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PLP2 drives collective cell migration via ZO-1-mediated
cytoskeletal remodeling at the leading edge in human
colorectal cancer cells
Dipanjana Ghosh1,2,*, Ankita Dutta1, Anjali Kashyap1, Neeraj Upmanyu2 and Sunando Datta1,*

ABSTRACT
Collective cell migration (CCM), in which cell–cell integrity remains
preserved during movement, plays an important role in the
progression of cancer. However, studies describing CCM in cancer
progression are majorly focused on the effects of extracellular tissue
components on moving cell plasticity. The molecular and cellular
mechanisms of CCM during cancer progression remain poorly
explored. Here, we report that proteolipid protein 2 (PLP2), a colonic
epithelium-enriched transmembrane protein, plays a vital role in the
CCM of invasive human colorectal cancer (CRC) epithelium by
modulating leading-edge cell dynamics in 2D. The extracellular pool of
PLP2, secreted via exosomes, was also found to contribute to the
event. During CCM, the protein was found to exist in association with
ZO-1 (also known as TJP1) and to be involved in the positioning of the
latter at the migrating edge. PLP2-mediated positioning of ZO-1 at the
leading edge further alters actin cytoskeletal organization that involves
Rac1 activation. Taken together, our findings demonstrate that PLP2,
via its association with ZO-1, drives CCM in CRC epithelium by
modulating the leading-edge actin cytoskeleton, thereby opening up
new avenues of cancer research.

This article has an associated First Person interview with the first
author of the paper.
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INTRODUCTION
In collective cell migration (CCM), a group of cells moves together
as a single unit while maintaining their cell–cell contacts,
coordinating cytoskeletal dynamics, intercellular communication
(Ilina and Friedl, 2009) and a collective front–rear polarity (Haeger
et al., 2015). The front consists of leader cells that sense the external
environment and drive the collective movement by guiding the
entire layer for speed and directionality. Cells at the rear end of
the cluster are termed as the followers, which remain connected to
the leaders through cell–cell contacts, and thus maintain
intercellular communications with the leaders and contribute to

the efficiency of the collective movement (Mayor and Etienne-
Manneville, 2016). Molecular machineries at the leaders majorly
include small GTPases of the Rho family, which contribute to the
protrusion formation and cytoskeletal rearrangement (Mayor and
Etienne-Manneville, 2016), and integrin, which contributes to
leader-cell polarization (Yamaguchi et al., 2015). At the follower
end, protein molecules involved in focal adhesion, adherens
junctions and tight junctions (TJs) undergo force-induced
conformational changes and thereby govern transmission of
information from the leader to the followers through
mechanosensing (Das et al., 2015; Hegerfeldt et al., 2002;
Matsuzawa et al., 2018; Peglion et al., 2014; Plutoni et al., 2016).

CCM plays a major role during organ development, tissue
regeneration and cancer progression (Friedl and Gilmour, 2009). In
the context of epithelial cancer progression, CCM is mainly being
studied in 3D invasion models to explore the plasticity of the cancer
cells moving through the extracellular matrix components (Friedl
et al., 1995, 2012; Ladoux and Meg̀e, 2017; Hegerfeldt et al., 2002).
However, the underlying molecular and cellular mechanisms of the
CCM during cancer progression remain poorly explored. Here, we
uncover the role of a transmembrane protein, proteolipid protein 2
(PLP2) (Breitwieser et al., 1997; Oliva et al., 1993), in the CCM of a
colon cancer cell type in which epithelial–mesenchymal transition
(EMT) has been triggered (Kim et al., 2013; Warburton et al., 1992;
Yoon et al., 2008). PLP2was first discovered as a colonic epithelium-
enriched protein in a highly differentiated colon cancer cell line and
was found to possess an expression gradient along the colonic crypt in
normal individuals (Oliva et al., 1993). Latter studies have reported its
role in the progression of several other cancer types (Chen et al.,
2018; Feng et al., 2020; Ozawa et al., 2012; Son et al., 2004; Sonoda
et al., 2010). However, the underlying mechanism by which PLP2
drives the progression of colorectal cancer (CRC) remained elusive.
The current study demonstrates that PLP2 plays a vital role in CCMof
colon cancer epithelium and further investigates the underlying
molecular mechanism. Zonula occludens-1 (ZO-1; also known as
TJP1), a TJ scaffold protein, was found to associate with PLP2
through the cytoplasmicC-terminus of the latter. This associationwas
found to be essential for ZO-1 positioning to the leading edge,
thereby driving CCM through reorganization of the actin
cytoskeleton at the leading cell population.

RESULTS
PLP2 shows dynamicmembrane localization in colon cancer
epithelium
To begin with, we compared the levels of endogenous PLP2
expression amongst the CRC cell lines of epithelial (Caco-2)
(Hashimoto and Shimizu, 1993; Kim et al., 2013) and invasive
epithelial (SW480) (Kim et al., 2013; Warburton et al., 1992; Yoon
et al., 2008) origin. Endogenous PLP2 expression was significantly
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higher in the SW480 cell line at both the RNA and protein level
(Fig. S1A,B). Therefore, we selected SW480 cells to study the
possible cellular role of PLP2 in CRC advancement. The SW480
cell line was reported to be highly malignant in nature and
accordingly shows efficient migration while maintaining partial
epithelial characteristics (Berger et al., 2010; Warburton et al.,
1992). Before proceeding, we confirmed its migratory and epithelial
characteristics by probing against several markers for both the
features. In low-density culture, this cell line forms lamellipodia-
like (Wilson et al., 2013) actin-rich membrane protrusions at the free
edge, as evident from F-actin staining (Fig. S1C,C′). In high-density
culture, the cell line partially preserves the epithelial characteristics
(Fig. S1C,C′), as evident from the localization of cell–cell junction
(CCJ)-associated proteins, ZO-1 (61% cells) and occludin (45%
cells) (Fig. S1D–E′).
One of the major determinants of the cellular function of a protein

molecule is its subcellular localization (Loo et al., 2014). In low-
density cultures, PLP2 was found to localize at the free-edge
membrane protrusions (Fig. 1Aa), whereas in dense culture it localizes
to the CCJ (Fig. 1Ad). The protein was also present at intracellular
puncta (Fig. 1A, pink arrowheads). Expression of PLP2 with C-
terminal GFP or mCherry tags showed identical localization
(Fig. 1Ab,c,e,f). At the free-edge membrane protrusions, PLP2-
GFP colocalizes with F-actin (Fig. 1B–B″) and a cortical actin-
binding protein cortactin (Fig. 1B–B″). The extent of colocalization is
comparable to that between cortactin and F-actin (Fig. 1B–B″). At the
CCJ, it colocalizes with TJ scaffold ZO-1 (Fig. 1C–C″). We further
characterized the punctate localization of PLP2 based on an earlier
report (Timms et al., 2013) in which PLP2 was described as an
endosomal resident protein in epithelial cells. In corroboration, we
also observed that ∼17% of PLP2-GFP colocalized with the early
endosomal marker EEA1, suggesting the presence of PLP2-GFP in
the endosomal pool (Fig. S1F, top row). Moreover, in earlier
proteomics studies, PLP2 was enlisted as an exosomal cargo, secreted
from several types of cancer cells, including SW480 (Hurwitz et al.,
2016; Ji et al., 2013).We therefore tested the colocalization of PLP2 or
PLP2-GFP with the exosomal marker CD63 (Andreu and María,
2014) (Fig. 1D,D′; Fig. S1F, top row). It was observed that PLP2 (or
PLP2-GFP) colocalized with CD63 on the vesicles that were
predominantly located at the perinuclear region, although some of
them were also located away from the perinuclear zone (Fig. 1D;
Fig. S1F, zoomed insets). The CD63-positive perinuclear vesicles of
PLP2 may possibly represent the mature endocytic compartments,
part of which will eventually fuse with the plasma membrane
to release exosomes (Bobrie et al., 2011; Colombo et al., 2014;
Hurwitz et al., 2017; Park et al., 2018; Verweij et al., 2011). A small
fraction of vesicular PLP2-GFP also colocalized with Rab27a, which
regulates exosome secretion (Ostrowski et al., 2010) (Fig. S1F, bottom
row). We then isolated density gradient-purified exosomes from
SW480 and the cells stably overexpressing PLP2-GFP. The exosomes
obtained from SW480 and PLP2-GFP cells were named as
‘exosomeSW480’ and ‘exosomePLP2-GFP’, respectively. Enrichment of
PLP2 or PLP2-GFP in isolated exosome preparations further
confirmed it as an exosomal cargo (Fig. S1G–H). The exosomes
purified from SW480 cells were further characterized for their shape
and size distribution using nanoparticle tracking analysis (NTA)
(Fig. S1G′) and transmission electronmicroscopy (TEM) (Fig. S1G″).
Taken together, these data suggest that PLP2 exists in distinct

intracellular and extracellular pools in colon cancer epithelium cells.
The intracellular pool is distributed among membrane protrusions,
CCJs and intracellular vesicles (Fig. 1B–D′; Fig. S1F,I, Movie 1),
while the extracellular pool is secreted via exosomes (Fig. S1G,H).

PLP2 depletion leads to abrogation in leading-edge cell
dynamics during CCM
PLP2 was found to localize at the actin-rich membrane protrusions
as well as CCJs in our study (Fig. 1; Movie 1). The localization of
PLP2 at the actin-rich membrane protrusions indicates its possible
involvement in cell motility (Wilson et al., 2013), whereas its
localization to the CCJs indicates its possible role in maintaining
cell–cell integrity (Lee, 2015). A balance between these two events
is the key to CCM (Friedl and Mayor, 2017; Ilina and Friedl, 2009).
Therefore, we proceeded to investigate the possible involvement of
PLP2 in CCM. At first, we monitored CCM in thewild-type SW480
cell line (Movie 2) and then followed PLP2 localization in SW480
cells during CCM. A confluent monolayer of the cells stably
expressing PLP2-GFP or co-expressing PLP2-GFP and mCherry-
cortactin was scratch wounded and allowed to migrate in 2D (Grada
et al., 2017). Time-lapse imaging was carried out using confocal
microscopy to follow the localization of the ectopically expressed
proteins during CCM. PLP2-GFP showed a dynamic localization
between the CCJs and the protrusions at the migrating edges
(Fig. 2A; Movie 3). Moreover, PLP2-GFP at the migrating edges
colocalized with mCherry-cortactin (Fig. 2B; Movie 4), a leading-
edge marker (Weed et al., 2000).

To further investigate whether PLP2 has any role in CCM, we
studied collective migration in PLP2-depleted cells (Movie 5). ON-
TARGETplus SMARTpool siRNA against PLP2 was used to
downregulate PLP2 expression (Fig. S2A,A′). PLP2-depleted cells
were then subjected to wound creation, and the wound closure was
followed for 12 h by live-cell video microscopy. Observed CCMwas
compared with that of the cells treated with non-targeted
SMARTpool siRNA, denoted as the Scr control cells. To obtain a
collective measure of the migration parameters of the cells, we carried
out particle image velocimetry (PIV) analysis, a whole-field cross-
correlation technique that provides local displacements in real time
for the entire cell monolayer (Petitjean et al., 2010; Vig et al., 2016).
The velocity field revealed the presence of multiple high-speed zones
at the wound front or leading edge of the Scr control cells (Fig. S2B).
PLP2-depleted cells showed a significant reduction in the number of
these high-speed zones and average collective speed obtained from
the PIV analysis (Fig. S2B,C). Moreover, to further quantify the
migration characteristics at the leading edge, we tracked individual
cells from the first four to six layers facing the wound and analyzed
the speed and persistence (net displacement/total displacement) for
each track or cell. The average track speed and persistencewere found
to be significantly reduced in PLP2-depleted cells (Fig. S2D,E).

