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ABSTRACT In contrast to events at the cell leading edge, rear-polarized mechanisms that
control directional cell migration are poorly defined. Previous work described a new intracel-
lular complex, the Wnt5a-receptor-actomyosin polarity (WRAMP) structure, which coordinates
the polarized localization of MCAM, actin, and myosin IIB in a Wnt5a-induced manner. How-
ever, the polarity and function for the WRAMP structure during cell movement were not de-
termined. Here we characterize WRAMP structures during extended cell migration using live-
cellimaging. The results demonstrate that cells undergoing prolonged migration show WRAMP
structures stably polarized at the rear, where they are strongly associated with enhanced
speed and persistence of directional movement. Strikingly, WRAMP structures form transient-
ly, with cells displaying directional persistence during periods when they are present and cells
changing directions randomly when they are absent. Cells appear to pause locomotion when
WRAMP structures disassemble and then migrate in new directions after reassembly at a dif-
ferent location, which forms the new rear. We conclude that WRAMP structures represent a
rear-directed cellular mechanism to control directional migration and that their ability to form
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dynamically within cells may control changes in direction during extended migration.

INTRODUCTION

Cell movement requires the spatial control of signal transduction,
including cell polarity mechanisms that move proteins to specific
intracellular locations (Huttenlocher, 2005; McCaffrey and Macara,
2012). During cell locomotion, cells must coordinate the formation
of membrane protrusions and attachments to extracellular matrix
at the front, with membrane retraction and disassembly of attach-
ments at the rear. Much is known about events at the leading
edge, where actin polymerization via Rac, Cdc42, WASP/WAVE,
and Arp2/3 form lamellipodia and membrane protrusions, which
promote focal contact attachments to extracellular matrix and
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mediate forward movement (Ridley et al., 2003; Petrie et al., 2009;
Parsons et al., 2010). These have been implicated in the mainte-
nance and regulation of directional migration (Petrie et al., 2009;
Krause and Gautreau, 2014). In contrast, mechanisms at the rear of
migrating cells are less well defined. At the cell rear, localized F-
actin and nonmuscle myosin create mechanical force for driving
forward translocation of the cell body (Cramer, 2013). How this
controls directional cell movement, however, is poorly understood.
Directional cell migration underlies many processes, including de-
velopment, angiogenesis, inflammation, and cancer. Thus novel
signaling processes that control cellular migration may yield new
therapeutic targets for many human diseases.

We have described a new cellular entity that polarizes to the rear
in a manner that is induced by Wnt5a (Bowerman, 2008; Witze et al.,
2008, 2013; Mladinich and Huttenlocher, 2013). Wnt5a is a signaling
ligand that guides spatial organization in cells by moving proteins
anisotropically to specific intracellular locations (Nishita et al., 2010;
Kikuchi et al., 2012; Gomez-Orte et al., 2013). In metazoan develop-
ment, Wnt5a controls cell polarity responses such as body axis
formation and oriented cell division through planar cell polarity/con-
vergent extension (PCP/CE) pathways (Gao, 2012). Wnt5a increases
cytosolic Ca?*, although the mechanisms have not been clearly
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determined (Slusarski et al., 1997; Kohn and Moon, 2005). Wnt5a is
also known to promote cell migration and invasion in melanoma,
lung, gastric, pancreatic, and ovarian cancer cells (Bittner et al.,
2000; Weeraratna et al., 2002; Kurayoshi et al., 2006; Ripka et al.,
2007; O'Connell et al., 2010; Peng et al., 2011). Specifically, Wnt5a
is elevated in aggressive, metastatic melanomas and at the invasive
edge of primary tumors where cells metastasize toward lymph
nodes (Bittner et al., 2000; Weeraratna et al., 2002). However, the
mechanisms by which Wnt5a promotes migration and invasion of
cancer cells are not known.

Previous findings in melanoma cells showed that Wnt5a induces
the formation of a novel protein network that triggers rear-polarized
actomyosin and Ca?* signaling (Witze et al., 2013). This was named
the Wnt5a-receptor-actomyosin polarity (WRAMP) structure and
involves an anisotropic positioning of melanoma cell adhesion mol-
ecule (MCAM, also known as CD146 or MUC18). A proposed mech-
anism involves the internalization of transmembrane receptors into
endosomes that interact with actomyosin cytoskeletal components
to create the dynamic and transient WRAMP structure entity. Of
importance, the WRAMP structure is connected temporally to the
recruitment of F-actin and nonmuscle myosin-IIB and leads to a
localized elevation of cytoplasmic Ca?*. Therefore the WRAMP
structure is significant because it provides a mechanism for directing
a highly localized second messenger signaling event that is needed
for actomyosin contractility, membrane lifting, and retraction.

The characteristics of the WRAMP structure suggest that it may
function in rear-directed events involved in cell migration. In response
to isotropic Wnt5a and a gradient of the chemokine CXCL12/SDF1,
WRAMP structures localized distally from the Golgi, consistent with
rear polarity. In short-term movies, they localized to the rear with re-
spect to the direction of nucleokinesis (Witze et al., 2008). However,
the behavior of WRAMP structures during extended cell migration
and its function in directional cell movement were not investigated.
Here we perform a quantitative study using live-cell imaging to ex-
amine the importance of WRAMP structures for directional cell migra-
tion. The results demonstrate that WRAMP structures are maintained
at the rear in migrating melanoma cells, as well as in nonmelanoma
cells. Over extended times, individual cells are observed to fluctuate
between periods when WRAMP structures are present and when they
are absent. When WRAMP structures are present, cells translocate
over longer distances with faster speed and greater persistence of
directional movement. When WRAMP structures are absent, cells
change direction through a process involving an intracellular relocal-
ization of WRAMP structures to define the new rear position. Taken
together, the results indicate that WRAMP structures are rear-polar-
ized during cell migration and mediate speed and persistence of
directional cell movement, fundamental processes required for cell
locomotion. Our findings provide a deeper understanding of rear
polarity mechanisms that control cellular migration and suggest a
potential new target for intervening with cancer cell invasion.

