

def = ηdef2(1−φ)2ν∇ν .
From Eq. (9), we can compute the nucleus velocity as

un =
1

ςnν + τACε|∇ν |2

{
τACε|∇ν |2uc+

[
γn

(
ε∇

2
ν− G′(ν)

ε

)
+Λn (Vn(t)−Vn0) |∇ν |+ηdef2(1−φ)2

ν+ηpoly(1−φ)2
ν

]
∇ν

}
.

(10)
By substituting un in Eq. (2), we obtain

∂ν

∂ t
+

τACε|∇ν |2

ςnν + τACε|∇ν |2
uc ·∇ν = Γn

(
ε∇

2
ν− G′(ν)

ε
+ cν ε|∇ν |

)
− |∇ν |2

ςnν + τACε|∇ν |2

[
γn

(
ε∇

2
ν− G′(ν)

ε

)
+Λn (Vn(t)−Vn0) |∇ν |+ηdef2(1−φ)2

ν +ηpoly(1−φ)2
ν

]
. (11)

In our numerical simulations we use Eq. (11) instead of Eqs. (2) and (9), to speed up
the calculations. The velocity un, required to compute Fc

AC in Eq. (8), is taken from
Eq. (10).

A2: Numerical formulation

We consider a fixed computational domain Ω . We solve Eqs. (1), (3), (4), (7), (8),
and (11) on Ω using isogeometric analysis (Hughes et al., 2005), a finite element
method that employs B-splines as basis functions. Note that we do not need to dis-
cretize Eq. (7). The numerical formulation is analogous to that explained in Moure
and Gomez (2017). We derive a weak form of Eqs. (1), (3), (4), (8), and (11) by mul-
tiplying them with weighting functions, integrating over Ω , and integrating by parts
under the assumption of periodic boundary conditions. The weak form can be written
as:

∫
Ω

w1
∂φ

∂ t
dΩ +

∫
Ω

w1 uc ·∇φdΩ +
∫

Ω

Γφ ε∇w1 ·∇φdΩ +
∫

Ω

w1Γφ

G′(φ)
ε

dΩ −
∫

Ω

Γφ ε∇w1 ·∇φdΩ

−
∫

Ω

w1
Γφ ε

|∇φ |
∇φ ·∇(|∇φ |)dΩ = 0, (12)

∫
Ω

w2
∂ (ψρm)

∂ t
dΩ −

∫
Ω

∇w2 ·ucψρmdΩ +
∫

Ω

Dmψ∇w2 ·∇ρmdΩ = 0, (13)
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∫
Ω

w3
∂ (ψρ f )

∂ t
dΩ−

∫
Ω

∇w3 ·ucψρ f dΩ +
∫

Ω

D f ψ∇w3 ·∇ρ f dΩ−
∫

Ω

w3ψ fρ(ρ f ,ρg)dΩ = 0,

(14)

−
∫

Ω

µψ∇w4 : (∇uc +∇uT
c )dΩ −

∫
Ω

ηmψρm∇w4 : IdΩ +
∫

Ω

η f ψρ f ∇w4 : ∇φ ⊗∇φdΩ −
∫

Ω

ςcψw4 ·ucdΩ

−
∫

Ω

γφ w4 ·∇φ

(
ε∇

2
φ − G′(φ)

ε

)
dΩ −

∫
Ω

τACε|∇ν |2w4 ·ucdΩ +
∫

Ω

τACε|∇ν |2w4 ·undΩ

−
∫

Ω

ηdef2(1−φ)ν2w4 ·∇φdΩ = 0, (15)

∫
Ω

w5
∂ν

∂ t
dΩ +

∫
Ω

w5
τACε|∇ν |2

ςnν + τACε|∇ν |2
uc ·∇νdΩ +

∫
Ω

Γnε∇w5 ·∇νdΩ +
∫

Ω

w5Γn
G′(ν)

ε
dΩ −

∫
Ω

Γnε∇w5 ·∇νdΩ

−
∫

Ω

w5
Γnε

|∇ν |
∇ν ·∇(|∇ν |)dΩ +

∫
Ω

w5
|∇ν |2

ςnν + τACε|∇ν |2
γn

(
ε∇

2
ν− G′(ν)