To further reinforce the functional insight and rule out off-target
effects, if any occurred due to the use of SMARTpool siRNA, we
established a stable CRISPR-mediated PLP2 knockout clone of the
SW480 cell line (PLP2KO) (Fig. S2F). PLP2KO cells exhibited
perturbed cell–cell integrity, as assessed by the measurement of
paracellular flux (Balda et al., 1996) (Fig. S2H); however, no effect
on cell proliferation was observed (Fig. S2G). Further sets of
investigations to establish PLP2 involvement in CCM were carried
out in PLP2KO cells.

A combination of live-cell video microscopy, followed by PIV,
individual cell tracking and computational analysis, was used to
characterize cellular dynamics during 0–12 h post-wound creation.
PLP2KO cells showed a delayed wound closure or slower movement,
which could be rescued when PLP2-mCherry was overexpressed in
PLP2KO cells (Fig. S2I, Movie 6). PIV analysis (Petitjean et al.,
2010; Vig et al., 2016) revealed that the number of high-speed zones
at thewound front and the average collective speed were significantly
reduced in PLP2KO cells, and that they could be rescued by the
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Fig. 1. See next page for legend.
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overexpression of PLP2-mCherry or treatment with exosomePLP2-GFP

(Fig. 3A–C). The role of exosomal PLP2 in CCM was further
confirmed by comparing the effects observed upon treatment of
PLP2KO cells with exosomeSW480 or exosomePLP2KO (Fig. S3B–H,
Movie 7). ExosomePLP2KO represents exosome pools purified from
the secretome of PLP2KO cells (Fig. S3C). To further confirm the
effect of exosomal PLP2 on CCM, we specifically inhibited the
biogenesis of exosomes in SW480 cells by treating them with
GW4869 (Fig. S3B), which inhibits ceramide-dependent exosome
production (Trajkovic et al., 2008). The treatment resulted in amodest
reduction of PLP2 in the total exosome pool (Fig. S3A) without
altering its endogenous level (Fig. S3A′), suggesting that PLP2 may
be preferentially secreted through ceramide-dependent exosomes.
However, the modest reduction of PLP2 levels in exosomes could
possibly be caused by a compensatory effect (Palmulli and van Niel,
2018), owing to which PLP2 is packaged and secreted through the
available non-ceramide dependent exosomes under GW4869
treatment. Drug-treated cells showed partial abrogation of CCM, as
evident from their diminished speed and marginally altered
persistence (Movie 8, Fig. S3I–M). However, the detailed
underlying mechanism of how exosomal PLP2 contributes to CCM
is subject to further investigation.
To better understand the dynamics of CCM, we further computed

the kymographs of horizontal velocity component (‘u’) and local
order parameter [‘s’ or <Cos(θ)>] (Fig. S2J,J′) for the control,
PLP2KO and PLP2–mCherry-overexpressing PLP2KO cells.
Speed, horizontal velocity and direction of migration are some of
the crucial parameters impacting the dynamics of collective cell
movement (Zhang et al., 2017a). The local order parameter provides
a measure of the relative orientation of neighboring cells with
respect to the wound during coordinated movement. The value of
this parameter ranges between −1 to +1, where +1 represents
collective movement perpendicular to the wound-border or towards
+X (refer to Fig. 3A), and −1 represents a collective movement
towards −X (Petitjean et al., 2010; Zhang et al., 2017a). As evident
from both sets of kymographs, the region within 400 pixels
(≈230 µm) from the wound showed active dynamics of migration
parameters, and we named it the ‘active zone’. Because depletion
of PLP2 led to a drastic reduction in the absolute values of both
u and s, whether PLP2 depletion affects the length of the active
zone remains inconclusive. To understand the time dependence of
these parameters, we chose an X section within the active zone
and plotted u or the local order parameter, s, against time at this
particular X. As shown in respective kymographs (Fig. S2Ja–c),

u steadily decayed with time, with a small hump in the initial phase
for the control cells (Fig. S2J′a). The depletion of PLP2 led to a
drastic reduction in u as well as much quicker decay of u with time
(Fig. S2J′a). Overexpression of PLP2-mCherry in PLP2KO cells
partially reverted the kymograph pattern showing partial rescue in
the speed dynamics (Fig. S2J′a). In contrast, the local order
parameter showed much slower decay for the control cells
(Fig. S2Jd,J′b). In PLP2KO cells, the overall value of the
parameter was much lower compared to that of the control cells
and showed almost no dependence on time (Fig. S2Je,J′b).
Overexpression of PLP2-mCherry partially increased the overall
local order and rescued the decay pattern (Fig. S2Jf,J′b).

During CCM, leader cells located at the front play a major role in
the collective movement (Mayor and Etienne-Manneville, 2016;
Poujade et al., 2007). Hence, to further quantify the migration
characteristics at the leading edge, we tracked individual cells from
the first four to six layers and analyzed the speed, persistence and
trajectory angles of the individual tracks over 0–12 h post-wound
(Fig. 3D–H′). We observed that 70–80% of wound closure takes
place between 1 h and 7 h post-wound (Fig. S2I, Movie 6); therefore,
we calculated the migration parameters within this time window. The
average speed (v) and persistence of the migrating cells showed a
significant decrease in PLP2KO cells, which could be rescued by
overexpressing PLP2-mCherry or treating the cells with
exosomePLP2-GFP (Fig. 3D–G; Fig. S3G–H). In addition, wider
trajectory angle distribution for the PLP2KO cells revealed that PLP2
depletion leads to cell migration in diverse directions (Fig. 3H,H′).

Taken together, these data suggest that, during CCM, PLP2
showed a dynamic localization between the CCJs and the wound
edge (Fig. 2; Movies 3 and 4) and controls the dynamics of both
speed and direction of the leading-edge cells (Fig. 3; Figs S2 and
S3). Both the intracellular and exosomal pool of PLP2 contribute to
this function (Fig. 3; Figs S2 and S3).

ZO-1 positioning to the cell periphery is reliant on its
association with the C-terminal cytosolic tail of PLP2
To investigate the underlying molecular mechanism of PLP2-mediated
CCM, we focused on the proteins that could possibly associate with
PLP2 in a cellular environment. Like PLP2 (Fig. 2; Movies 3 and 4),
the TJ scaffold protein ZO-1was also reported to relocate fromCCJs to
the migrating edge, and has been implicated in the migration of breast
epithelial monolayer, fibroblast and lung cancer cells (González-
Tarragó et al., 2017; Taliana et al., 2005; Tuomi et al., 2009). It has also
been shown to interact with α5β1 integrin at the lamellae structures of
migrating cells (Tuomi et al., 2009). We observed that PLP2-GFP and
ZO-1 colocalize at the free-edge protrusions as well as CCJs
(Fig. S4A–A″) in colon cancer epithelium.

We, therefore, asked whether the colocalization of PLP2-GFP and
ZO-1 shows any particular dynamics during wound closure. PLP2-
GFP and ZO-1 were found to colocalize at the wound edge in the
early hours (0 h and 4 h) of CCM (Fig. 4Aa,b,B; Fig. S7A). At 4 h
post-wound, notable umbrella-like extensions (Fig. 4A,b and insets)
were observed at the migrating edges, and the two proteins were
found to be largely colocalized at the boundary of these structures. In
contrast, PLP2-GFP and ZO-1 colocalization at CCJs was largely
dropped during the initial 4 h post-wound (Fig. 4Ab,B; Fig. S7A).
We further askedwhether these two proteins show co-dynamics at the
leading edge of the migrating cells. Time-lapse confocal microscopy
of the migrating cells overexpressing PLP2-mCherry and ZO-1-
mEmerald was carried out to study the co-dynamics at the leading
edge (Movie 9). At 16 h, they colocalized mostly at the CCJs and not
at the wound edge. The disappearance of umbrella-like structures was

Fig. 1. PLP2 shows membrane localization in an epithelial colorectal
cancer cell line. (A) Endogenous PLP2 (a,d), PLP2-GFP (b,e) and PLP2-
mCherry (c,f ) localize to the (a–c) free-edge membrane protrusions and
(d–f )cell–cell junctions (CCJs; pointed at by yellow arrowheads). Pink
arrowheads indicate PLP2 localization in the intracellular puncta. (B) At the
free edge, PLP2-GFP colocalizes with cortactin and F-actin. (B′) The
intensity profile plot over the yellow line at the free edge in B represents the
overlap amongst PLP2-GFP, cortactin and F-actin. (B″) The quantification of
colocalization based on Pearson’s correlation coefficient amongst PLP2-
GFP, cortactin and F-actin (n=111, N=3), (C) At the CCJs, PLP2-GFP
colocalizes with ZO-1. (C′) Intensity profile over the yellow line in C. (C″)
Colocalization between PLP2-GFP and ZO-1 (n=118, N=3). (D) At the
intracellular vesicles, PLP2 colocalizes partly with CD63 (indicated by yellow
arrowheads). (D′) Object-based colocalization (15.32±0.013%) (refer to
‘Confocal image analysis’ section of the Materials and Methods) of the
vesicular pool of PLP2 with the exosomal marker CD63 (n=2349, N=3). Data
are presented as mean±s.e.m.; n=number of cells, N=number of
independent experiments. Scale bars: 15 µm; insets are zoomed images of
the yellow outlined regions. a.u., arbitrary units.
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also evident at this hour (Fig. 4Ac,B; Fig. S7A). This colocalization
pattern directed our focus towards exploring a possible intracellular
association between PLP2 and ZO-1.
It has been reported that the MARVEL domain-containing

proteins (Raleigh et al., 2010; Sánchez-Pulido et al., 2002),
including occludin (Furuse et al., 1994) and tricellulin (Riazuddin
et al., 2006), interact with ZO-1. To investigate whether PLP2, a
MARVEL domain-containing protein (Breitwieser et al., 1997),
exists in association with ZO-1 in the cellular context, we used a
modified nanobody pull-down approach (Rothbauer et al., 2006,
2008; Tang et al., 2013). GST-tagged GFP-binding protein (GBP)
or Cherry-binding protein (CBP) was used to pull down GFP- or
mCherry-tagged PLP2 protein from the respective cell lysates. In

both cases, ZO-1 was co-eluted (Fig. 4C; Fig. S4B) with GFP- or
mCherry-tagged PLP2, suggesting an intracellular association
between PLP2 and ZO-1.

