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Collective cell migration is observed during morphogenesis, angiogenesis, and wound
healing, and this type of cell migration also contributes to efficient metastasis in some
kinds of cancers. Because collectively migrating cells are much better organized than a
random assemblage of individual cells, there seems to be a kind of order in migrating
clusters. Extensive research has identified a large number of molecules involved in
collective cell migration, and these factors have been analyzed using dramatic advances
in imaging technology. To date, however, it remains unclear how myriad cells are
integrated as a single unit. Recently, we observed unbalanced collective cell migrations
that can be likened to either precision dancing or awa-odori, Japanese traditional dancing
similar to the style at Rio Carnival, caused by the impairment of the conformational
change of JRAB/MICAL-L2. This review begins with a brief history of image-based
computational analyses on cell migration, explains why quantitative analysis of the
stylization of collective cell behavior is difficult, and finally introduces our recent work on
JRAB/MICAL-L2 as a successful example of the multidisciplinary approach combining
cell biology, live imaging, and computational biology. In combination, these methods have
enabled quantitative evaluations of the “dancing style” of collective cell migration.

Keywords: rab GTPases, JRAB/MICAL-L2, conformational change, collective cell migration, computational
analysis, optical flow

COLLECTIVE CELL MIGRATION

Cell migration is a fundamental cellular function involved in various biological processes. Broadly
speaking, there are two kinds of cell movement: single-cell and collective migration. In the latter,
cells form a cluster via adhesion and move as a group. The cells at the migrating front generate
a strong force that pulls the mass behind them, whereas the rear cells maintain adhesion and
communicate with their neighbors. At the tip of the multicellular group, complete-epithelial
to mesenchymal transition (EMT) or partial-EMT is often observed, resulting in the migration
mode switch between single-cell and collective cell migration (Friedl and Wolf, 2010; Friedl and
Alexander, 2011). In another mode of cell migration with intermediate phenotype, individual cells
move one after each other using the same path, which is referred to as multicellular streaming
(Friedl and Wolf, 2010; Friedl and Alexander, 2011). Collective cell migration is observed during
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morphogenesis, angiogenesis, and wound healing (Friedl and
Gilmour, 2009; Gray et al., 2010; Mayor and Carmona-Fontaine,
2010; Rorth, 2012; Theveneau and Mayor, 2012) and contributes
to efficient metastasis in some kinds of cancers (Sahai, 2005;
Friedl and Gilmour, 2009). In other words, this type of cell
migration is important in both physiological and pathological
contexts. Thus, it has been extensively studied in the field of
cell biology (Ladoux and Mege, 2017) and simulation-based
biophysics (Ionides, 2001; Woods et al., 2014; Te Boekhorst
et al, 2016; George et al., 2017; van Helvert et al., 2018).
Collectively migrating cells are much better organized than
a random assemblage of individual cells, indicating that one
or more factors imposes an order that allows myriad cells
to behave as a single unit. Collective cell migration involves
multiple molecules [including the Rho family of small GTPases,
which regulates actin cytoskeletal reorganization; the Rab
family of small GTPases, which regulates membrane trafficking;
and extracellular signal-related kinase (ERK), a component of
the ERK/MAPK signaling pathway], which are predicted to
engage in a complex interplay; Rac and Rho, two members
of the Rho family, along with the regulators of their activity,
GDP/GTP exchange proteins and GTPase-activating proteins,
spatiotemporally regulate actomyosin contractility in moving
cell groups (Zegers and Friedl, 2014). Rab5 and Rabll, two
members of the Rab family, control the level of Rac activity
via intracellular trafficking of receptor tyrosine kinases, resulting
in the organization of individual cells during collective cell
migration (Ramel et al., 2013). Intracellular propagation waves of
ERK activation are observed in groups of cells during collective
cell migration (Aoki et al., 2017). The waves induce collective
cell migration in the opposite direction. In addition, advances
in imaging technology have helped to understand the regulatory
systems underlying the complex, higher-order cell functions
involved in collective migration. Even with these, however,
the whole picture of the regulatory system has not been fully
elucidated.