ε

)
dΩ

+
∫

Ω

w5
|∇ν |2

ςnν + τACε|∇ν |2
Λn (Vn(t)−Vn0) |∇ν |dΩ +

∫
Ω

w5
|∇ν |2

ςnν + τACε|∇ν |2
ηdef2(1−φ)2

νdΩ

+
∫

Ω

w5
|∇ν |2

ςnν + τACε|∇ν |2
ηpoly(1−φ)2

νdΩ = 0, (16)

where {wi(x)}i=1,··· ,5 are the weighting functions. In Eqs. (13)–(15), ψ and un must
be replaced by φ − ν and the expression given in Eq. (10), respectively. We have
not substituted ψ and un into Eqs. (13)–(15) to keep the notation clear. Note that
Eqs. (12) and (16) become singular in regions far from the interface due to the cur-
vature term (Biben et al., 2005). To address this issue, we propose a simple method
similar to that used in Biben et al. (2005). We multiply the curvature cι by αι =
0.5+0.5tanh[ log10(|∇ι |+ϒι)], with ι = φ ,ν ; see Eqs. (1) and (11). In our computa-
tions, we took ϒφ = 7 and ϒν = 3.5. This regularizes the equations without altering the
results. For similar reasons, in Eqs. (15) and (16) we replace ςcψ and ςnν by ςcψ +ςε

and ςnν + ςε , respectively, to avoid singularities and improve the condition number
of the linear system. Here, ςε is a small constant (we took ςε = 0.2pNsµm−3) such
that 0 < ςε << ςc. The Galerkin form is obtained by replacing the unknowns and
weighting functions with discrete approximations. Let us denote the basis functions
as NA. We replace φ(x, t) and w1(x) with

φ
h(x, t) = ∑

A
φ

A(t)NA(x), wh
1(x) = ∑

A
wA

1 NA(x), (17)

respectively, where the φ A’s are referred to as control variables. The spatial discretiza-
tion of the rest of the unknowns and weighting functions is analogous.

Our semi-implicit time-stepping scheme is based on the generalized-α method
(Chung and Hulbert, 1993; Jansen et al., 2000). The algorithm presents two particular
features. First, the explicit, rather than implicit, treatment of the term ρg; see Eq. (7).
Second, the redefinition of the tangent matrix and residual vector to improve the
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condition number of the tangent matrix. The procedure consists of replacing certain
rows of the tangent matrix and the associated elements of the residual vector; see
Moure and Gomez (2017) for more details. The tangent matrix rows and the residual
vector elements to be replaced are associated to the control variables of ρm and ρ f and
are determined according to the value of ψ (unlike the procedure explained in Moure
and Gomez (2017), which employs the value of φ ). We use the Newton–Raphson
method to solve the resulting non-linear system. In our simulations, we employ a
periodic domain of 50× 50µm2, which is meshed with 200× 200 C 1-continuous
quadratic B-spline elements. We use a time step of 0.05s.

A3: Parameter estimation

The parameters used in our simulations are listed in Table 3. We keep constant all the
parameters except those related to the nucleus dynamics. Unless otherwise stated, the
parameters τAC, ηdef, ηpoly, γn, and ςn take the values indicated in Table 3.

The parameter Λn is estimated from the value of the nucleus bulk modulus Kn. In
our 2D problem we assume plane stress, which leads to the relation Kn = En

2(1−2νn)
,

where En is the nucleus Young’s modulus and νn is the nucleus Poisson’s ratio. The
force Fn

vol can be understood as a pressure acting on the nucleus, induced by nuclear
volume changes. Therefore, we can compare Fn

vol = Λ ?
n [Vn0−Vn(t)]ε|∇ν |2nΓn (see

Appendix A1) with the definition of the bulk modulus: dP = −Kn
dV
V , where P is

pressure and V is volume. If we neglect the term ε|∇ν |2, which localizes the force
Fn

vol to the nuclear envelope, we identify dV = −[Vn0−Vn(t)] and Kn
V = Λ ?

n . If we
take V = Vn0, we obtain Λ ?

n = En
2(1−2νn)Vn0

. Finally, the parameter Λn is defined as

Λn = εΛ ?
n = εEn

2(1−2νn)Vn0
. Note that the latter expression is not dimensionally consis-

tent because we omitted the term ε|∇ν |2. If we assume that ε|∇ν |2 = 1µm−1 and
incorporate it into the previous derivation, the expression for Λn becomes dimension-
ally consistent.

A4: Initial conditions

The initial conditions are defined as

φ(x,0) = φ0(x) = 0.5−0.5tanh

[
2
√

2
ε

(dc(x)−Rc)

]
, (18)

ν(x,0) = ν0(x) = 0.5−0.5tanh

[
2
√

2
ε

(dc(x)−Rn)

]
, (19)

ρm(x,0) = ρm0 [φ0(x)−ν0(x)] , (20)

ρ f (x,0) =
{

ρM
f 0 [φ0(x)−ν0(x)] if y≥ yc,

ρm
f 0 [φ0(x)−ν0(x)] if y < yc,

(21)