We then went on to delineate the particular region of PLP2 that
associates with ZO-1. ZO-1, a peripheral membrane protein acting
as a junctional scaffold in polarized epithelial cells (Tornavaca et al.,
2015), interacts with multiple transmembrane proteins (Ebnet et al.,
2000; Furuse et al., 1994; Itoh et al., 1999) that are likely to associate
with ZO-1 through their cytoplasmic ends, as observed for occludin
(Furuse et al., 1994) and tricellulin (Riazuddin et al., 2006). In order
to delineate whether ZO-1 associates with PLP2 via the latter’s N-
terminal or C-terminal cytosolic region, we created two deletion
varieties of PLP2 – ΔNPLP2 and PLP2ΔC – by removing the

Fig. 2. PLP2-GFP localizes to the leading edge during collective cell migration (CCM). (A) Time-lapse confocal images of PLP2-GFP during migration
(2 h post-wound). (B) PLP2-GFP colocalizes with mCherry-cortactin at the leading edge during CCM (4 h post-wound). Scale bars: 15 µm; insets are zoomed
images of the yellow outlined regions. White arrowheads indicate the direction of migration; yellow arrowheads indicate co-dynamics of PLP2-GFP and
mCherry-cortactin at the migrating edges.
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Fig. 3. PLP2 plays a crucial role in CCM. (A–H′) Wound scratch assay performed on control, PLP2KO and PLP2KO cells overexpressing PLP2-mCherry
or treated with exosomePLP2-GFP. (A–C) PIV analysis. (A) Phase-contrast images and corresponding velocity fields 7 h post-wound. White arrowheads
indicate the direction of migration. (B) Velocity heatmaps (1 pixel=0.586 µm; one frame=15 min; high-speed zones, yellow regions pointed at by black
arrowheads). (C) Average collective speed measured between 1 h and 7 h post-wound from three independent experiments for control, PLP2KO and
PLP2KO+PLP2-mCherry (N=3) and four independent experiments for PLP2KO+exosomePLP2-GFP (N=4). (D–H′) Track analysis. Individual cells are
tracked from the first four layers of the progressing cell sheet. (D,E) Speed (D) and persistence (E) over 12 h post-wound. (F,G) Average speed (F) and
persistence (G) measured between 1 h and 7 h post-wound. For D–G, n=294 for control (N=4), n=226 for PLP2KO (N=4), n=278 for PLP2KO+PLP2-
mCherry (N=4), n=645 for PLP2KO+exosomePLP2-GFP (N=6). (H) Rose plots of trajectory angles. The magnitude of each bar shows the fraction of cells
with the indicated angle trajectory. n=294 for control (N=4), n=288 for PLP2KO (N=5), n=361 for PLP2KO+PLP2-mCherry (N=5), n=519 for
PLP2KO+exosomePLP2-GFP (N=5). (H′) Trajectories of 30 representative cells measured over 12 h. Data are presented as mean±s.e.m. for C–G;
n=number of cells or tracks, N=number of experiments. Statistical significance was calculated using one-way ANOVA; *P<0.05, **P<0.005, ***P<0.0005,
****P<0.0001. Scale bars: 100 μm.
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cytosolic N- or C-terminus, respectively (Fig. S4C–C″). Using the
GST-CBP pull down, we observed that ΔNPLP2-mCherry could
successfully pull down ZO-1, whereas mCherry–PLP2ΔC failed to
pull it down (Fig. 4D), suggesting that PLP2 associates with ZO-1
through its C-terminal cytosolic region.
Since PLP2 and ZO-1 colocalized at the cell periphery

(Fig. S4A–A″) and showed biochemical association (Fig. 4C,D;
Fig. S4B), we hypothesized that localization of ZO-1, a peripheral
membrane protein (McNeil et al., 2006), might rely on its
association with PLP2, a membrane protein (Breitwieser et al.,
1997). We observed that, in PLP2KO cells, ZO-1 could not localize
to the free-edge membrane protrusions (Fig. 4Ea,E′a; Fig. S7B) or
CCJs (Fig. 4Eb,E′b). Of note, ZO-1 protein levels showed a notable
reduction in the PLP2-depleted cells (Fig. S4D) with unaltered
mRNA levels (Fig. S4D′). However, the comparison of the
normalized fluorescence intensities of peripheral ZO-1 between
control and PLP2KO cells suggests that the perturbation of
peripheral ZO-1 localization is not exclusively an effect of
reduced ZO-1 protein levels (Fig. S4D″). Moreover, ZO-1
localization to free-edge membrane protrusions, as well as CCJs,
could be rescued in PLP2KO cells overexpressing PLP2-mCherry
and ΔNPLP2-mCherry but not those overexpressing mCherry-
PLP2ΔC (Fig. 4E,E′; Fig. S7B). This result further confirms our
hypothesis, suggesting that ZO-1 positioning to the cell periphery
depends on the PLP2–ZO-1 association.
Taken together, these data indicate that ZO-1 and PLP2 exist in an

association that is mediated by the C-terminal cytosolic tail of PLP2.
Additionally, this association is vital for ZO-1 positioning to the cell
periphery.

PLP2–ZO-1 association contributes to CCM by impacting the
abundance of leading-edge actin-richmembraneprotrusions
To probe whether PLP2–ZO-1 association has any implications
in PLP2-mediated CCM, we first investigated ZO-1 localization
during the early hours of wound closure. Previously, we have shown
that, during the early hours of CCM, ZO-1 colocalizes with PLP2 at
the migrating edges (Fig. 4Ab,B; Fig. S7A, Movie 9). In PLP2KO
cells, ZO-1 could not localize to the leading edges, and, notably, the
umbrella-like structures were also less frequently observed (Fig. 5A;
Fig. S5A, Fig. S7C,C′). This localization pattern of ZO-1 could be
rescued by overexpressing PLP2-mCherry or ΔNPLP2-mCherry but
not by overexpressing mCherry-PLP2ΔC (Fig. 5A; Fig. S5A, Fig.
S7C,C′). Thus, perturbing PLP2–ZO-1 association also abrogates
ZO-1 localization at the migrating edges during CCM.
We then studied CCM in PLP2KO cells overexpressing ΔNPLP2-

mCherry or mCherry-PLP2ΔC (Fig. S5B, Movie 10). PIV and
individual track analysis revealed that the overexpression of
ΔNPLP2-mCherry, but not mCherry-PLP2ΔC, led to significant
recovery in the average speed of the leading-edge cell population
compared to that in PLP2KO cells (Fig. 5B–D,E; Fig. S5C,E).
Persistence was temporarily rescued in the early hours of CCM by
mCherry-PLP2ΔC-overexpressing cells (Fig. 5D′; Fig. S5E′);
however, it failed to sustain over time (Fig. 5E′; Fig. S5E′).
Trajectory angle distribution showed an improvement in the
directionality of movement in PLP2KO cells overexpressing
ΔNPLP2-mCherry but not in those overexpressing mCherry-
PLP2ΔC (Fig. 5F,F′). The expression of mCherry-PLP2ΔC in
PLP2KO cells resulted in an increase in u during the first couple of
hours post-wound creation; however, its magnitude was much
less compared to that for the cells expressing ΔNPLP2-mCherry,
as revealed by the respective kymographs (Fig. S5Da–c,D′a).
Both ΔNPLP2-mCherry- and mCherry-PLP2ΔC-overexpressing

PLP2KO cells showed marked recovery of s during 1–5 h post-
wound (Fig. S5Dd–f,D′b). These results indicate that perturbing the
association between PLP2 and ZO-1 abrogates the migration
characteristics of the leading-edge cells.

Because dynamic regulation of actin cytoskeleton at the leading
edge of migrating cells is crucial for cell motility (Ridley et al., 1992;
Zigmond, 1996), we next asked whether PLP2–ZO-1 association has
any role in actin organization at the leading edge during CCM. To
address this, we set out to stain the migrating cells with phalloidin to
probe for umbrella-like structures at 4 h post-wound (Fig. 5G;
Fig. S7D). Quantification of the confocal images revealed that
F-actin-rich umbrella-like protrusions (Fig. 5G; Fig. S5F, Fig. S7D)
were significantly less abundant at the migrating edges of PLP2KO
cells (Fig. 5G; Fig. S5F, Fig. S7D). The abundance of these structures
could be rescued by overexpressing PLP2-mCherry or ΔNPLP2-
mCherry but not by overexpressing mCherry-PLP2ΔC (Fig. 5G;
Fig. S5F, Fig. S7D). We also verified our observations by
immunofluorescence studies using an antibody against cortactin
(Weed et al., 2000) (Fig. 5H; Fig. S5G). Hence, the perturbation of
PLP2–ZO-1 association affects the abundance of F-actin-rich
umbrella-like structures during CCM.

Taken together, these data suggest that PLP2–ZO-1 association
has a role in the leading-edge cell dynamics and actin cytoskeletal
remodeling at the migrating edges during CCM.

Rac1 activation contributes to PLP2-mediated CCM
The F-actin-rich umbrella-like structures formed at the migrating
edges during CCM resemble lamellipodia (Small et al., 1999),
which are implicated in both single-cell migration and CCM (Ridley
et al., 1992; Vedula et al., 2013). The formation of lamellipodial
structures is known to depend on the activation of small GTPase
Rac1 (Ridley et al., 1992). Hence, we proceeded to investigate
whether Rac1 is involved in the PLP2-mediated collective migration
of SW480 cells.

We began by asking whether the umbrella-like structures formed
during CCM at 4 h post-wound are positive for Rac1. Cells stably
expressing PLP2-mCherry were transiently transfected with GFP-
wild-type Rac1 (Rac1WT) and were used to study CCM. Time-
lapse confocal microscopy revealed that PLP2-mCherry and GFP-
Rac1WT indeed colocalize on the umbrella-like structures during
CCM (Fig. 6A; Movie 11). The above finding suggests that these
Rac1-positive structures may represent lamellipodia-like extensions
in our model (Ridley et al., 1992; Yamaguchi et al., 2015).

Because Rac1 activation is crucial for lamellipodia formation
during single-cell migration as well as CCM (Ridley et al., 1992;
Yamaguchi et al., 2015), we next assessed global Rac1 activation at
4 h post-wound using biochemical Rac1 activation assay (Meriane
et al., 2002). We used GST-fused p21-binding domain (PBD) of
Rac1 effector p21-activated kinase (PAK) protein to pull down the
membrane-bound or activated fraction of Rac1 from the whole-cell
lysates of control and PLP2KO cells. As analyzed by western
blotting, a marked reduction in global Rac1 activation was observed
in PLP2KO cells compared to the control cells (Fig. 6B,B″;
Fig. S6B,B″). PLP2KO cells overexpressing PLP2-mCherry or
ΔNPLP2-mCherry showed notable recovery in the global Rac1
activation (Fig. 6B′,B″; Fig. S6B′,B″). Overexpression of mCherry-
PLP2ΔC also recovered a substantial population of active Rac1,
however marginally less (Fig. 6B″) than that of cells overexpressing
PLP2-mCherry or ΔNPLP2-mCherry (Fig. 6B′,B″; Fig. S6B′,B″).
Thus, PLP2 is playing an important role in Rac1 activation during
CCM. In addition, perturbation of PLP2–ZO-1 association does not
lead to complete loss of Rac1 activation.
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Fig. 4. See next page for legend.
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To further investigate whether Rac1 activity is important during
PLP2-mediated CCM, we co-expressed the dominant-negative
mutant of Rac1 (GFP-Rac1DN) (Foster et al., 1996; Nobes et al.,
1998) with PLP2-mCherry in PLP2KO cells and studied the rescue
of the number of the lamellipodia-like structures. Co-expression of
GFP or GFP-Rac1WT with PLP2-mCherry was used as controls
for this study. In the GFP-Rac1DN background, PLP2-mCherry
could not significantly rescue the number of F-actin-rich
lamellipodia-like structures (Fig. 6Cb,C′; Fig. S6Ab) compared
to that of GFP or GFP-Rac1WT background (Fig. 6Ca,c,C′;
Fig. S6Aa,c). Next, to address whether the PLP2-mediated CCM
at the leading edge is reliant on Rac1 activation, we studied CCM
in the PLP2KO cells co-expressing PLP2-mCherry and GFP, GFP-
Rac1DN or GFP-Rac1WT (Fig. 6D–H; Fig. S6C–F, Movie 12).
PIV and track analysis revealed that the co-expression of PLP2-
mCherry and GFP-Rac1DN failed to rescue the number of leading-
edge high-speed zones (Fig. 6D), average collective speed
(Fig. 6D′; Fig. S6D), average track speed (Fig. 6E; Fig. S6E),
persistence (Fig. 6F; Fig. S6F) and trajectory angle distribution
(Fig. 6G,H).
Taken together, these results suggest that PLP2-mediated CCM

involves Rac1 activity at the leading edge.