RESULTS

WRAMP structures are characterized by Wnt5a-induced
polarization of MCAM, F-actin, and myosin IIB

WRAMP structures were first observed in melanoma cells through
the polarization of the cell surface receptor MCAM/CD146/MUC18,
a member of the immunoglobulin G (IgG) superfamily of cell adhe-
sion molecules. Formation of WRAMP structures can be measured
by polarization of MCAM along the long axis of the cell, which is
scored when it enriches with threefold or greater intensity over
background. WRAMP structures form dynamically and are followed
temporally by membrane retraction (Supplemental Movie S1).
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Cytoskeletal proteins F-actin and myosin [IB associate with
WRAMP structures such that they overlap but do not completely
colocalize with MCAM (Figure 1A). Previous studies identified
WRAMP structures in WM23%9a melanoma cells that show significant
focal adhesions, stress fibers, and cell spreading on glass, as well as
on two-dimensional collagen (Witze et al., 2008). Here we identify
similar structures in A375 melanoma cells, which show greater corti-
cal actin, lower stress fibers, and less adhesion (Figure 1B). A375
cells often show a stretched morphology, with spreading at one end
and narrowing at the other end of the long axis, where the WRAMP
structure is typically found. In each cell type, endogenous MCAM
forms a polarized complex at one end of the cell, partially overlap-
ping dense F-actin bundles with thick filaments extending to the
plasma membrane. Myosin 1B forms a band-like configuration over-
lapping F-actin and MCAM, which is often located further from the
cell edge and closer to the cell body and nucleus (Figure 1, A and
B). Confocal microscopy reveals enrichment of MCAM, F-actin, and
myosin [IB within the cell interior and not restricted to the plasma
membrane (Figure 1, A and B).

WRAMP structures were quantified by immunostaining of en-
dogenous MCAM and myosin 1B and phalloidin staining of F-actin.
Treatment of cells for 30 min with Wnt5a significantly enhanced the
percentage of cells showing WRAMP structures, which increased by
2.5- to 3-fold as measured by polarized localization of MCAM
(Figure 1C). Typically, WRAMP structures form within 15 min, but
quantified at a single time point, they appear in only ~24% of
WM239A and 15% of A375 cells. This is explained by their transient
nature; they assemble dynamically, followed by disassembly. When
measured over a period of 0-2 h, >80% of cells formed WRAMP
structures (unpublished data). Approximately 20% of WM239A cells
and 12% of A375 cells showed F-actin polarized along with MCAM
after Wnt5a treatment (Figure 1D). Therefore F-actin was present in
80% of WRAMP structures based on polarized MCAM. We also
found myosin IIB polarized at WRAMP structures in >50% of cases
(Figure 1E). F-actin was present in almost all of the WRAMP struc-
tures with myosin 1B (Figure 1F). Thus WRAMP structures were
characterized by strong association between polarized MCAM, F-
actin, and myosin IIB, forming with coordinately increased frequency
in response to Wntba.

WRAMP structure formation involves coordinated
movement of MCAM, F-actin, and myosin IIB
Confocal live cell imaging was used to examine the order of MCAM,
F-actin, and myosin IIB recruitment into WRAMP structures. In both
WM239a and A375 cells, MCAM—green fluorescent protein (GFP)
polarized dynamically to form WRAMP structures and was always
followed by membrane retraction (Figure 2, A and B). Cells were
also cotransfected with MCAM-GFP and mCherry in controls, which
confirmed that the polarized localization of MCAM-GFP was not an
artifact caused by variations in cell volume or membrane thickness
(Supplemental Figure S1). We then examined >100 cells cotrans-
fected with MCAM-GFP and LifeAct-mCherry, a peptide that binds
and labels F-actin. In each case, the accumulation of F-actin into
WRAMP structures was synchronous with the polarization of MCAM-
GFP (Figure 2, A and B). WM239%a cells migrated in a manner
that reflected spreading and adhesiveness reminiscent of mesen-
chymal cell movement, whereas A375 cells migrated with more-
rounded morphologies. Nevertheless, the temporal dynamics of
F-actin and MCAM-GFP in forming WRAMP structures were tightly
coordinated in each cell type.

In contrast, live imaging of cells coexpressing myosin [IB-mCherry
and MCAM-GFP showed that the recruitment of myosin IIB to
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correlated with polarized MCAM than is F-
actin (Figure 1, C-F). Membrane retraction
then occurred after the appearance of myo-
sin IIB at the cell edge (Figure 2, C and D,
and Supplemental Figure S2). The results
suggest that membrane retraction at
WRAMP structures is initiated by the recruit-
ment of myosin IIB to F-actin, which in turn
promotes actomyosin contraction.

WRAMP structures also appear in
nonmelanoma cells

We next asked whether WRAMP structures
could be observed in nonmelanoma cells,
which also express MCAM and in which
Whnt5a signaling has been shown to pro-
mote cell migration. One such model is
HT1080 fibrosarcoma cells, which are often
used in studies of migration and invasion
(Michl et al, 2005; Ripka et al., 2007;
Schwartz et al., 2013; Wei et al., 2013; Tovari
et al., 2014). HT1080 cells were treated with
Wnt5a for 30 min and then fixed and immu-
nostained for endogenous MCAM and my-
osin 1B, with phalloidin staining of F-actin.
Like melanoma cells, HT1080 cells showed
polarization of MCAM, overlapping with F-
actin and myosin IIB (Figure 3A). Wnt5a
treatment increased the percentage of cells
with- WRAMP structures by threefold or
more, measured by polarized MCAM. F-
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WRAMP structures are made up of polarized MCAM, F-actin, and myosin IIB.
Monitoring of endogenous MCAM and myosin |IB by indirect immunofluorescence and F-actin
by phalloidin staining in (A) WM239a cells and (B) A375 cells. Top, wide-field imaging (60x).
Bottom, confocal imaging (100x). Scale bars, 10 um. Merge, MCAM in green, F-actin in cyan,
and myosin IIB in magenta. (C-F) Cells treated without or with 250 ng/ml Wnt5a for 30 min:
percentages of cells with (C) polarized MCAM, (D) F-actin polarized along with MCAM,
(E) myosin IIB polarized along with MCAM, and (F) both F-actin and myosin IIB polarized along
with MCAM. Mean percentages and SEM from three or more slides (>750 cells), representing
two or more biological replicates. **p < 0.01. The p values were calculated using standard
two-tailed Student'’s t test. The term “polarized” in this figure does not distinguish between

rear and front polarity.