ρg(x,0) = ρg0 [φ0(x)−ν0(x)] , (22)
uc(x,0) = 0, (23)
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Symbol Description Value Source
Γφ Cellular phase field relaxation parameter 2.5µms−1 Estimated
Γn Nuclear phase field relaxation parameter 20µms−1 Estimated
ε Phase-field interfacial length scale 2µm Moure and Gomez (2017)
Dm Myosin diffusion coefficient 0.9µm2s−1 Petrášek et al. (2008)
D f F-actin diffusion coefficient 0.8µm2s−1 Postma et al. (2004)
k0 Basal actin polymerization rate 0.1s−1 Mori et al. (2008)
γ f Maximal actin polymerization rate 10s−1 Shao et al. (2012)
K F-actin saturation parameter 1µm−2 Mori et al. (2008)
δ f Basal actin depolymerization rate 10s−1 Shao et al. (2012)
λ F-actin flow viscosity coefficient 500pNsµm−1 Bausch et al. (1998)
ηm Strength of contractile forces 80pNµm Rubinstein et al. (2009)
η f Strength of protrusive forces 600pNµm3 Shao et al. (2012)
ςc Substrate-actin network friction coefficient 100pNsµm−3 Oliver et al. (1999); Rubinstein et al. (2009)
γφ Cell membrane surface tension coefficient 12pN Tinevez et al. (2009)
ηdef Strength of forces induced by nucleus-membrane interaction 250pNµm−1 Estimated
Λn Strength of nucleus volume constraint 30pNµm−2 Guilak et al. (2000); Rowat et al. (2006)
ςn Nucleus-substrate friction coefficient 100pNsµm−3 Kim et al. (2012); Rubinstein et al. (2009)
γn Nuclear envelope surface tension coefficient 100pN Estimated
ηpoly Strength of forces induced by perinuclear actin assembly 4500pNµm−1 Estimated
τAC Strength of nucleus-actin network connection 150pNsµm−2 Estimated

Table 3 List of model parameters.

where dc(x) is the distance to the center of the cell, denoted here by C = (xc,yc).
Rc and Rn are the initial radius of the cell and the nucleus, respectively. The initial
myosin and actin densities are defined by the parameters ρm0, ρM

f 0, ρm
f 0, and ρg0. Un-

less otherwise stated, we use the values Rc = 10.5µm, Rn = 4.3µm, ρm0 = 0.3µm−2,
ρM

f 0 = 1.5µm−2, ρm
f 0 = 0.17µm−2, and ρg0 = 1.76µm−2.

In the simulations corresponding to a cell spreading on a 75× 5µm2 adhesive
micropattern, we take Rc = 9.5µm, Rn = 5.5µm, ρm0 = 0.165µm−2, ρM

f 0 = ρm
f 0 =

2.4µm−2, and ρg0 = 5µm−2.

A5: Simulations of cells with fixed nucleus geometry

We fixed the nucleus shape by imposing a uniform nucleus velocity in Eq. (2), i.e.,
un(x, t) = u?

n(t). Thus, we solve Eq. (2) instead of Eq. (11) in our system of equations.
The velocity u?

n(t) is defined as a function of the distance between the nucleus and
the cell’s rear, d?(t), such that

u?
n(t)=

1.1uR
c (t)
[

2
(

d?(t)
dM

)3
−3
(

d?(t)
dM

)2
+1
]

if 0 < d?(t)< dM,

0 if d?(t)≥ dM,
(24)

where dM = 2µm and uR
c (t) is the y-velocity of the membrane at the cell’s rear.
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Löber J, Ziebert F, Aranson IS (2014) Modeling crawling cell movement on soft
engineered substrates. Soft matter 10(9):1365–1373

Lowengrub JS, Rätz A, Voigt A (2009) Phase-field modeling of the dynamics of mul-
ticomponent vesicles: Spinodal decomposition, coarsening, budding, and fission.
Phys Rev E 79(3):031926

Luxton GG, Gomes ER, Folker ES, Vintinner E, Gundersen GG (2010) Linear arrays
of nuclear envelope proteins harness retrograde actin flow for nuclear movement.
Science 329(5994):956–959

Marth W, Voigt A (2014) Signaling networks and cell motility: a computational ap-
proach using a phase field description. J Math Biol 69(1):91–112

Mogilner A, Manhart A (2018) Intracellular fluid mechanics: Coupling cytoplasmic
flow with active cytoskeletal gel. Annu Rev Fluid Mech 50:347–370

Mori Y, Jilkine A, Edelstein-Keshet L (2008) Wave-pinning and cell polarity from a
bistable reaction-diffusion system. Biophys J 94(9):3684–3697

Moure A, Gomez H (2016) Computational model for amoeboid motion: Coupling
membrane and cytosol dynamics. Phys Rev E 94(4):042423

Moure A, Gomez H (2017) Phase-field model of cellular migration: Three-
dimensional simulations in fibrous networks. Comput Methods Appl Mech Engrg
320:162–197

Moure A, Gomez H (2018) Three-dimensional simulation of obstacle-mediated
chemotaxis. Biomech Model Mechanobiol 17(5):1243–1268