DISCUSSION
Collective cell behavior relies upon intercellular coordination and
junctional stability (Friedl and Mayor, 2017). While migrating as
collectives, cells maintain a dynamic range of cell–cell couplings
depending on the cell type (Friedl and Mayor, 2017; Scarpa et al.,
2015). Epithelial cancer cells, upon EMT initiation, exhibit partial
epithelial features, remain loosely attached to each other and uphold
a flexible cell–cell adhesion system (Jolly, 2015; Nieto et al., 2016;
Theveneau andMayor, 2011). This type of cell closely demonstrates
typical collective migration categorized as ‘moving cell networks’,
in which the cells sense the external cues and migrate collectively

with a variable tendency to individualize (Haeger et al., 2014; Ilina
et al., 2011; Theveneau and Mayor, 2011). Cancer cells with more
epithelial features like Caco-2 exhibit a ‘moving sheets’ type of
CCM, in which cells remain tightly coupled to each other during
migration (Friedl and Mayor, 2017; Peyret et al., 2019).

Our study is designed on a CRC cell line of epithelial origin in
which EMT has been initiated (Kim et al., 2013; Warburton et al.,
1992; Yoon et al., 2008). Because EMT represents one of the
hallmarks of metastasis (Nieto et al., 2016), this cell type with
partial epithelial features represents an appropriate model for
studying CRC advancement (Yoon et al., 2008). As collectives, the
cell type was found to migrate actively during the first 7 h post-
wound (Fig. S2I, Movies 2 and 6). Excluding the initial stochasticity
induced by wound creation, 1–7 h post-wound was considered as
the ‘peak CCM hours’. During peak CCM hours, the cell type
migrates with an average speed of ≈0.06 µm/min (Fig. 3C,F),
whereas the average CCM speed for polar epithelial cells like
Madin-Darby canine kidney (MDCK) cells is 0.13±0.016 µm/min
(Petitjean et al., 2010) and for fibroblast-like NRK cells is
≈0.06 µm/min (Petitjean et al., 2010). The number of layers until
which the horizontal component of the velocity remains largely
unaltered represents a measure of collectiveness (Das et al., 2015;
Petitjean et al., 2010). In the cell type used in our study, this number
corresponds to ≈6–7 cell layers (≈110 µm away from the wound)
(Fig. S2Ja). For MDCK cells, this length is ∼200 µm,
corresponding to ≈15 cells, and for NRK cells, this length is
≈40 µm, corresponding to ≈2 cells (Petitjean et al., 2010). Whereas
the former represents the ‘epithelial sheet migration’, the latter
shows a more individualized type of migration (Petitjean et al.,
2010). The cell type used in our study thus represents a degree of
collectiveness intermediate between the polar epithelial and the
fibroblast-like cell types, which also corroborates with its partial
epithelial characteristics (Fig. S1E,E′) (Yoon et al., 2008). Based on
the above observations, we propose that the CCM exhibited by
SW480 cells may closely represent the moving cell networks in 2D
(Friedl and Mayor, 2017; Haeger et al., 2014; Ilina et al., 2011).

During CCM of this cell type, PLP2 showed a dynamic
localization between leading-edge lamellipodia-like structures and
CCJs, making it a potential candidate to exploit for CCM (Fig. 2;
Movies 3 and 4). In the absence of PLP2, cells were found to lose
their average speed and directionality during CCM, and both could
be rescued significantly by overexpression of PLP2 as well as
treatment with the exosomal pool of PLP2 (Fig. 3; Figs S2 and S3).
Notably, the exosomal pool of PLP2 remarkably enhanced
directional movement during CCM (Fig. 3H,H′), which could be
an indication of enhancement of cell polarity. A similar observation
was reported by Sung et al. (2015), where the authors showed that
the exosomal delivery of fibronectin in an autocrine fashion
promotes directional motility via fortification of cell polarization
and modulation of adhesion assembly. These observations further
established PLP2 as an important player in the collective behavior
exerted by partial epithelial cells. During peak CCM hours, PLP2
was found to exist in association with the peripheral membrane
protein ZO-1 at the leading edge (Fig. 4Ab and Fig. 7A; Fig. S4,
Movie 9), whereas this association was more pronounced at the
CCJs during the late hours of CCM, when the cells represent more
stationary behavior (Fig. 4Ac and Fig. 7A). Of note, ZO-1 is
established as a cytoskeletal adaptor at the TJs of stationary polar
epithelial cells (Tornavaca et al., 2015). However, during cancer cell
migration, ZO-1 is reported to be localized to the lamellipodia
structures, stabilizing lamella formation in specific directions via its
interaction with α5β1 integrin (González-Tarragó et al., 2017;

Fig. 4. ZO-1 positioning to the cell periphery is reliant on PLP2–ZO-1
association. (A) Spatiotemporal colocalization of PLP2-GFP and ZO-1 at
(a) 0 h, (b) 4 h and (c) 16 h post-wound; insets are zoomed images of the
yellow outlined regions. The intensity plots of the fluorescence intensity (y-axis)
against distance (x-axis) represent the overlap between channels.
(B) Correlation between the normalized peak intensities of PLP2-GFP and
ZO-1 at the wound edge as well as CCJs (data normalized with mean
intensities of respective channels). Data are presented as absolute values of a
correlation coefficient calculated for 240 (0 h edge), 240 (0 h CCJs), 218 (4 h
edge), 240 (4 h CCJs), 225 (16 h edge) and 206 (16 h CCJs) sets of peaks
from three independent experiments. (C,D) Cherry-binding protein (CBP)
pull-down assay (modified immunoprecipitation approach): cleared lysates from
SW480 cells overexpressing mCherry, PLP2-mCherry (C,D), ΔNPLP2-
mCherry, and mCherry-PLP2ΔC (D) were incubated with GST or GST-CBP
bound to glutathione-coupled agarose beads for 2 h. Beads were then washed
three times with 1× PBS. The bound proteins were eluted from the beads by
addition of SDS sample loading buffer, resolved by 8% SDS-PAGE and
immunoblotted using anti-ZO-1 antibody (upper lanes) and anti-mCherry
antibody (lower lanes). 10% of the whole-cell lysates was used as inputs.
(E) ZO-1 localization at the (a) free edge and (b) CCJs. (E′) Framewise
percentages of cells with ZO-1 at the (a) free edge (n=1433 for control; n=1155
for PLP2KO; n=910 for PLP2KO+PLP2-mCherry; n=668 for
PLP2KO+ΔNPLP2-mCherry; n=797 for PLP2KO+mCherry-PLP2ΔC; N=3) and
(b) CCJs (n=3184 for control; 1599 for PLP2KO; n=1639 for PLP2KO+PLP2-
mCherry; n=1926 for PLP2KO+ΔNPLP2-mCherry; n=1757 for
PLP2KO+mCherry-PLP2ΔC; N=3). Data are presented as mean±s.e.m. for E′;
n=total number of cells quantified, N=number of independent experiments.
Statistical significance was calculated using one-way ANOVA; ns, non-
significant; ***P<0.0005; ****P<0.0001. Scale bars: 15 µm. White arrowheads
indicate the direction of migration; yellow arrowheads indicate (A) colocalization
of ZO-1 and PLP2-GFP and (E) localization of ZO-1 at the free edge.
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Fig. 5. See next page for legend.
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Taliana et al., 2005; Tuomi et al., 2009). Our results showed that
ZO-1 positioning to the cell periphery is reliant on its association
with PLP2 (Figs. 4E and 5A; Figs. S4D″ and S5A). The
perturbation of the association abrogated the collective behavior
of the cells (Fig. 5B–F′; Fig. S5B-E′), as reflected by the alteration
of average speed, persistence, trajectory angle distribution and polar
order parameter. However, directional movement, as represented by
persistence and horizontal velocity component, was temporarily
recovered during early CCM hours (1–4 h post-wound) even in the
absence of this association (Fig. 5D′; Fig. S5Dc). These data
indicate the involvement of other interacting partners of PLP2 that
work temporarily under mechanochemical signals generated in
immediate response to the wound and are associated with polarized
movement (Petrie et al., 2009). In addition, actin cytoskeletal
remodeling occurring at the leading edge during CCM was also
found to be regulated by PLP2 and its association with ZO-1
(Fig. 5G,H; Fig. S5F,G). As a cytoskeletal adaptor, ZO-1 is known
to connect the actin cytoskeleton with the membrane proteins
(Fanning et al., 1998), which could possibly be one of the
mechanisms underlying PLP2–ZO-1-mediated cytoskeletal
remodeling at the leading edges of migrating cells. Moreover, the
cytoskeletal alterations at the leading edge were found to involve
Rac1 activation (Fig. 6C,C′; Fig. S6A) (Ridley et al., 1992;
Yamaguchi et al., 2015). In the absence of Rac1 activation, PLP2
failed to regulate the collective behavior of the cells, as evident from
the rescue experiments performed using Rac1DN (Fig. 6D–H;
Fig. S6C–F). However, the overexpression of Rac1WT in this
system caused a marginal delay in CCM (Fig. 6D′,E; Fig. S6E),
which is probably an effect of Rac1 activation in an unpolarized
manner, causing a reduction in net displacement (Pankov et al.,
2005). Interestingly, the perturbation of PLP2–ZO-1 association did
not markedly reduce the active Rac1 population (Fig. 6B′,B″;
Fig. S6B′,B″), suggesting that the association may not have any
major role in global Rac1 activation. However, the perturbation of
this association led to cytoskeletal alterations at the leading edge and
successive abrogation of collective migration (Fig. 5B–H; Fig. S5).

Based on these results, we propose that the association between
ZO-1 and PLP2 may contribute to polarized activation of Rac1,
which is important for directive cell migration during CCM.
However, it would be interesting to unravel other intermediate
molecular players that bridge between PLP2–ZO-1 association and
Rac1 during CCM. Of note, other reports on CCM have dissected
some of these bridging molecules, such as the angiomotin–Rich1
axis to connect merlin with Rac1 (Das et al., 2015) and β-PIX to
connect P-cadherin with Cdc42 (Plutoni et al., 2016). Together, our
results established PLP2 as one of the promising candidates for
CCM of CRC epithelium closely representing moving cell
networks, in which it primarily regulates the leading-edge cell
dynamics via cytoskeletal remodeling (Fig. 7B).

However, before PLP2 could be established as a common CCM
regulator, one needs to extend the study beyond a specific CRC cell
line. Here, we utilized the loss-of-function approach in a cell line
adequately expressing PLP2. A gain-of-function approach in cell
line(s) like Caco-2 (Fig. S1A,B) or HT-29 (Oliva et al., 1993),
which scarcely express the protein, will complement the current
study. An earlier study demonstrating P-cadherin-induced
intercellular mechanotransduction during CCM used a similar
approach, in which C2C12 myoblasts with no endogenous
expression of P-cadherin were utilized (Plutoni et al., 2016).
Another degree of complexity that inevitably arises while studying
CCM in multiple cell lines is the variable CCM types exhibited by
different types of cancer epithelial cells. Complete epithelial CRC
cells like Caco2, HT29 and HCT116 are likely to exhibit CCM of
moving sheets type (Karagiannis et al., 2014; Ozawa et al., 2020;
Stadler et al., 2018), whereas lymph node metastatic SW620
(Leibovitz et al., 1976) and LoVo (Aznavoorian et al., 1990) CRC
cells with partial epithelial features may exhibit CCMofmoving cell
network type (Bozzuto et al., 2015; Stadler et al., 2018). It will
therefore be interesting to investigate whether PLP2 function is
limited to the CCM subtype observed here or whether it plays
diverse role in multiple CCM types.