WRAMP structures was often delayed relative to MCAM. This was
most obvious in WM239a cells with greater spreading, but could also
be observed in A375 cells (Figure 2, C and D). Quantification of fluo-
rescence intensity along the long axis of cells showed movement of
myosin [IB to the cell edge in a manner often crossing MCAM (Sup-
plemental Figure S2). In each case, the polarization of myosin 1B
lagged behind that of MCAM, typically by 2-5 min. The delay in
myosin 1B recruitment explains why myosin IIB is less strongly
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ization of MCAM, F-actin, and myosin IIB, in
5 a manner stimulated by Wnt5a. Live imag-

ing of HT1080 cells transiently transfected
0 with  MCAM-GFP and mCherry showed
WM239a  A3TS migration as rounded cells, with WRAMP
structure formation followed by membrane
retraction and forward movement of the cell
body (Figure 3C). The polarized enrichment
of MCAM was not accompanied by in-
creased mCherry signal, confirming that it
was not an artifact of increased cell volume
or membrane retraction. Thus the appear-
ance of WRAMP structures and their charac-
teristics of actomyosin recruitment and
coupling to membrane retraction are not
limited to melanoma cells. We also ob-
served MCAM polarized in a manner resembling WRAMP structures
in WM1789, C2C12, and human umbilical vein endothelial cell lines
(Witze et al., 2008, 2013).

Rear polarization of WRAMP structures in migrating cells

We next monitored WRAMP structures during cell migration over
extended periods of time. WM23%a or A375 cells expressing
MCAM-GFP were plated on collagen-coated glass, and a scratch
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wound was introduced in the monolayer, followed by treatment with
Wnt5a. Cells migrating into the wound by four cell lengths or more
were then tracked by confocal time-lapse imaging. In both WM239a
and A375 cells, WRAMP structures appeared stably maintained at
the rear with respect to the direction of cell movement (Figure 4, A
and B). This was measured quantitatively by tracking the trajectories
of migrating cells from the x, y-coordinates of the cell center, and
comparing them to the x, y-coordinates of the WRAMP structure in
each frame. A polarity score was then calculated by the angle be-
tween the vector describing the location of the WRAMP structure
relative to the cell center and a vector describing the path of cell
migration measured by the cell position from the current frame to
the next (Figure 4C). The localization of WRAMP structures relative
to the path of cell migration was then binned into four quadrants
based on angle. Angles between 0 and 45° reported rear-localized
WRAMP structures, where an angle of 0° indicated two parallel vec-
tors with the WRAMP structure located exactly at the rear with re-
spect to the direction of migration. Angles between 135 and180°
indicated front-localized WRAMP structures, where an angle of 180°
indicated WRAMP structures at the leading edge. Angles between
45 and 135° indicated side localization of WRAMP structures. This
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Dynamic movement of WRAMP structures, followed by membrane retraction.
Frames from confocal live-cell imaging experiments of (A) WM239a and (B) A375 cells
cotransfected with MCAM-GFP and LifeAct-mCherry and (C) WM239a and (D) A375 cells
cotransfected with MCAM-GFP and myosin IB-N18-mCherry. Supplemental Movies S2-S5
(corresponding to A-D, respectively) show coordinated movement of MCAM, F-actin, and
myosin [IB. White dot indicates starting position. Scale bars, 10 pm; times in hours:minutes.
Controls for this experiment with MCAM-GFP plus mCherry in Supplemental Figure S1
and Supplemental Movies S6 and S7. Quantitation of MCAM-GFP and myosin [IB-mCherry
(or LifeAct-mCherry) fluorescence vs. time is shown in Supplemental Figure S2.

metric allowed the polarity of WRAMP struc-
tures to be quantified over many frames in
many cells.

All cells showed similar behavior, with
WRAMP structures primarily localized at the
rear, but occasionally localized at the side or
front, with respect to the direction of move-
ment. Usually, the periods when WRAMP
structures were present but not rear-local-
ized were brief, lasting only one or two
frames. The results showed WRAMP struc-
tures to be strongly biased to the rear mea-
sured in both WM239%a and A375 cells in at
least 1200 frames from 30 cells (Figure 4D).
This confirmed that WRAMP structures are
indeed rear-polarized during cell migration
over long distances.

Inhibition of WRAMP structures slows
wound healing and individual cell
speed

We next examined whether WRAMP struc-
tures may be required for cell migration. Be-
cause WRAMP structures are induced by
Whnt5a, it was reasonable to ask whether
blocking signal transduction provided a way
to inhibit WRAMP structures. We examined
effects of WntSa—small interfering RNA
(siRNA) knockdown as well as Box 5, a pep-
tide derived from Wnt5a that antagonizes
signaling (Jenei et al., 2009). In the presence
of recombinant Wnt5a, Box 5 strongly inhib-
ited the ability of both WM239A and A375
cells to form WRAMP structures, whereas
Whnt5a-siRNA had a lesser effect, as ex-
pected (Supplemental Figure S3, A-C). In
the absence of ligand, WRAMP structures in
both cell types were significantly inhibited by
either Box 5 or Wnt5a-siRNA alone and even
further when the two treatments were com-
bined (Supplemental Figure S3, A and B).
Therefore we examined cells in which ligand was absent for the ef-
fects of Box 5, Wnt5a-siRNA, or their combination. We also exam-
ined cells treated with MCAM-siRNA. Knockdown of MCAM blocks
WRAMP structures due to loss of the MCAM marker (Supplemental
Figure S3D; Witze et al., 2008), although conceivably WRAMP struc-
tures lacking MCAM could still be present.

To quantify effects of inhibiting Wnt5a and WRAMP structures on
cell migration, we transfected WM239A and A375 cells with H2B-
mCherry and tracked individual cells migrating into scratch wounds
after treatment with Box 5, Wnt5a-siRNA, or MCAM-siRNA. All indi-
vidual cells that migrated into the wound were quantified for speed
using a cell-tracking algorithm (described in Materials and Methods).
The average speed of both cell types was significantly inhibited by
each treatment compared with controls (Figure 5, A and B). Thus,
inhibiting WRAMP structures by blocking Wnt5a or by knockdown
of MCAM interfered with cell migration as measured by the rate of
movement.