Nickaeen M, Novak IL, Pulford S, Rumack A, Brandon J, Slepchenko BM, Mogilner
A (2017) A free-boundary model of a motile cell explains turning behavior. PLoS
Comput Biol 13(11):e1005862

Novak IL, Slepchenko BM, Mogilner A (2008) Quantitative analysis of g-actin trans-
port in motile cells. Biophys J 95(4):1627–1638

Oliver T, Dembo M, Jacobson K (1999) Separation of propulsive and adhesive trac-
tion stresses in locomoting keratocytes. J Cell Biol 145(3):589–604

Palmieri B, Bresler Y, Wirtz D, Grant M (2015) Multiple scale model for cell mi-
gration in monolayers: Elastic mismatch between cells enhances motility. Sci Rep
5:11745
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Fig. S1 A Influence of the parameter ηpoly. Time evolution of the cell morphology and myosin distribution for three keratocytes with ηpoly = 500 (top
row), 3500 (center row), and 4500pNµm−1 (bottom row). The simulations corresponding to ηpoly = 500 and 3500pNµm−1 stop at times 53 and 57s,
respectively, because the force Fn

poly is not strong enough to move the nucleus (the nucleus exits the cell and ψ takes values < 0). The simulation with
ηpoly = 4500pNµm−1 reaches a quasi-stationary state. B Influence of the parameter ηdef. Time evolution of the cell morphology and myosin distribution
of a keratocyte with ηdef = 4500pNµm−1. The value of ηdef is too large and the keratocyte displays unrealistic morphodynamics. Low values of ηdef
(ηdef < 250pNµm−1) barely modify the keratocyte morphodynamics. C Final state of two cells spreading on a 75×5µm2 adhesive micropattern. On
the left, a cell with a small value of ηdef. The nucleus deforms and acquires the micropattern geometry. On the right, cell with a large value of ηdef. The
nucleus nearly maintains its initial configuration.
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Fig. S2 Influence of the parameters controlling the nucleus dynamics, namely, τAC (nucleus-cytoskeleton connection, units pNsµm−2, top row), γn
(nucleus surface tension, units pN, second row), ςn (nucleus-substrate adhesion, units pNsµm−3, third row), and Rn (nucleus size, units µm, bottom
row). On the left, steady state and myosin distribution of keratocytes with increasing values of each parameter. On the right, evolution of the time-
averaged cell velocity ūcell, cell aspect ratio ARcell, and nucleus aspect ratio ARnucl as a function of each parameter. One may observe the two antagonist
effects produced by the nucleus and described in the main text. On the one hand, ūcell increases as τAC increases (top row). On the other hand, with
fixed τAC and nucleus size, ūcell decreases as ARnucl increases, and vice versa (second and third rows). We have not analyzed in detail the influence
of nucleus size. We suspect that ūcell increases with Rn, despite ARnucl slightly increases, because the nucleus-cytoskeleton connection force acts on a
larger surface (i.e., a larger nucleus envelope).
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QUASI-STATIONARY MIGRATION OF KERATOCYTES
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Fig. S3 A Cell morphology and myosin distribution of a keratocyte at eight different times. B Time evolution of the cell area. C Time evolution
of the velocity of the mass center of the cell. Note the cell moves in the y-direction. The cell acquires a quasi-steady state at time ∼ 200s. In the
quasi-stationary state the cell displays mild periodic oscillations. The wave period and wavelength depend on the value of the model parameters. The
time-averaged cell velocity ūcell is computed in the time interval corresponding to the quasi-steady state (in this example, t > 200s). Throughout this
paper, the snapshots showing steady states correspond to a time tA in the periodic wave such that |ucell|(tA) = ūcell and ∂ |ucell|

∂ t (tA)> 0. In Fig. 2 in the
main text, the parameters α and β are estimated with the values ρF

f and ρF
m taken at a time corresponding to a peak in the |ucell| periodic oscillation.
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MAIN FORCES ACTING ON THE ACTIN NETWORK
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Fig. S4 Distribution of the main forces acting on the actin network. The plots correspond to the steady state (t = 360s) of the example shown in
Fig. S3. The color scale represents the force magnitude (units pNµm−2) and the arrows indicate the force direction. From left to right and top to bottom,
lamellipodium-induced protrusion (∇ ·σσσ c

prot), myosin-induced contraction (∇ ·σσσ c
myo), nucleus-actin network connection force (Fc

AC), and force induced
by the nucleus-cell membrane interaction (Fc

def). Note that the magnitude of the force Fc
AC is proportional to τAC (τAC = 150pNsµm−2 in this example).

The maximum magnitudes of the actin network viscosity (∇ ·σσσ c), the cell-substrate adhesion (Fc
adh), and the membrane surface tension (Fc

mem) are
450, 11, and 5pNµm−2, respectively (data not shown).
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