Studies focused on epithelial sheet migration in the polar
epithelium and myoblast cells reported the involvement of
molecular mechanotransducers like P-cadherin and merlin, which
control intercellular coordination through mechanotransduction
(Das et al., 2015; Plutoni et al., 2016). Although our observation
on paracellular flux indicates the possible role of PLP2 in cell–cell
coupling, the indirect assessment of intercellular coordination
through kymograph analysis could not provide any such evidence
(Fig. S2J,J′). The inconclusive spatial dynamics of the migration
parameters may also be due to the drastic reduction of their absolute
values upon PLP2 depletion. Alternatively, cells with better
junctional stability might be a more accurate model to investigate
the role of PLP2 in mechanotransduction.

CCM of cancer epithelium can lead to efficient metastasis
(Cheung and Ewald, 2016), and PLP2, being a vital player of CCM
in colon cancer epithelium, may thus contribute to the same.
However, its pathophysiological relevance should be further
validated through in vivo studies using mouse xenograft models.
Our study further established that PLP2 is secreted in exosomes
from this cell type, and the exosomal pool of PLP2was also found to
impact the collective behavior of the cells. Tumor-derived exosomes
are reported to carry a diverse range of metastatic factors as cargo
molecules that facilitate disease progression (Becker et al., 2016)
through cell–cell communication (Maia et al., 2018). Few examples
of the large repertoire of exosomal metastatic factors include growth
factor receptors (Mu et al., 2013; Zhang et al., 2017b), integrins
(Paolillo and Schinelli, 2017; Sung et al., 2015), proteases (Mu

Fig. 5. PLP2–ZO-1 association contributes to CCM via cytoskeletal
remodeling at the leading edge. (A–H) Wound scratch assay performed on
control, PLP2KO and PLP2KO cells overexpressing PLP2-mCherry, ΔNPLP2-
mCherry or mCherry-PLP2ΔC in respective cases. (A) ZO-1 localization at the
migrating edge at 4 h post-wound; corresponding intensity-based quantitation
is shown in Fig. S5A. (B,C) PIV analysis: (B) velocity heatmaps (1
pixel=0.586 µm; one frame=15 min; high-speed zones, yellow regions pointed
at by black arrowheads) and (C) average collective speed measured between
1 to 7 h post-wound from three independent experiments (N=3). (D–F′) Track
analysis. (D–E′) Average speed (D,E) and persistence (D′,E′) measured
between 1 h and 4 h (D,D′) and between 1 h and 7 h (E,E′) post-wound. For
D and E, n=181 for PLP2KO, n=212 for PLP2KO+ΔNPLP2-mCherry and
n=135 for PLP2KO+mCherry-PLP2ΔC from three, five and three independent
experiments, respectively. For D′ and E′, n=175 for PLP2KO, n=212 for
PLP2KO+ΔNPLP2-mCherry and n=90 for PLP2KO+mCherry-PLP2ΔC from
three, five and three independent experiments, respectively. (F) Rose plots of
angle trajectories. The magnitude of each bar indicates a fraction of cells with
the indicated angle trajectory [n=128 for PLP2KO (N=3); n=166 for
PLP2KO+ΔNPLP2-mCherry (N=3); n=107 for PLP2KO+mCherry-PLP2ΔC
(N=3)]. (F′) Trajectories of 30 representative cells or tracks measured over
12 h. (G) Phalloidin staining: F-actin distribution at the migrating edges at 4 h
post-wound. (H) Cortactin distribution at the migrating edges at 4 h post-
wound; insets are zoomed images of the yellow outlined regions. In C–E′,
data are presented as scatter plots with mean±s.e.m.; n=number of tracks or
cells, N=number of independent experiments. Statistical significance was
calculated using one-way ANOVA; ns, non-significant; *P<0.05, **P<0.005.
White arrowheads indicate the direction of migration; yellow arrowheads
indicate localization of (A) ZO-1, (G) F-actin and (H) cortactin at the migrating
edges. Scale bars: 15 µm.
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Fig. 6. See next page for legend.
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et al., 2013; You et al., 2015) andWnt protein (Hu et al., 2019). Our
findings on exosomal PLP2 driving CCM in colon cancer
epithelium is a novel addition to the list. This information will
open up new windows for studying the mechanistic details of
exosomal PLP2-mediated CCM, revealing the pathophysiological
relevance of PLP2 in colon cancer progression.
Taken together, the results from the current study have unraveled

the role of PLP2 in the CCM of colon cancer epithelium and thereby
improved the current understanding of CRC progression via CCM.

MATERIALS AND METHODS
Cell lines and cell culture conditions
SW480 (CCL-228) and Caco-2 (HTB-37) cell lines were purchased from
the cell repository of National Centre for Cell Science (NCCS) (https://
www.nccs.res.in/index.php/TeamsNCCS/Repositories) (McGarrity, 1979)
and authenticated for contamination. SW480 cells were maintained in
Dulbecco’s modified Eagle medium (DMEM) with 10% fetal bovine serum
(FBS), 100 μg/ml penicillin, 100 μg/ml streptomycin at 37°C with 5% CO2.
Caco-2 cells were grown in Eagle minimum essential medium (EMEM)
(minimum essential medium supplemented with 0.11 mg/ml sodium
pyruvate and non-essential amino acid) with 20% FBS and 100 μg/ml
penicillin–streptomycin at 37°C with 5% CO2.

The SW480 stable cell line was grown in DMEMwith 10% FBS, 100 μg/
ml penicillin–streptomycin, and 500 μg/ml G418 at 37°C with 5% CO2. For
transient transfection, cells were grown in four-well plates or on coverslips
in 24-well plates 36 h before transfection. At 60–80% cell confluence, cells
were transfected with 0.5 μg plasmid DNA using Lipofectamine 2000
transfection reagent.

Antibodies, constructs and reagents
The following primary antibodies were used (IF, immunofluorescence; WB,
western blotting): mouse monoclonal antibodies against GM130 (BD
Transduction Laboratories 610822; WB, 1:1000), vinculin (Sigma-Aldrich
V9131; WB, 1:1000, IF, 1:400), Alix (also known as PDCD6IP; Santa Cruz
Biotechnology sc-53538; WB, 1:1000), nucleoporin (Santa Cruz
Biotechnology sc-48373; WB, 1:500), Tsg101 (AbD Serotec, Bio-Rad
MCA3515Z; WB, 1:500), GFP (Roche 11814460001; WB, 1:2000), CD63
(DSHB H5C6; IF, 1:500), tubulin (Sigma-Aldrich T6557; WB, 1:3000),
cortactin (Millipore 05-180; IF, 1:300), Rac1 (BD Transduction
Laboratories 610651; WB, 1:1000), Rab27a (Abcam ab55667; IF, 1:10);
rabbit monoclonal antibodies against ZO-1 [Cell Signaling Technology
(D7D12) 8193; WB, 1:1000, IF, 1:250], occludin (Abcam ab216327; WB,
1:1000, IF, 1:200), PLP2 (Abcam ab180131; WB, 1:3000, IF, 1:250); rabbit
polyclonal antibody against actin (Sigma-Aldrich A2066;WB, 1:3000); and
rat monoclonal antibody against mCherry (Invitrogen M11217; WB,
1:1000). The anti-Rac1 antibody was a gift from Prof. Alexis Gautreau
(Ecole Polytechnique, Paris, France).

Primary antibodies were detected with Alexa Fluor 488-, 568- or 647-
conjugated (Invitrogen Molecular Probes; IF, 1:500) or horseradish
peroxidase (HRP)-conjugated (WB, 1:20,000) goat anti-mouse, anti-rabbit
or anti-rat IgG. Alexa Fluor 568- or 647-conjugated phalloidin (Thermo
Fisher Scientific A12379 and A12380, respectively; IF, 1:100) was used to
detect the actin cytoskeleton.

The PLP2-GFP construct was obtained by cloning the full-length PLP2
gene into the pEGFP-N1 vector (Addgene). Similarly, PLP2-mCherry and
ΔNPLP2-mCherry were obtained by cloning the full-length PLP2 and
ΔNPLP2 gene, respectively, into the pmCherry-N1 vector (Addgene).
mCherry-PLP2ΔC was obtained by cloning the PLP2ΔC gene into the
pmCherry-C1 vector (Addgene). Cortactin-pmCherryC1 (Addgene #27676),
pGEX6P1-mCherry-Nanobody (Addgene #70696) and pGEX6P1-GFP-
Nanobody (Addgene #61838) were purchased from Addgene. The GBP
clonewas further subcloned into a pGEX-6P1 vector for improved expression
of GST-tagged GBP. The GST-PBD construct was a gift from Prof. Richard
Cerione (Cornell University, Ithaca, NY, USA). pCDNA3Rac1eGFPWT and
cB6GFPRac1N17 (GFPRac1DN) were gifts from Prof. Marino Zerial (Max
Planck Institute ofMolecular Cell Biology andGenetics, Dresden, Germany).
mEmerald ZO-1-C14 (Addgene #54316) was a gift from Dr Tamal Das (Tata
Institute of Fundamental Research, Hyderabad, India).

The following reagents were used in different experiments: NSMase2
inhibitor GW4869 (Sigma-Aldrich D1692), Mitomycin C (Sigma-Aldrich
M4287), Geneticin or G418-sulphate (Gibco 11811-031), sodium
pyruvate (Sigma-Aldrich P2256), non-essential amino acid (Gibco 11140-
050), MTT or Thiazolyl Blue Tetrazolium Bromide (Sigma-Aldrich
M2128), Lipofectamine 2000 (Thermo Fisher Scientific 11668-027),
Lipofectamine Cas9 plus (Invitrogen A36496) and Lipofectamine
CRISPRMAX (Invitrogen CMAX00003), fluorescein isothiocyanate
(FITC)-dextran (Thermo Fisher Scientific D1823), SYBR® Green PCR
Master Mix (Applied Biosystems 4367659), High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems 4368814), Accuprime Pfx DNA
Polymerase (Thermo Fisher Scientific 12344-024), 10× Accuprime Pfx
Reaction Mix (Thermo Fisher Scientific P/N55013), CloneJET PCR
Cloning Kit (Thermo Fisher Scientific K1232), specific restriction
enzymes (New England Biolabs), T4 DNA ligase (New England Biolabs
M0202S), Miniprep Kit (Qiagen 27106), RNA extraction kit (Invitrogen
12183018A), Gel Extraction Kit (GSure G4629A), ECL Western Blotting
Detection Reagent (Bio-Rad 1705060).