IMAGE-BASED COMPUTATIONAL
ANALYSIS ON CELL MIGRATION

Various computational tools have been employed for quantitative
studies of cell migration. Due to rapid advances in live-cell
imaging technology, such data-driven approaches have become
popular and important tools for understanding migration
dynamics. Model-based analyses, such as statistical or mechanical
simulations for directional cell migration (Ionides, 2001; Woods
et al., 2014; George et al., 2017), also rely on analysis of data,
including images, for verification and calibration of models and
parameters.

Although the purpose of quantitative analysis strongly
depends on the individual research subjects, useful intermediate
information computed from cell migration images can be
abstracted for various biological purposes. Hence, image-based
analysis yields statistical information about the geometry,
topology, and kinematics of individual cells or cell groups,
including spatial and temporal descriptors (Cordeliéres et al.,

2013) such as shape, velocity, and motion pattern. Computational
frameworks designed to obtain such information usually
involve registration/calibration of imaging, filtering (noise
reduction, restoration, super-resolution, etc.), segmentation
and tracking of cells (or target fluorescent tags), and motion
estimation/analysis. For image-based motion analyses of
collective cell migration dynamics, the difficulties lie in the
segmentation and tracking approaches. The reader is directed to
excellent surveys (Castafieda et al., 2014; Masuzzo et al., 2016)
for further information about general computational methods
and software packages applied to analyses of cell migration.
Motion analysis based on segmentation and tracking
approaches has been often applied to phase-contrast and
fluorescence images of cell migration, which visualize the
cytoplasm, nuclei, or plasma/nuclear membranes. For example,
trajectories of individual cell nuclei have been studied in
Drosophila gastrulation (Supatto et al., 2009), embryogenesis
in zebrafish (Khairy and Keller, 2011), and the Drosophila
border cell system (Cliffe et al, 2017) by linking segmented
nuclear regions in adjacent time-lapse images. At the cellular and
subcellular scales, the cell and its nucleus are both topologically
equivalent to a sphere (i.e., a topological disk/ball), except
during cell division. Therefore, finding a pair of corresponding
segmented cells/nuclei in adjacent time-lapse images is easier
than in cases with no topological restrictions. The ellipsoidal
shapes of cells and nuclei in collective cell migration are also
favorable for region extraction. Thus, popular unsupervised
segmentation methods, such as discriminant analysis (HUVEC:
human umbilical vein endothelial cells Huang et al., 2012), active
contours (monolayer of cultured pig epithelial cells Bunyak et al.,
2006), mean shift [HUVEC, astrocytoma, melanoma, and colon
carcinoma cells (Debeir et al., 2005) and human melanoma cells
(Cordelieres et al., 2013)], and supervised machine learning
techniques (Masuzzo et al., 2016) have been employed for
motion analysis. The mathematical and algorithmic aspects of
these methods were imported from computer science, especially
computer vision, pattern recognition, and image processing,
and have been adapted to processing of migration images in
cell biology. Unfortunately, objects (organelles, cytoskeleton,
structures on plasma/nuclear membranes such as pores and
receptors, and proteins of interest) in cell images are usually
much more complex, and undergo spatiotemporal changes in
both their geometry and topology. Objects of this type have not
been extensively examined by conventional computer science. In
addition, because manually generating sets of teaching images
is tedious and time-consuming, it is difficult to acquire enough
teaching images containing segmented/tracked regions for use
with state-of-the art deep learning techniques. Also, once a
training set has been obtained then automatic segmentation (and
tracking) based on machine learning techniques could become
irrelevant, as quantitative information could be obtained from
the teaching images. Although some a priori knowledge about
cell migration can be incorporated into these computations,
this valuable knowledge is the very information that we hope
to obtain from image-based computational analysis in the first
place. Thus, segmentation and tracking approaches are limited
in terms of their applicability for tags for objects other than the
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cytoplasm and nucleus, such as intracellular structures (hereafter,
referred to as general-target tags), especially in the analysis of
collective cell migration.

