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During early development, epithelial cells form a monolayer sheet and migrate in a uniform direction.
Here, we address how this collective migration can occur without breaking the cell-to-cell attachments.
Repeated contraction and expansion of the cell-to-cell interfaces enables the cells to rearrange their
positions autonomously within the sheet. We show that when the interface tension is strengthened in a
direction that is tilted from the body axis, cell rearrangements occur in such a way that unidirectional
movement is induced. We use a vertex model to demonstrate that such anisotropic tension can generate the
unidirectional motion of cell sheets. Our results suggest that cell chirality facilitates collective cell
migration during tissue morphogenesis.
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During embryonic development and wound healing,
epithelial (cohesive) cells form a monolayer sheet and
move in a unified direction. This phenomenon is known
as collective cell migration [1–4]. The unidirectional
motion of cohesive cells contributes to the morphogenesis
of multicellular organisms, for example in the left-right
symmetry breaking of organs [5,6].
A notable feature of this collective movement is that

adjacent cells maintain their attachments. These cell-cell
connections are biologically important, because an embryo
that is covered by epithelial sheets while undergoing
morphological changes relies on their integrity to separate
outside from inside. However, the attachments result in
strong physical constraints to movement; i.e., they prevent
the cells from easily extending protrusions as cells migrat-
ing individually can. In addition, even in sheets with no free
leading edges, epithelial cells can migrate collectively
[5,6]. The cell-cell attachments also tend to make the cells
act as bipolar objects, because the left boundary of a cell is
the right boundary of the adjacent cell, and the boundaries
on both sides tend to have similar mechanical properties
[7,8]. It remains unclear how these cohesive cells can
undergo unidirectional motion without a leading edge
while maintaining cell-cell adhesion.
In contrast to such migration mechanisms of cell sheets,

the mechanisms by which cell sheets are deformed are
relatively well understood. A typical example of this is
germ-band elongation in the fly [9]. In this phenomenon,
myosin molecules are localized at the cell boundaries that
are perpendicular to the anterior-posterior (AP) axis; this is
due to cell polarity in the plane parallel to the cell sheet,
which is called “planar polarity” [10,11]. The relatively
high concentration of myosin generates strong contraction,
which shrinks the cell boundaries, and the cells undergo

autonomous intercalation along the dorsal-ventral axis
[9,12]. The polarized contraction also plays an important
role in the bending of cell sheets [13,14].
In this way, the contractions and planar polarity of

epithelial cells contribute to morphological changes in cell
sheets, and presumably influence collective migration.
Although much progress has been made in understanding
the collective motion of cells [15], the associations between
properties at the cellular level and movement at the tissue
level remain unclear.
Here we provide a simple possible mechanism for the

collective migration of epithelial cells. In this model, the
strength of the contraction of cell boundaries depends on
their orientation with respect to a fixed direction, and the
direction in which the contraction is largest is tilted with
respect to the fixed direction. We use a vertex model to
demonstrate that the combination of direction-dependent
contraction and spatial variation of the cell properties, such
as the strength of adhesion between cells, along a given
direction leads to unidirectional movement of the cells in a
direction perpendicular to the given direction. The basis of
this movement is repeated junction remodeling between
cells arising from chirally polarized contraction at cell
boundaries.
Let us consider a simple cell sheet in two dimensions as

depicted in Fig. 1, in which the cells are confined by two
parallel lines located at y ¼ �Ly=2; these lines represent
the boundaries between the cell sheet and the other tissues.
We impose periodic boundary conditions at x ¼ �Lx=2
and ask whether these epithelial cells can collectively,
perpetually, and deterministically move in the positive x
direction, driven only by mechanical interactions between
the cells. Here “collectively” means that either the entire
cell sheet or a cell group within the sheet moves, and
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“deterministically” means that the direction of the move-
ment does not depend on the initial cell configuration or the
intensity of any noise.
To address this question, we start with symmetry argu-

ments for a particle model, because, as shown below, the
vertex model that we consider herein is equivalent to the
particle system. The dynamical equations of the particle
model are given by