Generation of stable cell lines
To generate a stable cell line, 2×105 cells were seeded in a four-well plate
and transfected with PLP2-GFP or PLP2-mCherry using Lipofectamine

Fig. 6. Rac1 activation contributes to PLP2-mediated CCM. (A) PLP2-
mCherry colocalizes with GFP-Rac1WT at the leading edge during CCM (4 h
post-wound). (B–B″) Rac1 activation assay (experiment 1). (B,B′) Control and
PLP2KO (B) and PLP2KO cells overexpressing mCherry, PLP2-mCherry,
ΔNPLP2-mCherry or mCherry-PLP2ΔC (B′) were grown to confluence and
scratch wounded. Cells were harvested at 4 h post-wound and lysed in 50 mM
Tris-HCl (pH 7.2), 1% Triton X-100, 500 mM NaCl, 10 mM MgCl2, 1 mM
PMSF and protease inhibitor cocktail. Cleared lysates were incubated with
GST-PAK PBD bound to glutathione-coupled agarose beads for 1 h. Beads
were washed three times in 50 mM Tris-HCl (pH 7.2), 150 mM NaCl, 10 mM
MgCl2. The bound proteins were eluted from beads by addition of SDS
sample loading buffer, resolved by 12% SDS-PAGE and immunoblotted using
anti-Rac1 antibody to capture active Rac1 population (upper lanes). The total
amount of Rac1 in the whole-cell lysates (10% of total lysates used for
activation assay) was determined by western blotting (lower lanes). (B″)
Quantitation for experiments 1 and 2 of Rac1 activation assay represented as
the ratio of active Rac1 to total Rac1. Representative blots for experiment 2
are shown in Fig. S6B″. (C–H) Wound scratch assay performed on PLP2KO
cells co-expressing PLP2-mCherry and GFP, GFP-Rac1DN or GFP-Rac1WT.
(C) F-actin-rich umbrella-like structures at the leading edge as observed
during 4 h post-wound. (C′) Quantification of the number of cells from the first
row, containing F-actin-rich lamellipodia (umbrella)-like structures. Data are
presented as mean±s.e.m. for framewise percentage of PLP2KO cells co-
expressing PLP2-mCherry and GFP [n=433 (134+155+144)], GFP-Rac1DN
[n=905 (314+330+261)] or GFP-Rac1WT [n=405 (133+145+127)] from three
independent experiments (N=3). (D,D′) PIV analysis, (D) velocity heatmaps (1
pixel=0.586 µm; one frame=15 min; high-speed zones, yellow regions pointed
at by black arrowheads) and (D′) average collective speed measured between
1 h and 7 h post-wound from six, five and three independent experiments for
PLP2KO cells co-expressing PLP2-mCherry and GFP, GFP-Rac1DN or GFP-
Rac1WT, respectively. (E–H) Track analysis. (E) Average speed and (F)
persistence measured between 1 h and 7 h post-wound for PLP2KO cells co-
expressing PLP2-mCherry and GFP (n=414), GFP-Rac1DN (n=315) or GFP-
Rac1WT (n=267) from six, five and three independent experiments,
respectively. (G) Rose plots of angle trajectories. The magnitude of each bar
indicates a fraction of cells with the indicated angle trajectory. Data are
presented for PLP2KO cells co-expressing PLP2-mCherry and GFP (n=323),
GFP-Rac1DN (n=386) or GFP-Rac1WT (n=386) from five, six and three
independent experiments, respectively. (H) Trajectories of 30 representative
cells or tracks measured over 12 h. For C′, D′–F, data are presented as scatter
plots with mean±s.e.m.; n=number of cells or tracks. Statistical significance
was calculated using one-way ANOVA; *P<0.05, **P<0.005, ***P<0.0005,
****P<0.0001. White arrowheads indicate the direction of migration; yellow
arrowheads indicate (A) co-dynamics of PLP2-mCherry and GFP-Rac1WT,
and (C) localization of F-actin at the migrating edges. Scale bars: 15 µm; insets
are zoomed images of the yellow outlined regions.
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2000 after 36 h. Sixteen hours after transfection, the antibiotic selection was
proceeded by adding G418 to the transfected cells at a concentration of
800 μg/ml in DMEM supplemented with 10% FBS and 100 μg/ml
penicillin–streptomycin. The medium was changed every 72 h because
the antibiotic degrades at 37°C. Cells that survived antibiotic stress
proliferated and formed colonies. Several such clones were selected and
grown separately. Each clone was detected for GFP expression by
monitoring fluorescence through a Zeiss AX10 epifluorescence
microscope. Clones with high GFP expression were further selected and
grown in 150 mm dishes, and cryostocks were stored until further use.

siRNA transfection
Cells were seeded 36 h before performing siRNA transfection. A standard
protocol, available at Horizon Discovery (https://horizondiscovery.com/en/
gene-modulation/knockdown/sirna/on-targetplus-sirna), was used for
transfection using Dharmafect as the transfection reagent. ON-
TARGETplus SMARTpool siRNAs targeting PLP2 were purchased from
Dharmacon and used at the working concentration of 20 nM. SW480 cells
were transfected with SMARTpool siRNA against Scrambled (Scr; or non-
targeting siRNA) or PLP2. The sequences of SMARTpool siRNAs are
Scrambled #1, 5′-CGAACGGCCUGUACGAUGA-3′; Scrambled #2, 5′-
GGCCAGACGCCCAACCAUA-3′; Scrambled #3, 5′-GCGAGCAGCCA-
CCAAAUUG-3′; Scrambled #4, 5′-GGGAGUACCUGGCGUUUCC-3′;
PLP2 #1, 5′-GUACUGGGCCUAAUCGCUA-3′; PLP2 #2, 5′-CAAA-
UAAUCUCCUCGGUGU-3′; PLP2 #3, 5′-GUUCGGCAGCCAAGA-
CAUA-3′; and PLP2 #4, 5′-AGAUGAUCCUUGCUGCUAU-3′. Trans-
fected cells were used for further experiments, 72 h post transfection.

CRISPR-mediated PLP2KO cell line generation
Generation of the PLP2 knockout cell line was performed by CRISPR/Cas9
using an online CRISPR design tool (https://www.thermofisher.com/in/en/

home/life-science/genome-editing/geneart-crispr/crispr-libraries/trueguide-
grnas.html) from Thermo Fisher Scientific. A 20-nucleotide guide sequence
was designed against human PLP2 isoform1. The targeted DNA sequence
was GGATTGCCGCTATGAGGGTT in exon3 with protospacer adjacent
motif sequence CGG. A negative control, non-targeting sgRNA (5′-
AAAUGUGAGAUCAGAGUAAU-3′), which does not recognize any
specific sequence was also used. One thousand cells were seeded per well of
a 96-well plate 36 h before transfection. Cells were transfected with Cas9-
sgRNA complex at a ratio of 250 ng/1.5 pmol per protein using
Lipofectamine Cas9 plus and Lipofectamine CRISPRMAX reagents.
Forty-eight hours after transfection, cells were serially diluted to achieve
single-cell-derived colonies that were grown until 80% confluence. CRISPR
knockout was confirmed by western blotting.

MTT assay
MTT assay was performed as described previously (Zhou et al., 2015) with
minor modifications. Briefly, 10,000 cells per well of a 96-well plate were
seeded and incubated at 37°C under 5% CO2. Time 0 h was taken at an
instance when cells got adhered, and consecutive time points of 24, 48, 72
and 96 h were calculated accordingly. At each time point, the MTT solution
was added to each well containing complete medium to a final concentration
of 0.5 mg/ml and incubated for 2 h at 37°C. After 2 h of incubation, cells
were lysed using dimethyl sulfoxide (DMSO) and homogenized, and
absorbance was measured at 550 nm.

Paracellular flux assay
Paracellular flux was measured as per the reported method (Balda et al.,
1996) with minor modifications. Briefly, cells were grown on 0.8 µm filter
placed in 24-well plates for 1 week. FITC-dextran of 70 kDa was dissolved
in P buffer (10 mMHepes pH 7.4, 1 mM sodium pyruvate, 10 mM glucose,
3 mM CaCl2, 145 mM NaCl) to prepare a stock of 10 mg/ml and diluted to

Fig. 7. Proposed model for PLP2–ZO-1-mediated CCM. (A) Moving cell collectives, showing maximum dynamics for velocity and directionality during
1–7 h post-wound (peak CCM hours), when PLP2–ZO-1 association is localized mostly to the lamellipodia like umbrella-shaped protrusions at the leading
edge of the cells. Post-7 h, ZO-1 shows more pronounced localization at the CCJs. (B) During peak CCM hours, PLP2–ZO-1 association induces
cytoskeletal remodeling at the leading edge, which involves Rac1 activation. The exosomal pool of PLP2 contributes to CCM synergistically with the
endogenous pool of PLP2. Dotted line arrow with question mark (?) indicates involvement of additional molecular players bridging PLP2–ZO-1 association
with Rac1 activation.
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1 mg/ml with P buffer. On the assay day, 200 μl P buffer was added to the
basal side of the cells, and 50 μl of the tracer solution was added to the apical
side of the cells, which were incubated at 37°C for 3 h. The P buffer
containing tracer solution was then collected from the basal side of the cells,
and FITC-dextran fluorescence was measured with a fluorometer
(excitation, 492 nm; emission, 520 nm).

PSIPRED prediction analysis
Secondary structure prediction was performed using the PSIPRED online
tool (http://bioinf.cs.ucl.ac.uk/psipred/).

Exosome isolation and purification
Exosome isolation from cell culture supernatants was performed as
described previously (Ji et al., 2013) with minor modifications. Briefly,
cells were treated with serum-free medium (conditioned medium) for 48 h,
and the conditioned medium was collected and centrifuged at 300 g for
5 min, followed by 2000 g for 25 min, to remove floating cells and cell
debris, respectively. For exosome isolation, the supernatant obtained after
2000 g centrifugation was further centrifuged at 10,000 g for 30 min at 4°C
to pellet small microvesicles. Crude exosomes were precipitated by
ultracentrifugation of the supernatant at 100,000 g for 18 h at 4°C. The
crude exosome pellet was then purified using Histodenz (Sigma-Aldrich)
density gradient. Briefly, a discontinuous Histodenz gradient was prepared
by diluting a stock solution of 60% w/v Histodenz solution with 0.25 M
sucrose/10 mM Tris-HCl pH 7.5 to generate 40% w/v, 20% w/v, 10% w/v
and 5% w/v Histodenz solutions from bottom to top. The crude exosomes
were resuspended in PBS and loaded onto the top of the gradient. The
gradient was then centrifuged at 100,000 g for 18 h at 4°C. Four individual
fractions were collected (starting from the top of the gradient with increasing
density), and each fraction was diluted with a 4× volume of PBS. After
centrifugation at 100,000 g for 3 h at 4°C, the supernatants were discarded,
and pellets were washed with 1 ml PBS. The pellet was then either
resuspended for NTA/treatment or lysed for protein extraction. The
exosomes obtained from PLP2-GFP cells were named as ‘exosomePLP2-
GFP’.

For GW4869 treatment (Guo et al., 2015), 50% confluent cells were
treated with serum-free medium containing 5 µM GW4869 (dissolved in
DMSO) in which the cells were incubated for 48 h at 37°C. Culture
supernatants were then collected for exosome isolation and purification.

Treatment of cells with purified exosomes was performed as described
previously (Hoshino et al., 2013) with minor modifications. First, 80%
confluent PLP2KO cells were treated with 8×106 exosomePLP2-GFP (as per
NTA quantification) in serum-free medium for 5 h. Cells were then washed
with PBS and incubated at 37°C for 5 h and 16 h, respectively. Post-
incubated cells were then washed and used for further experiments.

NTA
NTA was carried out using a Nanosight NS300 system (Malvern
Panalytical, Malvern, UK) (Filipe et al., 2010), with exosomes
resuspended in PBS and further diluted 100–200 times during analysis.
The results are presented as the mean±s.e.m. of three independent
experiments.