We then quantified effects of inhibiting WRAMP structures in
scratch-wound healing assays, measuring the percentage of wound
closure versus time. In both WM239a and A375 cells, the combina-
tion of Box 5 and Wnt5a-siRNA significantly suppressed the rate of
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WRAMP structures in HT1080 cells. (

A) Wide-field imaging (60x) of endogenous MCAM, F-actin, and myosin

IIB in fixed HT1080 cells. Scale bars, 10 pm. (B) Cells treated without or with Wnt5a (250 ng/ml, 30 min) showing
percentages of all cells with polarized MCAM, F-actin polarized along with MCAM, myosin IIB polarized along with
MCAM, and F-actin plus myosin |IB polarized along with MCAM. Values show means and SEM from four or more slides
(>800 cells) representing two or more biological replicates. *p < 0.05. The p values were calculated using standard
two-tailed Student'’s t test. (C) Live-cell imaging of HT1080 cells cotransfected with MCAM-GFP plus mCherry (also see
Supplemental Movie S8) shows formation of WRAMP structures, followed by membrane retraction, not artifacts of cell

volume or membrane thickness. Scale bars, 10 um; times in hours:minutes.

wound healing in the presence of 10% fetal bovine serum (FBS;
Figure 5, C and D). The suppression was even more pronounced
under serum-free conditions (Figure 5, E and F). Knockdown of
MCAM with siRNA also slowed wound healing under each condi-
tion but to a lesser extent than loss of Wnt5a signaling (Figure 5,
C-F). Because the rate of wound closure can be enhanced by cell
doubling as well as cell migration, controls were needed to examine
effects of various treatments on cell proliferation. Neither WM239a
nor A375 cells were affected by recombinant Wnt5a (rWnt5a),
MCAM-siRNA, Box 5, Wnt5a-siRNA, or the Box 5+Wnt5a-siRNA
combination in measurements of cell proliferation (Supplemental
Figure S3, E and F). We conclude that inhibiting the ability of cells to
form WRAMP structures by suppressing Wnt5a signaling or MCAM
expression significantly interferes with cell migration as measured
by movement speed and wound healing.

Cells move longer distances in the presence of

WRAMP structures

Cells migrating for several hours revealed a periodicity in their for-
mation of rear-directed WRAMP structures. Thus each cell could be
segmented into periods when WRAMP structures were present in
consecutive frames and periods when they were absent. Represen-
tative examples of WM239a and A375 cells are shown in Figure 6, A
and B, where alternating periods when WRAMP structures are pres-
ent (WRAMP+, orange) or absent (WRAMP-, blue) are indicated
over time and plotted against the distance traveled from the origin.
We then plotted individual trajectories describing the distance and
direction of cell movement during WRAMP+ and WRAMP- seg-
ments in 30 cells, centering the start site for each segment at 0, 0
(Figure 6, C and D). Remarkably, cells migrated with significantly
longer trajectories during WRAMP+ segments than with WRAMP-
segments in both cell types. Histograms plotting segment period
lengths over all cells revealed a median duration of 45 min for
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WM239a cells and 60 min for A375 cells but with little bias overall in
the length of time when WRAMP structures were present versus
when they were absent (Figure 6, E and F). Thus the longer trajec-
tories for cell movement during WRAMP+ periods were not ex-
plained by differences in time duration between WRAMP+ versus
WRAMP- segments.

WRAMP structures coincide with faster cell speed and
greater persistence of directional migration
The longer trajectories observed during WRAMP+ periods sug-
gested potential effects on speed of movement. Cell speed was
measured by live tracking of WRAMP+ and WRAMP- segments,
measuring path distance over time for each segment. WM239a and
A375 cells respectively showed 1.7- and 5-fold faster speeds during
WRAMP+ segments than with WRAMP- segments (Figure 7, A and
B). Therefore faster speed explains, at least in part, the longer trajec-
tories that occurred during WRAMP+ segments (Figure 6, C and D).
We also evaluated directional persistence of movement, mea-
sured in two ways. Directionality ratio is a metric commonly used to
measure the “straightness” of a path. It is calculated as the ratio of
the straight-line distance from the origin to the endpoint (d) divided
by the total path distance traveled (D). The directionality ratio is
equal to 1 for a cell that moves continuously in a straight line and
approaches O for a cell that undergoes movement in random direc-
tions. Figure 7, C and D, shows that the average directionality ratio
measured between the first and final time points in each period is
greater for WRAMP+ than for WRAMP- segments in WM239a and
A375 cells. We also calculated the average directionality ratio as a
function of time during WRAMP+ and WRAMP- segments. Over
time, the directionality ratio for movement typically decreases as
cells change direction. However, during WRAMP+ segments, the
directionality ratio decayed much more slowly than during WRAMP-
segments (Figure 7, E and F). The results indicate that greater
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WRAMP structures are maintained at the rear during
extended cell migration. Confocal live-cell imaging of MCAM-GFP in
(A) WM239a cells and (B) A375 cells treated with recombinant Wnt5a,
and monitored during extended migration by at least two cell lengths
into scratch wounds. Yellow arrowheads mark WRAMP structures,
dotted circles indicate starting position for the cell center, and white
arrows indicate direction of cell movement. Supplemental Movies S9
and S10 correspond to A and B, respectively. Scale bars, 20 um; times

in hours:minutes. (C) Method for measuring WRAMP structure polarity.

W indicates the position of WRAMP structures, measured by polarized
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directional persistence of migration is associated with the presence
of the WRAMP structure.

A second metric for directional persistence is the direction auto-
correlation, which measures autocorrelation with varying time inter-
vals between the cosines of the angle differences between vectors
for directional movement. A direction autocorrelation coefficient
equal to 1 reports parallel vectors for movement and indicates no
change in angle or direction, whereas an autocorrelation coefficient
equal to O indicates random movement (Gorelik and Gautreau,
2014). Typically, the direction autocorrelation coefficient starts at 1
at short time intervals and decays to 0 as cells undergo changes in
direction with increasing time intervals. We observed significantly
greater direction autocorrelation during WRAMP+ segments than
with WRAMP- periods in WM239a cells (Figure 7G). Similar behav-
ior was observed in A375 cells, which showed even greater differ-
ences between WRAMP+ and WRAMP- segments (Figure 7H).

The directionality ratio measures net path length over total path
length without regard to angle, whereas direction autocorrelation
measures the degree of variation in vector angle independently of
how rapidly or slowly the cells move. Therefore, these two measure-
ments quantify fundamentally different aspects of directional persis-
tence. The fact that both showed significant differences between
WRAMP+ and WRAMP- segments revealed an unambiguous
enhancement of directional persistence in cell movement when
WRAMP structures were present.

Cells lose directional persistence during periods when
WRAMP structures are absent

Finally, we asked whether the total distance migrated from the ori-
gin correlated with the percentage of time in which cells displayed
WRAMP structures. Examination of individual WM239a or A375
cells showed wide variations in WRAMP+ periods, ranging from 20
to 90% of total migration time (Figure 8, A and B). Unexpectedly,
however, the distance traveled from the origin (d) was only weakly
correlated with the percentage of time that cells formed WRAMP
structures (Figure 8, A and B). Thus, despite the clear association of
WRAMP structures with persistent directional movement, the overall
degree of translocation could not be predicted from a cell’s propen-
sity to form WRAMP structures.