dri
dt

¼ f iðfrjg; tÞ; ð1Þ

where ri ¼ ðxi; yiÞ is the position vector of the ith particle,
f i ¼ ðfi; giÞ is a set of smooth functions of time t and the
positions of the particles, frjg ¼ fr1; r2;…; rNg, where N
is the total number of particles. First we decompose the
right-hand side of Eq. (1) into even and odd functions with
respect to the x and y components of frjg as

dri
dt

¼ f ðþþÞ
i þ f ðþ−Þ

i þ f ð−þÞ
i þ f ð−−Þi . ð2Þ

The explicit forms of these are f ðIJÞi ≡ ΠðIÞ
x ΠðJÞ

y f i with

Πð�Þ
α ≡ ð1� PαÞ=2, where I and J take the sign þ or −,

and α takes x or y. Pα is a linear operator acting on
vector functions of t and frjg, defined as Pαgðfrjg; tÞ≡
RαgðfRαrjg; tÞ for any g. Rα is the reflection operator,
i.e., Rxða; bÞ ¼ ð−a; bÞ and Ryða; bÞ ¼ ða;−bÞ for
any ða; bÞ.
Note that f ðþþÞ

i is invariant under the three transforma-
tions, (i) ðx; yÞ → ð−x; yÞ, (ii) ðx; yÞ → ðx;−yÞ, and
(iii) ðx; yÞ → ð−x;−yÞ. Here “invariant” means that the
time evolution equations do not change form under the

transformation. Similarly f ðþ−Þ
i is invariant only under (i),

f ð−þÞ
i is invariant only under (ii), and f ð−−Þi is invariant only

under (iii). We call f ðþþÞ
i , f ðþ−Þ

i , and f ð−þÞ
i , the isotropic,

y-asymmetric, and x-asymmetric terms, respectively. If f i
involves an explicit driving force, such as f i ¼ ða; 0Þ
(a > 0), it is included in the x asymmetric term, f ð−þÞ

i .
We do not consider explicit driving forces in this article,
and thus, in this symmetry argument, we will not further

consider f ð−þÞ
i . We refer to f ð−−Þi as the chiral term, because

the mirror image of a system with f ð−−Þi cannot be trans-
formed to its original state by a rotation, much like for a
helix of definite handedness. An example of a system

containing f ð−−Þi is the case where each particle pulls
other particles situated to its upper right and lower left,
while it pushes particles situated to its upper left and
lower right.
For this system to move collectively in the positive x

direction, the chiral term f ð−−Þi is necessary, because
the time-evolution equations must change under
ðx; yÞ → ð−x; yÞ. At the same time, the y asymmetry term

f ðþ−Þ
i is also necessary, otherwise the system is the same
after rotation by 180°, which would not result in unidirec-
tional motion. In other words, in the absence of x

asymmetric terms, both the y asymmetry term f ðþ−Þ
i and

the chiral term f ð−−Þi are necessary, and the combination of
these terms may give rise to a directional collective
movement.
Next, we apply the above-mentioned symmetry argu-

ment to the question of collective cell migration of
epithelial cell sheets. To describe the dynamics of the
sheet, we use a vertex model that describes the forces
in each cell and the possible rearrangement of the
cells [16–18]. In this model, cohesive cells are represented
by polygons. The configuration of cells in the sheet is
completely determined by the positions of the vertices of
the polygons, frjg ¼ fr1; r2;…; rNg, where ri is the
position vector of the ith vertex and N is the number of
vertices, and the connections between the vertices.
Mechanical forces in the cells are expressed by the
derivatives of a potential function E, the form of which is

Eðfrjg; fγklgÞ ¼
K
2

XM
α¼1

ðAα − A0Þ2 þ
X
hiji

γijðtÞlij

þ Kp

2

XM
α¼1

ðLα − L0Þ2; ð3Þ

where Aα and Lα are the area and perimeter of the αth cell,
respectively, and A0 and L0 are its preferred constants,
respectively.M is the total number of cells. lij is the length
of the cell boundary ij, which connects the ith and jth
vertices, γij is the line tension acting on the boundary ij,
and hiji means that the indices run over all the cell
boundaries. The first term in Eq. (3) represents the hydro-
static pressure acting on the cell boundaries. The bulk