Motion estimation without segmentation/tracking of target
shapes has been applied to cell migration analysis, e.g., a damped
harmonic oscillator model often employed in fluid dynamics
and a particle image velocimetry software were applied to
extract motion fields of cells (cell populations) in (Angelini
et al, 2011) and (Jang et al, 2017), respectively. The most
common technique employed in such motion analyses [including
intracellular logistics at the Golgi apparatus (Ben-Tekaya et al.,
2005)] is Optical Flow (OF), which estimates a motion field
consisting of a velocity vector at each pixel of a live-cell image
(see middle images of Figure1l as examples of motion fields
with their corresponding live images). Although many OF
models have been developed [see (Delpiano et al., 2012) for
some of these models applied to point signals in fluorescence
images], the general idea is based on the hypothesis that
the intensity/texture of local regions in time-varying images
is approximately constant under motion, at least over short
timescales. This hypothesis leads to the so-called OF constraint
equation, consisting of the spatial gradient and temporal first-
order partial derivative (speed) of the image intensity; see seminal
surveys (Beauchemin and Barron, 1995; Fortun et al., 2015) for
more information on mathematical formulation, computational
methodology, and applications. Once motion fields are obtained,
spatial and temporal descriptors (Castafieda et al., 2014) are
usually extracted to represent quantitative and salient features of
the target tags, as well as visualizing the vector field along with its
corresponding cell migration image. The trajectories of the target
tags are obtained by averaging velocity vectors within a local or
segmented image region.

OPTICAL FLOWS IN COLLECTIVE CELL
MIGRATION ANALYSIS

OF is also popular for analysis of collective cell migration images
consisting of cytoplasm or nuclei (Breen and Williams, 1994;
Siegert et al., 1994; Ronot et al., 2000; Dubin-Thaler et al., 2008;
Amat et al.,, 2013; Boric et al., 2013; Kappe et al., 2016), despite
the fact that segmentation and tracking approaches work well on
such images.

Breen and Williams developed an OF-based digital imaging
vision system and applied it to ventral cellular layers of
the migrating Dictyostelium discoideum slug (Breen and
Williams, 1994). Their system characterized the speed of
the layers and migrating tips of the slug based on velocity
profiles and the corresponding cross-correlation analysis.
Siegert et al. reported an OF-based image processing method
and demonstrated its use on phase-contrast images of the
Dictyostelium developmental cycle (Siegert et al, 1994).
Their analysis, based on velocity profiles, the color-coded
velocity map, and cell trajectories, showed that Dictyostelium
development from the aggregation stage onwards, is governed
by rotational movement. Ronot et al. proposed an OF-based
image analysis approach and used it to study cell movement

in phase-contrast images of HeLa monolayers undergoing
wound healing (Ronot et al., 2000). Their approach estimated
the velocity profiles and affine transformation coeflicients
of the monolayers, and then quantified the various phases
of the wound repair process and wound closure dynamics
in multiple cell lines. Dubin-Thaler et al. studied single-cell
motility during cell spreading, based on velocity fraction
histograms and auto-correlation of velocity maps calculated
from OF-based image analysis (Dubin-Thaler et al., 2008). They
proposed that regulatory pathways provide some combination
of local motility modules that contribute to the overall motility
function of the cell. Boric et al. developed an assay for
analyzing and quantifying migration of cranial neural crest
cells in zebrafish based on OF-based image analysis (Boric
et al, 2013). Specifically, they characterized cell migration
patterns of normal and ethanol-exposed embryos, based on
directional histograms with a polar coordinate system, hue color
visualization of velocity vectors, and displacement factors over
time.

OF-based analysis has also been tailored to the specific
characteristics of 3D time-lapse light-sheet microscopy datasets,
especially for images of the nucleus, e.g., in Drosophila and
zebrafish development (Amat et al, 2013) and Drosophila
gastrulation (Kappe et al., 2016). On the other hand, OF is
rarely applied to general-target fluorescent tags in collective
cell migration analyses, even though (as mentioned above) it is
suitable for such images. In contrast to these studies, images of a
single molecule called JRAB/MICAL-L2 and its mutants labeled
with such general-target tags were quantitatively analyzed using
an OF technique, revealing its pivotal role in the “dancing styles”
of collective cell migration (Sakane et al., 2016). The rest of the
review focuses on JRAB/MICAL-L2 and how it affects migration
dynamics.