TEM for characterizing purified exosomes:
Aliquots (10 µl) of density gradient-purified exosomes were fixed with
10 µl of 2% (v/v) electron microscopy-grade glutaraldehyde and incubated
for 30 min at room temperature. A 6 µl aliquot of fixed exosome solution
was then absorbed onto 400-mesh carbon-coated copper grids (Ted Pella).
Excess material was removed by blotting, and samples were air dried and
viewed using a TALOS 200 kV S-FEG (FEI) transmission electron
microscope as previously described (Guo et al., 2015).

RNA extraction and quantitative RT-PCR
Total RNA was isolated from the cells using an RNA isolation kit
(Invitrogen) according to the manufacturer’s protocol. cDNA was prepared
using the High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems). Real-time quantitative PCR reactions were performed using

the SYBR® Green PCR Master Mix (Applied Biosystems) and
corresponding primers on an Applied Biosystems 7300 Real-Time PCR
System. GAPDH was used as an internal control to check the efficiency of
cDNA synthesis and PCR amplification.

Protein extraction and immunoblotting
Cells were harvested and lysed in lysis buffer (50 mM Tris-HCl pH 7.4,
150 mM NaCl, 1 mM EDTA and 1% Triton X-100) supplemented with
10 μg/ml protease inhibitor cocktail (PIC). Cell debris was removed by
centrifuging at 15,000 g for 15 min at 4°C. Protein concentration was
estimated using a Micro BCA Protein Assay Kit (Thermo Fisher Scientific).
Samples were prepared by adding 1× SDS loading dye and separated by
SDS-PAGE, followed by transfer to a nitrocellulose membrane (0.45 μm;
GE Healthcare 10600002). The membrane was blocked with 5% skim milk
(SM Powder, HIMEDIA; GRM1254) for 1 h and then incubated for 2 h at
room temperature with the respective primary antibodies. To detect the
bound antibody signal, the membrane was incubated with HRP-conjugated
secondary antibody, and protein bands were detected using
chemiluminescence-based ECLWestern Blotting Detection Reagent.

GST-CBP or GST-GBP expression, purification and respective
TRAP pull-down assays
Clone for GBP was purchased from Addgene and subcloned into pGEX-
6P1 vector for improved expression of GST-tagged GBP. pGEX6P1-
mCherry-Nanobody construct from Addgene was directly used to express
GST-CBP. GST-tagged GBP or CBP was expressed in BL21-DE3 cells that
were lysed in lysis buffer containing PBS pH 7.4, 1 mMDTT, 1 mMEDTA,
1% Triton X-100, 200 µM PMSF and 10 µg/ml PIC and centrifuged at
19,000 g for 30 min at 4°C to remove cell debris. The supernatant was
collected and used for purification of GST-CBP or GST-GBP through its
binding onto the glutathione agarose beads (Pierce, Thermo Fisher
Scientific) and eluted with 50 mM Tris-HCl pH 8.0, 120 mM NaCl and
20 mM reduced glutathione, concentrated, aliquoted and stored until use.

The recombinant protein was quantified prior to Cherry or GFP-trap pull-
down assays. For each reaction, 30 µg GST-tagged bait was added to the
glutathione agarose beads and incubated for 1 h at 4°C on the rotamer.
Unbound bait was removed by washing beads three times with 1× PBS
while spinning at 4°C and 500 g for 5 min. Meanwhile, to prepare lysate,
mCherry vector or mCherry fusion proteins were overexpressed in six-well
format in the respective cells. Sixteen hours after transfection, cells
were lysed in 50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1 mM EDTA and
1% Triton X-100 with 10 µg/ml PIC and cleared by centrifugation at
19,000 g at 4°C for 15 min. Cleared lysates were mixed with 30 μg GST-
CBP or GST-GBP bound to the glutathione agarose beads and incubated for
2 h. The beads bound with GBP-GFP or CBP-mCherry protein complexes
were then washed three times with PBS, followed by elution using a 2× SDS
sample loading buffer. Samples were then separated on 8% SDS gel
followed by immunoblotting, and 10% of the whole-cell lysates was used as
inputs.

Rac1 activation assay
GST-PBD was purified as reported earlier (Phillips et al., 2008). Rac1
activation assay was performed as reported earlier (Meriane et al., 2002;
Plutoni et al., 2016) with minor modifications. Briefly, control, PLP2KO
and PLP2KO cells overexpressing mCherry, PLP2-mCherry, ΔNPLP2-
mCherry or mCherry-PLP2ΔC were grown to confluence and scratch
wounded. Cells were harvested at 4 h post-wound and lysed in 50 mM Tris-
HCl pH 7.2, 1% Triton-X-100, 500 mMNaCl, 10 mMMgCl2, 1 mMPMSF
and protease inhibitor cocktail. Cleared lysates were incubated with GST-
PBD bound to glutathione-coupled agarose beads for 1 h. Beads were
washed three times in 50 mM Tris-HCl pH 7.2, 150 mM NaCl, 10 mM
MgCl2. The bound proteins were eluted from beads by addition of SDS
sample loading buffer, resolved by 12% SDS-PAGE and immunoblotted
using anti-Rac1 antibody to capture the active Rac1 population. The total
amount of Rac1 in the whole-cell lysates (10% of total lysates used for
activation assay) was also determined by western blotting.
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Immunocytochemistry
Cells were fixed in 4% paraformaldehyde for 15 min at room temperature.
Alternatively, cells were fixed in 100% prechilled methanol for 15 min at
−20°C. Immunofluorescence staining was performed on fixed cells
permeabilized with 0.1% Triton X-100 for 10 min at room temperature,
followed by blocking with 5% FBS in PBS before staining with respective
antibodies. The coverslips were mounted using Mowiol (Calbiochem
475904) on glass slides and imaged using a Zeiss LSM 780 laser-scanning
confocal microscope with the Zen 2010 software.

Confocal image analysis
Confocal images were analyzed mainly using ImageJ software.
Colocalization analysis was performed using the ImageJ ‘colocalization
threshold’ plugin (Ross, 2007). Regions of interest (ROIs) were created as
per requirement, and the selected ROI was applied for image processing and
measuring Pearson’s correlation coefficients. Data from three independent
experiments were exported to GraphPad Prism 6 software and tabulated
accordingly. The intensity plots of the fluorescent intensity (y-axis) against
distance (x-axis) represent the overlap between channels in individual cases.

For object-based colocalization analysis, data from three independent
experiments were subjected to analysis by the automated image analysis
program Motion Tracking (http://motiontracking.mpi-cbg.de). The cells
were randomly selected for imaging in a given experimental setup and
chosen for quantification thereof. At a minimum, 400 cells were used for
quantification from three independent experiments. The objects were
identified as vesicles in each channel based on their size, fluorescence
intensity and image background by Motion Tracking software (Collinet
et al., 2010; Rink et al., 2005). Objects detected in two different channels
were considered to be colocalized if the relative overlap of respective areas
was >35%. The apparent colocalization value was calculated as the ratio of
integral intensities of colocalized objects to the integral intensities of all
objects carrying a given marker and varied from 0.0 to 1.0. The
colocalization-by-chance (random colocalization) was estimated by
random permutation of objects localization in different channels. The
apparent colocalization was corrected for random colocalization. The
obtained colocalization value was converted into the percentage values by
multiplying by 100, and this represents the percentage population of the
candidate protein (PLP2 or PLP2-GFP) that colocalizes with an endosomal
marker.

Confocal live-cell microscopy
Stable cells or cells transfected with respective constructs were seeded on
glass-bottom dishes. Cells in respective complete medium were incubated
further in culture condition while imaging with an Olympus FV3000
confocal laser-scanning microscope with a 60× Plan Apo N objective (oil,
1.42 NA) on an inverted stage. Images were acquired and processed using
FV31S-SW software and ImageJ software, respectively.

Wound scratch assay, live-cell video microscopy and time-lapse
imaging
Cells (3×105) were plated in four-well dishes for 48 h to achieve the desired
cell confluence. Cells were treated with Mitomycin C (10 µg/ml) (Glenn
et al., 2016) for 4 h before creating the wound using a 10 µl tip to allow the
cells to migrate into the cell-free areas. Live-cell video microscopy was
conducted using a JuLI™Br inverted microscope (NanoEnTek) equipped
with a station unit that runs inside a CO2-regulated incubator and a scope
unit that runs outside the incubator. Phase-contrast images were captured
every 15 min overnight using a 4× objective and a CMOS camera with a
pixel length of 0.586 µm.

Individual cell tracking and measurements of cell speed,
persistence and angular distribution of the tracks
The TrackMate (v3.8.0) plugin (Tinevez et al., 2017) of ImageJ (version.
1.52p) software was used to track individual cells from the first three layers
of cells facing the wound. The following parameters were assigned while
computing the tracks using TrackMate: detector, LoG; blob diameter, 15
pixels; threshold, 0.8–1; simple LAP tracker; linking maximum distance,

20–25 pixel; gap closing maximum distance, 12 pixels; gap closing
maximum frame gap, 1; filter on track, track duration >47.75 (for analyzing
1 to 48 frames). The spatiotemporal information (X and Y position in each
frame) of the tracks was used to compute average speed (v), persistence and
track angles using a program coded in Fortran 77. Persistence is measured as
the ratio of net displacement and total migration distance of individual cells.
The values of these parameters were further verified using the chemotaxis
and migration tool (version 2.0) available on www.ibidi.com. The tracks
were plotted using the same tool for presentation. Track angle distributions
were generated using the program Rose.Net (version 0.10.0.0), as described
previously (Plutoni et al., 2016).

PIV
PIV analysis, a whole-field cross-correlation technique that provides local
displacements in real time for the entire cell monolayer, was carried out
using the PIVlab tool (version 2.31) (Thielicke and Stamhuis, 2014) in
MATLAB (version 2.98) (MathWorks). We used a particle count-based
window size, as suggested by the tool, with subsequent two more passes
with the final interrogation window size of 75×75 pixels and a 50% overlap.
The analysis was carried out in a window with a dimension of 800×1560
pixels. The velocity vector field was further smoothened by ‘Smoothn’
(Garcia, 2011). Speed, horizontal velocity component (u) and angles were
extracted from the PIV results and further used to generate a kymograph to
study the dynamics of the process. Local order parameter (Petitjean et al.,
2010; Zhang et al., 2017a) was calculated for the vectors by computing
cosine of the respective angles [Cos(θ)]. The value of this parameter ranges
between−1 and +1, where +1 represents collective movement perpendicular
to the wound border or towards +X (refer to Fig. 2B), and −1 represents a
collective movement towards −X (Petitjean et al., 2010; Zhang et al.,
2017a).

To understand the time dependence of these parameters, we chose a
section, X, from the active zone and plotted u or s against time at X. To
understand the time dependence of these parameters, we chose a section, X,
from the active zone and plotted u or s against time at X. Kymographs of
horizontal velocity component (u) and s were computed by plotting Y-
averaged values of each parameter for different X values against time (where
the x-axis is perpendicular to the wound border, and Y represents parallel to
thewound border; refer to Fig. 2B). Heatmaps were generated in GNUPLOT
(version 5.1; http://www.gnuplot.info) (1 pixel=0.586 µm; one
frame=15 min).