FIG. 1 (color online). Setup of the model. (a) The cell sheet is
sandwiched between two parallel lines fixed at y ¼ �Ly=2.
These represent the boundaries between other tissues and the
cell sheet under consideration. Periodic boundary conditions are
imposed at x ¼ �Lx=2. (b) A contraction force γij acting on the
cell boundary ij depends on the angle θij between the cell
boundary and the positive x axis. (c) If the length of some
cell boundary ij becomes shorter than a given small value l�, the
boundary is rotated 90° and the connection is remodeled (T1
transition).
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modulus K is set to be constant throughout this paper
(K ¼ 4). The second term represents the contraction forces
acting on the cell boundaries; these are due to the
actomyosin cables beneath the plasma membrane. The
third term represents the tendency for the cell perimeter to
be conserved. Some cells prefer a round shape [8,19], so we
impose the relation L0 ¼ 2

ffiffiffiffiffiffiffiffi
πA0

p
so that as Kp increases,

the shape of the cell tends to become rounded. In our model
not only frjg but also fγijg evolve over time.
The time evolution equation for ri is obtained by

balancing the forces at the ith vertex [16],

−ηi
dri
dt

−
∂Eðfrjg; fγklgÞ

∂ri ¼ 0; ð4Þ

where −∂E=∂ri is the net force acting on the vertex, and
−ηidri=dt is the friction force that represents the vertex’s
resistance to change of position, and the friction constant ηi
represents the strength of the attachments between the cells.
In our model, ηi depends on the vertex index i. Remodeling
of boundaries is implemented in the same way as reported
elsewhere [16,17] [see Fig. 1(c) for a brief explanation].
The time-evolution rules for γij are given as follows.

Experimental observations show that γij fluctuates in time
[8,20]. Thus, we first decompose γij into its mean value, γ̄ij,
and the remaining part, ξij, as

γijðtÞ ¼ γ̄ijðtÞ þ ξijðtÞ; ð5Þ

and assume that ξij is colored Gaussian noise that satisfies
hξijðtÞi¼0 and hξijðt1Þξklðt2Þi¼δikδjlb2expð−jt1−t2j=τ1Þ,
where the intensity b and correlation time τ1 of the noise
are non-negative constants. δij is the Kronecker delta.
Experimental observations also show that γ̄ij depends on
the orientation of the cell boundary ij [9,13,21]. Since the
characteristic time for myosin to relocate (several tens of
seconds) ismuch shorter than that of cell configurationchange
(several tens ofminutes), we set up γ̄ij to be a given function γ̂
of the angle θij between the cell boundary ij and the x axis at
the time t, i.e.,

γ̄ijðtÞ≃ γ̂(θijðtÞ): ð6Þ
Since cohesive cells tend to be bipolar, we determine the form
of γ̂ as

γ̂ðθijÞ ¼ γ0 þ γ1 cos 2ðθij − θ0Þ; ð7Þ

where γ0 and γ1 are positive constants, and θ0 ∈ ½0; πÞ is the
angle at which the line tension reaches a maximum. By
appropriately choosing θ0, we can express the planar polarity
of the cells. For example, in germ-band elongation, θ0 ¼ π=2
for all cell boundaries if the x axis coincides with theAP axis.
In our model, θ0 varies between cells and depends on the
center of each cell’s boundary.