We asked whether this finding might signify that cells change
direction during the WRAMP- periods, which occur between
the WRAMP+ segments. This was consistent with observations in
Figure 6, C and D, in which the directions taken in cell trajectories
over many WRAMP+ segments appeared to be random, even
though these WRAMP+ segments showed greater directionality

MCAM; C indicates the position of the cell center; solid black line
indicates the cell outline in frame n; dashed black line indicates the cell
outline at frame n + 1. The red arrow depicts the movement vector,
indicating the direction of cell movement from the cell center in frame
nto frame n + 1. The blue arrow depicts the positioning vector,
indicating the WRAMP structure position relative to the cell center.
The polarity score measures the angle between these two vectors (),
where O < 45° indicates rear polarity of WRAMP structures and © >
135° indicates front polarity. (D, E) Histograms showing polarity scores
for (D) WM239a and (E) A375 cells, measuring the mean for >30 cells
(>2000 frames). Error bars indicate the range from biological replicates
imaged in different experiments. All cells showed similar distributions,
with primarily rear localization and only a small percentage of frames
with side or front localization. Generally, WRAMP structures were
found at the side or front only when cells were not migrating or before
changing direction.
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FIGURE 5: Effect of blocking WRAMP structures on cell speed and wound healing. To measure
cell speed, (A) WM239a and (B) A375 cells were transfected with PB-H2B-mCherry and seeded
on glass-bottom 96-well plates, followed by scratch wounding. Every cell that migrated into the
wound was tracked using a cell-tracking algorithm, calculating movement speed for individual
cells. Bars show the mean and SEM from three wells (>360 cells/condition for WM239a cells and
>180 cells/condition for A375 cells). *p < 0.01 and **p < 0.005. The p values were calculated
using standard two-tailed Student's t test. (C-F) Scratch wound assays were used to measure of
the effects of suppressing Wnt5a signaling and MCAM expression on wound healing. Cells were
imaged using bright-field microscopy in plastic 96-well dishes, and four wells were measured for
each condition at various time points. We quantified (C) WM239%a and (D) A375 cells in the
presence of 10% FBS and (E) WM239a and (F) A375 cells in the absence of serum. Two-way

5 min (WM239A) or 6.5 min (A375). The re-
sults showed that in at least 90% of cases,
WRAMP structures reappeared at least one
frame before the start of directional migra-
tion. Therefore WRAMP structures precede
cell movement by at least 5 min, 90% of
the time. The findings are consistent with
the hypothesis that the location at which
WRAMP structures form may establish the
new cell rear and, in doing so, determine
the subsequent direction of cell migration.

analysis of variance was used to determine the significance between the treatments and

nontargeting siRNA control across the time points. ¥Treatment is significantly different

compared with nontargeting control (NTC) siRNA with p < 0.0001.

ratio and direction autocorrelation than their intervening WRAMP-
segments (Figure 7, C-H). We therefore asked whether cells change
direction between consecutive WRAMP+ segments, by following
their trajectories and measuring the vector angles between consec-
utive WRAMP+ segments, as illustrated by the representative cell in
Figure 8C. We then plotted the histograms of angle changes be-
tween consecutive WRAMP+ segments for both WM23%a and A375
cells (Figure 8, D and E). In each cell type, approximately half of the
cases showed angles up to 90°, mostly between 0 and 45°, indicat-
ing similar trajectories from one WRAMP+ segment to the next.
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DISCUSSION

Our study presents a quantitative character-
ization of the WRAMP structure, which coor-
dinates the anisotropic localization of MCAM, F-actin, and myosin
IIB in a Wnt5a-induced manner. WRAMP structures form dynami-
cally and are associated with actomyosin contraction and mem-
brane retraction (Witze et al., 2013). The results establish a function
for the WRAMP structure in cells undergoing prolonged migration
by showing that it polarizes stably at the rear and is strongly associ-
ated with enhanced speed and persistence of directional movement.
Disrupting WRAMP structures by suppressing Wnt5a signaling or
MCAM expression significantly interferes with cell migration, as
shown by reductions in cell speed and the rate of wound healing.
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FIGURE 6: Migrating cells fluctuate between periods when WRAMP structures are present and periods when they are
absent. (A, B) Trajectories for single representative (A) WM239%a and (B) A375 cells, showing distance from origin vs. time.
Periods when WRAMP structures are present (WRAMP+, orange) and absent (WRAMP-, blue) are indicated in trajectory
plots and projections at the top, where each point represents one frame. (C, D) Cell trajectories for 250 WRAMP+ and

250 WRAMP- segments, each observed in (C) 28 WM239a and (D) 28 A375 cells. Cell position at the start of each
segment starts at 0, 0 and follows trajectories to the end of the segment. (E, F) Lengths of periods in minutes for
WRAMP+ and WRAMP- segments from (E) 30 WM239a and (F) 30 A375 cells. Histograms show similar period lengths
between WRAMP+ and WRAMP- segments. All cells were treated with recombinant Wnt5a at the start of the experiment.
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FIGURE 7: Quantitative measurements of cell movement. (A, B) Cell speed during WRAMP+ (WR+) and WRAMP-
(WR-) segments were calculated in (A) WM239a (30 cells) and (B) A375 cells (30 cells). Values report mean and SEM,
***p < 0.0001. The p values were calculated using standard two-tailed Student’s t test. (C, D) Directionality ratio
calculated at the final time point in WRAMP+ and WRAMP- segments; mean and SEM for 30 (C) WM239a and (D) A375
cells. The p values were calculated using standard two-tailed Student’s t test, ***p < 0.0001. (E, F) Directionality ratio
calculated vs. time for WRAMP+ and WRAMP- segments in (E) WM239%a and (F) A375 cells. (G, H) Direction
autocorrelation of trajectories for WRAMP+ and WRAMP- segments at least 12 frames long in 30 (G) WM239a and

(H) A375 cells. Error bars indicate SEM. All cells were treated with recombinant Wnt5a at the start of the experiment.