JRAB/MICAL-L2 MAY CONTROL
COLLECTIVE DYNAMICS

JRAB (Junctional =~ Rab13-binding  protein)/MICAL-L2
(molecules interacting with CasL-like 2) is an effector protein
of Rab13 (Terai et al., 2006), a member of the Rab family
of small GTPases, that serves as a molecular switch in the
regulation of membrane trafficking (Takai et al., 2001; Zerial and
McBride, 2001; Hutagalung and Novick, 2011). Several studies,
including our own, have shown that Rab13-JRAB/MICAL-L2 is
involved in the transport of cell adhesion molecules and thereby
regulates cell-cell adhesion in epithelia (Zahraoui et al., 1994;
Marzesco et al., 2002; Morimoto et al., 2005; Terai et al., 2006;
Yamamura et al., 2008; Sakane and Sasaki, 2015). Furthermore,
JRAB/MICAL-L2 engages in an intramolecular interaction
between its N-terminal and C-terminal regions, and binding of
Rab13 releases this interaction, resulting in a conformational
change from the closed to open form (Sakane et al., 2010). This
change is also involved in the spatiotemporal regulation of actin
dynamics during epithelial junctional development (Sakane
etal, 2012). A structural model of JRAB/MICAL-L2 based on an
approach combining bioinformatics and biochemistry (Sakane
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JRAB Wild-type JRAB ACC JRAB ACT

FIGURE 1 | Example of OF analysis of collective cell migration. Top row: live-cell images of cell groups expressing GFP-tagged JRAB wild-type and two mutants.
Second row: estimated velocity fields obtained via OF, corresponding to the images in the top row. Third row: overlays of the top and second-row images. Fourth row:
PCA results (four different subsets of velocity vectors) corresponding to the datasets represented by the top-row images. More than two billion vectors extracted from
27 time-lapse sets consisting of 7,700 images were employed in the PCA. Each ellipse shows how magnitude and direction of the corresponding velocity vector set
varies in 2D space. Coordinate origin represents no movement, and increasing distance from the origin indicates greater velocity. Hence, each ellipse in JRABwt
(bottom-left image), especially the two ellipses in the high-speed region, is more concentrated toward the left, which is the direction of cell migration. Thus, JRABwt is
more efficient than the other mutants. For more detailed statistical analysis and discussion, see our recent work (Sakane et al., 2016); these figures were adapted from
that paper with permission from ASCB.

etal., 2016) has also provided firm evidence for a conformationsl CONFORMATIONAL CHANGE OF
change induced by Rabl3, JRAB/MICAL-L2 IN THE CELL

These observations raise the possibility that JRAB/MICAL-
L2, through its conformational change, coordinates cell-cell — To test the above hypothesis, we generated JRAB mutants fixed
adhesion and individual cell migration during collective cell  in a specific conformation: open form, JRABACC; closed form,
migration. JRABACT (Sakane et al., 2010). Further investigations (Sakane
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et al., 2016) of individual cells expressing GFP-JRABACC
or GFP-JRABACT provided the following observations and
biological results.

JRABACT enhanced the formation of the thick F-actin bundle
along the free edge. In addition, radial actin filaments extended
from the F-actin bundle, resulting in the maturation of focal
adhesions. By contrast, neither the thick F-actin bundle nor
mature focal adhesions were observed at front cells expressing
JRABACC. These differences may explain the results of the
biomechanical analyses showing that JRABACT generates a
traction force at the free edge of the cell population, whereas
JRABACC impairs this force (Sakane et al., 2016).