With the above-mentioned values, Eqs. (5) through (7),
and noting that θij is a function of frjg, Eq. (4) is closed in
terms of frjg, i.e.,

dri
dt

¼ −
1

ηi

∂Eðfrjg; fγklgÞ
∂ri

����
γkl¼γ̂ðθklÞþξkl

: ð8Þ

This is the equation that we consider in this article. The
boundary conditions at y ¼ �Ly=2 are obtained by
adding to E in Eq. (3) the potential given by EB ¼
KB½

P
ion upper boundaryðyi − Ly=2Þ2 þ

P
ion lower boundaryðyiþ

Ly=2Þ2�, where KB is a large constant. To solve Eq. (8)
numerically, we used the Euler method with an appropriate
time step.
Notably, the time-evolution equation for the vertex

model, Eq. (8), generally consists of isotropic terms. For
example, if we set ηi ¼ η0 (const) for all i, and γ1 ¼ 0 or
θ0 ¼ 0 or π=2, all the terms on the right-hand side of Eq. (8)
become isotropic. However, if we set γ1 > 0 and θ0 ≠ 0 nor
π=2, then chiral terms arise. In addition, if we make the
parameters ηi and θ0 depend on the y coordinate, then y
asymmetric terms emerge in Eq. (8). The symmetry argu-
ments shown above suggest that the latter situation, which
contains both chiral and y asymmetric terms, can result in
unidirectional motion of the cell sheet.
First, we examine the case in which only chiral terms are

introduced into the system; i.e., ηi ¼ 1.0 for all i, γ1 ¼ 0.5,
and θ0 ¼ π=4 for all cell boundaries. To make it easier to
see the behavior of the system, we reduce the total number
of cells, as shown in Fig. 2(a). For a large number of cells,
the final results are qualitatively the same. As θ0 ¼ π=4, the
cell boundaries inclined to the right tend to shrink due to
their relatively strong contraction forces, while the cell
boundaries inclined to the left tend to expand due to their
relatively weak contraction forces. With this situation, at
some time point, such as t ¼ 3.7 in Fig. 2(a), four cells
(1, 10, 7, and 4) meet at a single point due to the shrinkage
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FIG. 2 (color online). Spontaneous and continuing shear move-
ment of epithelial cells due to directionally dependent contrac-
tions; θ0 ¼ π=4. (a) Snapshots of cell configurations. (b) Time
series of each term in E. The total value of E can increase due to
the directional dependence of γij [see Eq. (9)]. The parameter
values are γ0 ¼ 0.5, γ1 ¼ 0.5, K ¼ 4.0, Kp ¼ 1.0, A0 ¼ 0.35,

Ly ¼ 1, Lx ¼ 8
ffiffiffi
3

p
=5, b ¼ 0, ηi ¼ 1.0, l� ¼ 0.001, and

KB ¼ 100.0. The units of all parameters are arbitrary.
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of cell boundary ab, and this causes a junction remodeling
(T1 transition). After the junction remodeling, the cell
boundary ab becomes the boundary between cells 1 and 10,
and its direction is altered from θab ≃ π=4 to θab ≃ 3π=4.
This cell boundary ab then tends to lengthen. These
changes in the cell boundaries at t ¼ 2.5 result in the
configuration seen at t ¼ 4.8, in which the upper cells are
shifted to the left by one cell. This sliding motion of the
cells is maintained as long as the cell polarity (directional
dependence of γij) persists (see Supplemental Material
[22], Movie 1 for details).
This model results in continued movement while the

existing vertex models approach an equilibrium state with
decreasing E [16,18] because here, γij obeys a different
time-evolution rule than that followed by ri. In mathemati-
cal terms, for b ¼ 0 (no noise)

dE
dt

¼
XN
i¼1

_ri
∂E
∂ri þ

X
hiji

_γij
∂E
∂γij

¼ −
XN
i¼1

1

ηi

�∂E
∂ri

�
2

−
X
hiji

XN
k¼1

1

ηk

∂E
∂rk

∂ γ̂ij
∂rk

∂E
∂γij : ð9Þ

Although the first term on the right-hand side, which
represents the dissipation of E caused by friction, is always
nonpositive, the second term, which represents the effect of
the change in γij, can be positive and increase E [see
Fig. 2(b)].
Next we consider the case in which both chiral and y