Volume 28 July 7, 2017 WRAMP structures and directional migration | 1931



>
og)

E 600 WM239a E %0 A375
£ 500 . S 250 °
S ° 5
£ 400 [ ] £ 2000 °
£ ° o £
B 1500
% w0 .. Se . LY ‘§ ‘.0 °
-2 200 £ 1000 ° %_ o
3 oo * ‘. LIPS 8 o €0 o0
£ 100 o ® o 5 500 % e
g ® ° g 0
0.00 0.20 0.40 0.60 0.80 1.00 0.00 0.20 0.40 0.60 0.80 1.00
Fraction time WRAMP present Fraction time WRAMP present
C D WM239a E 59 A375
/\,—\5 50%
1 4 \\ 40%
. > 2 30%
;LZ end 5 30% 5
5 El g
O 20% =
14 /\’_/\ L £ 15%
~ALe ® 10%
3=—> end
0% 0%
0-45°  45-90° 90-135°135-180° 045°  45-90° 90-135° 135-180°

& Change in direction

@ Change in direction

16:21

©
I
I
N
=
=
G WM239a H A375
35 60
30 50
> > o "
g2 migration 9 40 migration
g 20 begins S 3 begins
I 15 g
= 10 T 20
) 10
0 0

3 25 20 15 -10 -5 0 5 10 15
Time (min)

-39 -32.5 -26 -195 -13 -65 0 65
Time (min)

13 195

Cells change direction during WRAMP- segments. (A, B) Plots of distance from
origin over the entire cell trajectory vs. fraction of time with WRAMP+ segments show little
correlation in 30 (A) WM239a and (B) A375 cells. (C) Example of cell trajectory, showing
changes in direction between consecutive WRAMP+ segments (arrows), measured by
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Scale bar, 20 ym; times in hours:minutes. All cells were treated with recombinant Wnt5a at the

start of the experiment. (G, H) Histograms showing the times at which WRAMP structures
reappear relative to the start of migration in a new direction in (G) WM239a (n = 120 cases
across 30 cells; frames acquired every 5.0 min) and (H) A375 cells (n = 123 cases across

30 cells; frames acquired every 6.5 min). Red indicates cells where WRAMP structures
reappeared before the start of migration. Gray indicates WRAMP structures reappearing in
the same frame in which cells begin migrating. Blue indicates WRAMP structures reappearing
after cells begin migrating.

1932 | M. K. Connacher et al.

We propose that the polarization of the
WRAMP structure promotes membrane re-
traction and nucleokinesis to help drive di-
rectional migration. We hypothesize that
this could occur by promoting a sustained
actomyosin-dependent force generation at
the rear or alternatively through myosin [1B
cross-linking functions (Vicente-Manzanares
et al., 2009; Cramer, 2010).

Our findings reveal new insight into
mechanisms controlling the persistence of
directional migration. Current models in-
volve the stabilization of lamellipodia and
front-end protrusions to determine the ori-
entation of migration (Petrie et al., 2009;
Krause and Gautreau, 2014). Such mecha-
nisms for “lamellipodia persistence” are
driven by F-actin polymerization at the
leading edge and occur in response to ex-
ternal gradients of chemotactic signaling
molecules guiding the direction of chemo-
taxis (George et al., 2013; Loosley et al.,
2015). By contrast, our characterization of
the WRAMP structure shows a clear signifi-
cance of the rear actomyosin machinery
persistence of directional migration. Of
importance, our results suggest an intrinsic
signaling mechanism for cell directionality
in response to Wnt5a, given that the cells
in our experiments were plated on colla-
gen and migrated in the absence of direc-
tionality cues. Nonetheless, cells display
directional persistence  when WRAMP
structures form, and cells turn in random
directions when WRAMP structures are
absent. This supports a clear role of the
WRAMP structure in the rear machinery for
directional migration.

The periodicity of WRAMP structure
formation provided us with a unique op-
portunity to characterize differences in cell
movement when WRAMP structures were
present and when they were absent. Strik-
ingly, whereas cells displayed directional
persistence in periods when WRAMP struc-
tures were present, they changed direc-
tions randomly when WRAMP structures
were absent. Of importance, the cells did
not change direction by slow turns in their
trajectory. Instead, they appeared to pause
their locomotion when WRAMP structures
disassembled and, during this pause, reas-
sembled the WRAMP structure at a differ-
ent cellular location before migrating in a
new direction with the WRAMP structure at
the new rear. Thus the ability of WRAMP
structures to form dynamically within cells
may provide a mechanism for changing di-
rection during extended migration. Further
studies are needed to understand the
mechanisms that guide the localization of
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WRAMP structures. For example, an intriguing possibility is that
endosomal vesicles interacting with cytoskeletal components un-
derlie the movement of WRAMP structures, influencing their rear
positioning within cells. We also noted previously that in the
presence of a gradient of CXCL12/SDF1, Wnt5a increases the po-
sitioning of WRAMP structures at the opposite pole from Golgi/
ER-Golgi intermediate compartment markers, which report the
anterior end of cells (Witze et al., 2008). This raises the possibility
that external cues can control the positioning of WRAMP struc-
tures, possibly through leading-edge mechanisms. However, our
findings in this study show consistent rear polarity of WRAMP
structures in the absence of directional cues. Thus WRAMP struc-
tures may provide a mechanism allowing the orientation of cells
and direction of cell movement to be guided from the rear.

Finally, our study shows clear evidence for WRAMP structures
during cell migration in nonmelanoma as well as melanoma cell
types. Our primary marker for WRAMP structures is MCAM, a pro-
tein known to promote cell invasion and metastasis in cancer cells
(McGary et al., 2002; lizumi et al., 2008; Lei et al., 2015). However,
we believe that WRAMP structures may not be limited to cells
expressing MCAM, as unpublished observations show other cell
adhesion molecules that endocytose in response to Wnt5a and
localize at WRAMP structures. The cell types in which we do observe
WRAMP structures in each case display a Wnt5a dependence of
migration and invasion (Michl et al., 2005; Wang and Chen, 2010;
Zhu et al., 2014a,b; Webster et al., 2015). We speculate that the
force generation at WRAMP structures that leads to directional
migration may also promote cell extravasation from primary tumors
to metastatic sites. Indeed, immunohistochemical staining of human
primary melanoma specimens show that whereas Wnt5a is weakly
expressed within tumors, its levels increase at tumor margins
(Weeraratna et al., 2002). This opens the possibility that the Wnt5a-
stimulated WRAMP structures could provide a means to explain
how Wnt5a promotes invasion and metastasis in several cancer
types. Targeting metastasis at the level of Wnt5a is not simple, given
that this ligand functions as a tumor suppressor in certain cancer
types (McDonald and Silver, 2009). Thus the WRAMP structure
mechanism may provide an alternative target for therapeutics
against metastasis.

In summary, our findings provide compelling evidence that in
addition to leading-edge lamellipodia formation and membrane
protrusion, rear-directed mechanisms control the ability of cells to
migrate directionally. The behavior of the WRAMP structure estab-
lishes a connection between rear-directed polarization of F-actin
and myosin, which may lead to actomyosin cross-linking and/or
force generation in a manner that enhances the speed, orientation,
and persistence of directional migration through extracellular
ligands that regulate cell polarity, such as Wnt5a. Further studies are
needed to elucidate the details of WRAMP structure formation and
function. We propose that the WRAMP structure provides a mecha-
nism for a cell to maintain ongoing rear retraction as a cell moves
forward. Integrating rear-directed mechanisms with events at the
leading edge will lead to a more complete understanding of the
mechanisms that determine the direction of cell migration.