We also examined the follower cells, and found that the
cells expressing JRABACT were larger in size at the junctional
level than those expressing JRABACC. Moreover, in cells
expressing JRABACT, many more stress fibers were observed
at the basal level than in cells expressing JRABACC. These
findings imply that JRABACT shifts the actin cytoskeleton from
cell-cell adhesion to cell-matrix adhesion, thereby increasing
the area of the cell at the junctional level. On the contrary,
JRABACC maintains an appropriate cell area at the junctional
level, probably via the formation of stable cell-cell junctions.
The results of hanging-drop culture assays support the idea that
JRABACC maintains more stable cell-cell adhesion, resulting
in larger spheroids than those formed by control cells or

those expressing JRABACT. Taken together, these observations
indicate that at the front, the closed form of JRAB/MICAL-L2
plays a role in the generation of traction force that pulls the
population in a certain direction, whereas the open form of
JRAB/MICAL-L2 contributes to formation and maintenance of
stable cell-cell adhesion between follower cells, enabling them to
behave as a single unit.

QUANTIFICATION OF “DANCING STYLES”
VIA OPTICAL FLOW

In wound healing assays using epithelial MTD-1A cells
expressing these mutants, different conformations of
JRAB/MICAL-L2 exhibited distinctive “dancing styles” based
on the regulation of actin dynamics (Sakane et al, 2016).
Groups of cells expressing GFP-JRABACT moved strongly in
a fixed direction, akin to precision dancing (top-right image of
Figure 1). By contrast, remarkable ruffles were observed along
the front line of clusters of cells expressing JRABACC, which
migrated in random directions (top-center image of Figure 1),
resembling awa-odori, a Japanese form of traditional dancing
similar to the style observed at the Rio Carnival. Groups of cells
expressing GFP-JRABwt exhibited an intermediate phenotype
(top-left image of Figure 1; Sakane et al., 2016).

Precision dancing tegra
migration

Closed form

N

c

Rab13

Integrated collective

Awa-odori

Rab13
Cc

FIGURE 2 | Model: collective cell migration regulated by JRAB/MICAL-L2 conformational plasticity. A cell population expressing only the closed form of JRAB exhibits
precision dancing (left), whereas a population expressing only the open form exhibits movement analogous to awa-odori (right). For integrated collective cell migration,
JRAB/MICAL-L2 must be able to change its conformation freely depending on the situation (middle). This figure was reproduced from our recent work (Sakane et al.,
2016) with permission from ASCB.
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Because GFP fusions of wild-type JRAB/MICAL-L2,
JRABACC, and JRABACT are general-target fluorescent tags, as
discussed above, OF is suitable for characterizing their associated
dancing styles from live images and performing quantitative
analyses. Hence, we applied an OF technique to study distinctive
features of GFP-tagged wild-type JRAB/MICAL-L2 and its
conformational mutants during collective cell migration
(Sakane et al, 2016). Principal component analysis (PCA)
was applied to a subset of velocity vectors classified by speed
magnitude based on the extracted OF motion fields (bottom
images of Figure 1); in this context, PCA provided a set of
linearly uncorrelated directions and corresponding magnitudes
of a set of time-lapse motion fields. We found that the
high-speed motions of JRABwt were more concentrated in
the direction corresponding to cell migration than those of
the mutants. Thus, wild-type JRAB/MICAL-L2, which can
change its structure between the open and closed forms,
allows cells to behave as an effective unit. By contrast,
mutants locked in the open or closed form did not exhibit
this behavior.

CONCLUDING REMARKS

In this review, two different but linked topics were discussed:
image-based computational methods and the functional role
of JRAB/MICAL-L2 in collective cell migration. Although
JRAB/MICAL-L2 was expected to be a key player in migration
dynamics, conventional molecular, and cell biology approaches
were not sufficient to establish its importance. To address this
issue, we used a robust approach combining cell biology, live
imaging, and computational analysis (especially OF methods)
to evaluate the “dancing style” of migrating cells expressing
JRAB/MICAL-L2 or its variants. The results provided valuable
insight into a longstanding question concerning how several
cells are organized in a moving cell population. Indeed, recent
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