asymmetric terms are introduced. To do this, we change ηi
along the y axis; i.e., the vertices on the upper boundary at
y ¼ Ly=2 have a high friction constant ηi ¼ 100.0 and the
other vertices have the usual one ηi ¼ 1.0. In this case,
although the upper cells hardly move, the lower cells move
to the right (see Supplemental Material [22], Movie 2). That
is, unidirectional movement of the cell sheet is achieved.
Note that the direction of movement does not depend on the
initial cell configuration but is determined only by θ0 and
ηi. In another case, where θ0 ¼ π=4 for ðyi þ yjÞ=2 > 0,
θ0 ¼ 3π=4 for ðyi þ yjÞ=2 < 0, ηi ¼ 100.0 for vertices on
the boundaries at y ¼ �Ly=2, and ηi ¼ 1.0 for the other
vertices, only the center parts of the cell sheet move to the
right; this result resembles collective cell movement of the
lateral line in zebrafish [23] [see Fig. 3 and Supplemental
Material [22], Movie 3].
With this model, we also investigated the average speed

of a cell sheet, defined as v̄≔ðR τ2
0 dt

P
N
i¼1 dxi=dtÞ=Nτ2, for

a long interval τ2, as a function of the parameters of the cell
[see Fig. 4]. Numerical simulations revealed the following.
(i) In general, fluctuations in γij increase v̄ [Fig. 4(d)],
which is due to the fact that noise facilitates cell rearrange-
ments. (ii) The movement is most efficient when θ0 ¼ π=4
(or 3π=4) [Fig. 4(b)]. (iii) Kp must be appropriately sized
for movement to occur [Fig. 4(c)]; for Kp ≫ 1, the cell

boundaries barely shrink, because the cells tend to remain
round. For Kp ≪ 1, the tensile force in the θ0 direction
dominates. At each vertex, the forces that act in this
direction are balanced. Consequently, along this direction,
the distances between the vertices are maintained; thus,
junction remodeling barely occurs. This result suggests that
the cells should be appropriately rounded in order to move
collectively. (iv) When there is no noise (b ¼ 0), in general,
v̄ depends on the initial cell configuration; i.e., some
hysteresis appears in v̄ [blue curves in Figs. 4(a)
and 4(c)]. If we add noise to the system (b > 0), the
hysteresis is removed. Our model allows other system
parameters to be varied, such as the width of the cell sheet,
and a comparison can then be made with experimental
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results [24]. A detailed qualitative study of our model will
be presented elsewhere.
We have demonstrated that a direction-dependent ten-

sion, which is strengthened in the direction θ0 inclined from
the major axis of the system, induces spontaneous and
continued shear movement in a cell sheet. When such
anisotropic tension is combined with the spatial depend-
ence of ηi or θ0, it leads to unidirectional movement of the
system. We note that this movement results from local
processes; i.e., each cell is just trying to shrink the
boundaries at the upper left and lower right and expand
those at the upper right and lower left when 0 < θ0 < π=2.
Therefore, we can say that an intrinsic chiral property of
cells drives the directional motion of the cell sheets.
Chiral behavior of cells has been reported elsewhere

recently [25–27] and has been linked to chirally asym-
metric dynamics of parts of the cytoskeleton, such as the
actomyosin cortex beneath cell-surface membranes
[28,29]. More recently, chiral mechanical torque generation
in cells has been reported in C. elegans, which contributes
to the formation of the left-right body axis [30]. At the
tissue scale, the shape of cells and the distribution of
adhesion molecules along cell boundaries showed left-right
asymmetry during the process of forming embryonic
hindgut twists in Drosophila [31,32]. In a recent collabo-
rative study [33] we found that left-right asymmetric
remodeling of cell boundaries can drive the collective
cell movement involved in the genital disc rotation of
Drosophila [5,6]. The observed relationship between the
directions of cell chirality and cell movement is in agree-
ment with the findings of the current article. A similar
mechanism might also contribute to other types of collec-
tive cell migration [1,23]. Our scenario in which cell
chirality plays a role in collective cell movement can be
tested experimentally by evaluating the directional bias in
the extension and contraction of cell boundaries.
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