MATERIALS AND METHODS

Materials

Plasmids for mammalian expression included MCAM-GFP, which
was previously described (Witze et al., 2008); p-mCherry-N1, a gift
of Esther Braselmann and Amy Palmer (University of Colorado,
Boulder); and mCherry-MyosinlIB-N-18 and mCherry-LifeAct-7,
from Michael Davidson’s lab (Florida State University; Addgene
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plasmids 55107 and 54491). PB-H2B-mCherry was a gift from Ma-
ria Lo and Amy Palmer (University of Colorado, Boulder) and was
generated by restriction enzyme cloning of H2B-mCherry into the
entry vector PB510-B1 from Systems Bio. Antibodies used in-
cluded anti-MCAM (sc-18837; Santa Cruz Biotechnology) and anti-
myosin 1B (M7939; Sigma-Aldrich); and Alexa Fluor 594 donkey
anti-rabbit IgG (H+L) and Alexa Fluor 488 donkey anti-mouse I1gG
(H+L) (A21207 and A21202; Life Technologies). Coumarin-labeled
phalloidin was obtained from Sigma-Aldrich (P2495); recombinant
purified Wnt5A was obtained from R&D Systems (645-WN); and
Box 5 was obtained from EMD-Millipore (Calbiochem 681673).
ON-TARGETplus siRNA SMARTpool for human WNT5A (7474)
and human MCAM (4162) and siGENOME Non-targeting siRNA
pool #2 were purchased from Dharmacon. The antibodies used for
Western blot analysis were anti-MCAM (13475S; Cell Signaling),
anti-Wnt5a/b (253S; Cell Signaling), anti—glyceraldehyde-3-phos-
phate dehydrogenase (5174S; Cell Signaling), anti-nucleolin (sc-
8031; Santa Cruz Biotechnology), anti-mouse IgG horseradish per-
oxidase (HRP) linked (7076; Cell Signaling), and anti-rabbit 1gG
HRP linked (7074S; Cell Signaling).

Cell culture

WM239a cells were a kind gift from Meenhard Herlyn (Wistar Insti-
tute). A375 and HT1080 cells were obtained from the American Type
Culture Collection. All of our cell lines are routinely tested for myco-
plasma infection using a PCR-based mycoplasma detection kit.
WM239A cells and A375 cells were maintained in RPMI plus 10%
(vol/vol) FBS at 37°C with 5% CO,, and HT1080 cells were main-
tained in DMEM plus 10% (vol/vol) FBS at 37°C with 5% CO,. Cells
were transfected using the Neon electroporation device (Thermo
Fisher Scientific) following the manufacturer’s standard protocol and
2 pg of each cDNA plasmid (1200 V x 20 ms x 2 pulses for WM239A
cells; 1300 V x 10 ms x 3 pulses for A375 cells; and 950 V x 25 ms x
3 pulses for HT1080 cells). Cells were treated with 250 ng/ml Wnt5a
for 30 min at 37°C with 5% CO, or with 100 uM Box 5 (0.1% dimethyl
sulfoxide [DMSQ)]) for at least 12 h before live-cell imaging or fixation
and immunostaining. For knockdown experiments, cells were trans-
fected with 100 nM siRNA either using DharmaFECT1 lipid transfec-
tion or by electroporation as described for cDNA. For lipid transfec-
tion, 16 pl of DharmaFECT1 reagent was incubated with siRNA in
Opti-MEM for 30 min at room temperature and then added drop-
wise to 1 10¢ cells in suspension. After 8 h at 37°C and 5% CO, the
transfection mixture was replaced with full medium. Efficiency of
protein knockdown was evaluated by Western blotting.

Cell proliferation assays

Cell proliferation was measured using the CellTiter-Glo luminescent
cell viability assay (Promega) according to the manufacturer’s proto-
col. Cells were seeded in a 96-well plate (5000 cells/well for
WM239a; 2500 cells/well for A375). Immediately before each time
point, the cell culture medium was removed from each well and
replaced with 100 pl of fresh medium. Then 100 pl of CellTiter-Glo
reagent was added to each well, followed by shaking for 2 min,
incubation in the dark at room temperature for 15 min, and lumines-
cence recording using a BioTek Synergy H1 hybrid plate reader.
Each sample was performed with six replicate wells, and standard
curves were generated using 0, 250, 500, 1000, 2000, 4000, 8000,
and 16,000 cells, which were seeded and allowed to adhere for 8 h
before measurement. All values were normalized to an initial time
point measured 8 h after seeding for each condition. Cells were
either transfected with 100 nM siRNA or treated with 250 ng/ml
Wnt5a, 100 pM Box 5, or 0.1% DMSO.
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Microscopy
Cells analyzed by indirect immunofluorescence were seeded on
glass coverslips for 18-24 h, followed by removal of medium, addi-
tion of fresh medium with or without 250 ng/ml Wnt5a, and further
incubation at 37°C with 5% CO, for 30 min. Cells were then washed
with phosphate-buffered saline (PBS), fixed with PBS containing 4%
paraformaldehyde (EM grade; Electron Microscopy Sciences), 5 mM
MgCl,, 10 mM ethylene glycol tetraacetic acid, and 120 mM sucrose
for 8 min at room temperature and then permeabilized with PBS
plus 0.2% Triton X-100 for 5 min at room temperature. Cells were
then blocked with PBS plus 5% bovine serum albumin (BSA) and
then incubated with primary antibody for 1 h, secondary antibody
(1:1000) for 1 h, and PBS plus phalloidin in 1% BSA for 40 min, all at
room temperature. Samples were mounted using CitiFluor medium
(Electron Microscopy Sciences) and sealed using clear nail polish.
Images were collected using an Olympus IX-81 microscope at 60x
or a Nikon A1R laser scanning confocal microscope at 100x.
Live-cell imaging was performed using a Nikon A1R laser scan-
ning confocal microscope or a Nikon Ti-E spinning-disk confocal
microscope, each equipped with an environmental chamber set to
37°C, 5% CO,, and 70% humidity. Cells were seeded on glass-
bottom dishes for 12-18 h, washed with phenol red—-free medium
containing 10% (vol/vol) FBS, and incubated with phenol red—-free
medium plus 10% FBS with or without 250 ng/ml Wnt5a. For
scratch-wound assays, cells were seeded in a confluent monolayer
in glass-bottom 96-well plates coated with 55 pg/ml bovine colla-
gen (Pure Col type | collagen, 5005-B; Advanced BioMatrix),
allowed to adhere for 6-8 h at 37°C with 5% CO,, and then
scratched with a 96-pin device to generate wounds in each well.
Cells were washed three times with PBS and twice with phenol
red—free medium plus 10% FBS and then incubated in phenol red—
free medium plus 10% FBS with or without 250 ng/ml Wnt5a. The
glass-bottom plates were treated with a very thin coating of colla-
gen (not a collagen gel) according to the manufacturer’s protocol,
with slight modification. Specifically, a collagen matrix was pre-
pared by mixing 1 ml of 5x RPMI, 0.5 ml of FBS, and 3.5 ml of Pure
Col and neutralized with 5 pl of 10 N NaOH. This collagen matrix
was then further diluted to 55 pg/ml with cell culture medium and
added to the glass-bottom plates with enough volume to coat the
surface of the wells (50 pl/well in a 96-well plate) and incubated for
1-16 h. The coating matrix was aspirated from the wells before
seeding of cells.

Quantitative measurements

Fixed cells were scored for the presence of WRAMP structures, as
measured by the appearance of MCAM polarized at one end of the
long axis of the cell with fluorescence intensity threefold or greater
than the surrounding background. Quantification of F-actin and/or
myosin |IB at WRAMP structures was scored by their elevated fluo-
rescence at or proximal to polarized MCAM. Movements of live cells
(for Figures 4 and 6-8) were tracked manually using the Manual
Tracking plug-in for ImageJ, where the coordinates for cell position
in each frame were placed at the cell center where long and short
axes meet (using the mCherry channel). The tracked cells were then
scored in each frame for the presence or absence of a WRAMP
structure, as measured by MCAM-GFP polarized with intensity
threefold or greater compared with surrounding background. When
present, WRAMP structures were tracked for position by marking
the approximate center of the structure using the Manual Tracking
plug-in. The only criteria for selecting cells were that they 1) migrated
into the wound and 2) traveled at least two cell lengths during the
course of the experiment. Once these criteria were met, cells were
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chosen at random across multiple wells and multiple biological rep-
licates. In 100% of cases, WRAMP structures were detectable.

The polarity of WRAMP structures was calculated from the angle
between a vector reporting the positioning of the WRAMP structure
and a vector reporting the direction of cell migration. The positioning
vector was determined by the line drawn from the x, y-coordinates
for the WRAMP structure in each frame n to the x, y-coordinates for
the cell center in the same frame n. The migration vector was deter-
mined from the x, y-coordinates from the cell center in each frame
n to the cell center in the next frame, n + 1. The angle between the
two vectors was calculated as follows, where A is the positioning
vector and B is the migration vector:

A-B

cosf = ——
|4 xg

(1

Distances that each cell moved from the origin were calculated
from the x, y-coordinates of the cell center at the start (frame 0) and
each frame n. WRAMP+ and WRAMP- segments were scored over
the full trajectory, based on consecutive frames when WRAMP struc-
tures were present and consecutive frames when they were absent.
Sorting functions and other basic calculations were performed using
MatLab software. The trajectories for these periods were plotted
using the Plot_At_Origin function in DiPer software (Gorelik and
Gautreau, 2014).

The directionality ratio, speed, and direction autocorrelation
were also calculated using DiPer software (Gorelik and Gautreau,
2014). The directionality ratio was calculated from the distance from
origin normalized to the full trajectory distance using the following
equation, where dis the straight-line distance between the start and
end points and D is the total path distance of the trajectory:

Directionality ratio = % 2
The direction autocorrelation coefficients were computed with
overlapping time intervals using

1 N-n ,_ _
DA = N—n+12i=o ( (i+n)At” Viat)

- ﬁzﬁ 0 (Cos(a(f+n)At - %t)) 3)

where DA is the average direction autocorrelation coefficient for a
given cell at step size n, N is the total number of displacements, and
o is the angle at each time point of the trajectory. We plotted popu-
lation averages per given time interval for C cell trajectories, calcu-
lating this DA from

DACZZZC(DA),' ) Nj/Ztika ()

Cell-tracking algorithm

An algorithm was developed to track cells and was used in Figure 5,
A and B. These experiments reported all of the cells that were
detected in the wound. Cell tracking was carried out in two steps:
first, each frame of the movie was processed to segment (identify)
the cells. The positions of the identified cells were then linked be-
tween consecutive frames to form tracks. During the segmentation
step, each frame in the movie was first contrast enhanced by con-
trast-limited adaptive histogram equalization (Zuiderveld, 1994).
The grayscale value corresponding to the upper 95th percentile of
the enhanced intensity histogram was then used to threshold the
image and generate the cell mask. The centroid of each identified
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cell in the mask was then calculated using a built-in algorithm in
MATLAB, and a linear assignment algorithm (Jagaman et al., 2008)
was used to link cell positions between consecutive frames. In the
linear assignment framework, a cost matrix was calculated for each
frame of the movie. The total cost matrix consisted of the cost to link
a cell in frame T to a new position in frame T + 1, a cost to link the
cell in frame T to nothing (e.g., if the cell drifted out of the frame of
view or was not correctly segmented), and the cost to start a new
track. The linking costs were defined to equal the Euclidean dis-
tance between the cell position at frame T to all new positions at
frame T + 1. To prevent physically impossible assignments, the max-
imum distance was set to 100 pixels, and the cost was set to infinity
for distances above this point. The cost for the alternative outcomes
was calculated as described (Jagaman et al., 2008). Each cell was
then assigned to one of these outcomes by solving the cost matrix
for the global minimum cost using the Jonker-Volgenant algorithm
(Jonker and Volgenant, 1987).

Wound-healing assays

Cells were seeded in a confluent monolayer in plastic-bottom 96-
well plates coated with a thin layer of bovine collagen (55 pg/ml),
allowed to adhere for 6-8 h at 37°C and 5% CO,, and then
scratched with a 96-pin device (Essen Bioscience) to generate uni-
form wounds in each well. Cells were washed three times with PBS
and twice with medium £ 10% FBS. Bright-field imaging was
performed using a Nikon ATR microscope in wide-field mode
equipped with an environmental chamber set to 37°C, 5% CO,,
and 70% humidity. Four replicate wells were imaged for each con-
dition. The wound area was measured at each time point using
standard tools in ImageJ. The percentage of wound healing was
calculated using

% Wound closure

3 (area of wound at t) - (area of woundat t = 0)

O,
areaof woundatt=0 x100% ©)
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