Statistical analysis
For the statistical evaluation of the datasets from quantitative image analysis,
paired or unpaired two-tailed Student’s t-test or one-way ANOVA was
performed using GraphPad Prism6 software version 6.01. Datasets are
presented as means±s.e.m. for each independent experiment, and P<0.05
was considered statistically significant. Data were assumed to be distributed
normally, but this was not otherwise tested. The number of samples, images
and experiments used for quantification are mentioned in the respective
figure legends. In all figures, n=number of cells or tracks and N=number of
experiments.
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Hegerfeldt, Y., Tusch, M., Bröcker, E. B. and Friedl, P. (2002). Collective cell
movement in primary melanoma explants: Plasticity of cell-cell interaction, β1-
integrin function, and migration strategies. Cancer Res. 62, 2125-2130.

Hoshino, D., Kirkbride, K. C., Costello, K., Clark, E. S., Sinha, S., Grega-
Larson, N., Tyska, M. J. and Weaver, A. M. (2013). Exosome secretion is
enhanced by invadopodia and drives invasive behavior. Cell Rep. 5, 1159-1168.
doi:10.1016/j.celrep.2013.10.050

Hu, Y.-B., Yan, C., Mu, L., Mi, Y. L., Zhao, H., Hu, H., Li, X.-L., Tao, D.-D., Wu, Y.-
Q., Gong, J. P. et al. (2019). ExosomalWnt-induced dedifferentiation of colorectal
cancer cells contributes to chemotherapy resistance. Oncogene 38, 1951-1965.
doi:10.1038/s41388-018-0557-9

Hurwitz, S. N., Rider, M. A., Bundy, J. L., Liu, X., Singh, R. K. and Meckes, D. G.
(2016). Proteomic profiling of NCI-60 extracellular vesicles uncovers common
protein cargo and cancer type-specific biomarkers. Oncotarget 7, 86999-87015.
doi:10.18632/oncotarget.13569

Hurwitz, S. N., Nkosi, D., Conlon, M. M., York, S. B., Liu, X., Tremblay, D. C. and
Meckes, D. G. (2017). CD63 regulates epstein-barr virus LMP1 exosomal
packaging, enhancement of vesicle production, and noncanonical NF-κB
signaling. J. Virol. 91, 1-19. doi:10.1128/JVI.02251-16

Ilina, O. and Friedl, P. (2009). Mechanisms of collective cell migration at a glance.
J. Cell Sci. 122, 3203-3208. doi:10.1242/jcs.036525

Ilina, O., Bakker, G.-J., Vasaturo, A., Hoffman, R. M. and Friedl, P. (2011). Two-
photon laser-generated microtracks in 3D collagen lattices: principles of MMP-
dependent and -independent collective cancer cell invasion. Phys. Biol. 8,
029501-029501. doi:10.1088/1478-3975/8/2/029501

Itoh, M., Furuse, M., Morita, K., Kubota, K., Saitou, M. and Tsukita, S. (1999).
Direct binding of three tight junction-associated MAGUKs, ZO-1, ZO-2, and ZO-3,
with the COOH Termini of Claudins. J. Cell Biol. 147, 1351-1363. doi:10.1083/jcb.
147.6.1351

Ji, H., Greening, D. W., Barnes, T. W., Lim, J. W., Tauro, B. J., Rai, A., Xu, R.,
Adda, C., Mathivanan, S., Zhao, W. et al. (2013). Proteome profiling of
exosomes derived from human primary and metastatic colorectal cancer cells
reveal differential expression of key metastatic factors and signal transduction
components. Proteomics 13, 1672-1686. doi:10.1002/pmic.201200562

17

RESEARCH ARTICLE Journal of Cell Science (2021) 134, jcs253468. doi:10.1242/jcs.253468

Jo
u
rn
al

o
f
Ce

ll
Sc
ie
n
ce

https://journals.biologists.com/jcs/article-lookup/doi/10.1242/jcs.253468
https://journals.biologists.com/jcs/article-lookup/doi/10.1242/jcs.253468
https://journals.biologists.com/jcs/article-lookup/doi/10.1242/jcs.253468
https://doi.org/10.3389/fimmu.2014.00442
https://doi.org/10.3389/fimmu.2014.00442
https://doi.org/10.1093/jnci/82.18.1485
https://doi.org/10.1093/jnci/82.18.1485
https://doi.org/10.1093/jnci/82.18.1485
https://doi.org/10.1083/jcb.134.4.1031
https://doi.org/10.1083/jcb.134.4.1031
https://doi.org/10.1083/jcb.134.4.1031
https://doi.org/10.1083/jcb.134.4.1031
https://doi.org/10.1083/jcb.134.4.1031
https://doi.org/10.1016/j.ccell.2016.10.009
https://doi.org/10.1016/j.ccell.2016.10.009
https://doi.org/10.1016/j.ccell.2016.10.009
https://doi.org/10.1111/j.1600-0854.2011.01225.x
https://doi.org/10.1111/j.1600-0854.2011.01225.x
https://doi.org/10.1111/j.1600-0854.2011.01225.x
https://doi.org/10.1152/ajpcell.1997.272.3.C957
https://doi.org/10.1152/ajpcell.1997.272.3.C957
https://doi.org/10.1152/ajpcell.1997.272.3.C957
https://doi.org/10.1152/ajpcell.1997.272.3.C957
https://doi.org/10.1126/science.aaf6546
https://doi.org/10.1126/science.aaf6546
https://doi.org/10.1038/nature08779
https://doi.org/10.1038/nature08779
https://doi.org/10.1038/nature08779
https://doi.org/10.1038/nature08779
https://doi.org/10.1146/annurev-cellbio-101512-122326
https://doi.org/10.1146/annurev-cellbio-101512-122326
https://doi.org/10.1146/annurev-cellbio-101512-122326
https://doi.org/10.1038/ncb3115
https://doi.org/10.1038/ncb3115
https://doi.org/10.1038/ncb3115
https://doi.org/10.1074/jbc.M002363200
https://doi.org/10.1074/jbc.M002363200
https://doi.org/10.1074/jbc.M002363200
https://doi.org/10.1074/jbc.M002363200
https://doi.org/10.1074/jbc.273.45.29745
https://doi.org/10.1074/jbc.273.45.29745
https://doi.org/10.1074/jbc.273.45.29745
https://doi.org/10.1074/jbc.273.45.29745
https://doi.org/10.1111/jcmm.14840
https://doi.org/10.1111/jcmm.14840
https://doi.org/10.1111/jcmm.14840
https://doi.org/10.1111/jcmm.14840
https://doi.org/10.1007/s11095-010-0073-2
https://doi.org/10.1007/s11095-010-0073-2
https://doi.org/10.1007/s11095-010-0073-2
https://doi.org/10.1128/MCB.16.6.2689
https://doi.org/10.1128/MCB.16.6.2689
https://doi.org/10.1128/MCB.16.6.2689
https://doi.org/10.1128/MCB.16.6.2689
https://doi.org/10.1038/nrm2720
https://doi.org/10.1038/nrm2720
https://doi.org/10.1038/nrm2720
https://doi.org/10.1101/cshperspect.a029199
https://doi.org/10.1101/cshperspect.a029199
https://doi.org/10.1101/cshperspect.a029199
https://doi.org/10.1038/ncb2548
https://doi.org/10.1038/ncb2548
https://doi.org/10.1083/jcb.127.6.1617
https://doi.org/10.1083/jcb.127.6.1617
https://doi.org/10.1083/jcb.127.6.1617
https://doi.org/10.1083/jcb.127.6.1617
https://doi.org/10.1007/s00348-010-0985-y
https://doi.org/10.1007/s00348-010-0985-y
https://doi.org/10.1038/srep31694
https://doi.org/10.1038/srep31694
https://doi.org/10.1038/srep31694
https://doi.org/10.1091/mbc.e17-01-0006
https://doi.org/10.1091/mbc.e17-01-0006
https://doi.org/10.1091/mbc.e17-01-0006
https://doi.org/10.1091/mbc.e17-01-0006
https://doi.org/10.1016/j.jid.2016.11.020
https://doi.org/10.1016/j.jid.2016.11.020
https://doi.org/10.1016/j.jid.2016.11.020
https://doi.org/10.1016/j.jid.2016.11.020
https://doi.org/10.1074/jbc.M114.605253
https://doi.org/10.1074/jbc.M114.605253
https://doi.org/10.1074/jbc.M114.605253
https://doi.org/10.1016/j.bbagen.2014.03.020
https://doi.org/10.1016/j.bbagen.2014.03.020
https://doi.org/10.1016/j.bbagen.2014.03.020
https://doi.org/10.1016/j.tcb.2015.06.003
https://doi.org/10.1016/j.tcb.2015.06.003
https://doi.org/10.1016/j.tcb.2015.06.003
https://doi.org/10.1007/BF00749813
https://doi.org/10.1007/BF00749813
https://doi.org/10.1007/BF00749813
https://doi.org/10.1016/j.celrep.2013.10.050
https://doi.org/10.1016/j.celrep.2013.10.050
https://doi.org/10.1016/j.celrep.2013.10.050
https://doi.org/10.1016/j.celrep.2013.10.050
https://doi.org/10.1038/s41388-018-0557-9
https://doi.org/10.1038/s41388-018-0557-9
https://doi.org/10.1038/s41388-018-0557-9
https://doi.org/10.1038/s41388-018-0557-9
https://doi.org/10.18632/oncotarget.13569
https://doi.org/10.18632/oncotarget.13569
https://doi.org/10.18632/oncotarget.13569
https://doi.org/10.18632/oncotarget.13569
https://doi.org/10.1128/JVI.02251-16
https://doi.org/10.1128/JVI.02251-16
https://doi.org/10.1128/JVI.02251-16
https://doi.org/10.1128/JVI.02251-16
https://doi.org/10.1242/jcs.036525
https://doi.org/10.1242/jcs.036525
https://doi.org/10.1088/1478-3975/8/2/029501
https://doi.org/10.1088/1478-3975/8/2/029501
https://doi.org/10.1088/1478-3975/8/2/029501
https://doi.org/10.1088/1478-3975/8/2/029501
https://doi.org/10.1083/jcb.147.6.1351
https://doi.org/10.1083/jcb.147.6.1351
https://doi.org/10.1083/jcb.147.6.1351
https://doi.org/10.1083/jcb.147.6.1351
https://doi.org/10.1002/pmic.201200562
https://doi.org/10.1002/pmic.201200562
https://doi.org/10.1002/pmic.201200562
https://doi.org/10.1002/pmic.201200562
https://doi.org/10.1002/pmic.201200562


Jolly, M. K., Boareto, M., Huang, B., Jia, D., Lu, M., Ben-Jacob, E., Onuchic, J. N.
and Levine, H. (2015). Implications of the hybrid epithelial/mesenchymal
phenotype in metastasis. Front. Oncol. 5, 155. doi:10.3389/fonc.2015.00155

Karagiannis, G. S., Schaeffer, D. F., Cho, C.-K. J., Musrap, N., Saraon, P.,
Batruch, I., Grin, A., Mitrovic, B., Kirsch, R., Riddell, R. H. et al. (2014).
Collective migration of cancer-associated fibroblasts is enhanced by
overexpression of tight junction-associated proteins claudin-11 and occludin.
Mol. Oncol. 8, 178-195. doi:10.1016/j.molonc.2013.10.008

Kim, M. J., Cho, Y. B., Chun, H.-K., Lee, W. Y., Yun, S. H. and Kim, H. C. (2013).
The expression of epithelial mesenchymal transition related factors in human
colorectal cancer cell lines. Korean J. Clin. Oncol. 9, 160-167. doi:10.14216/kjco.
13030

Ladoux, B. and Meg̀e, R. M. (2017). Mechanobiology of collective cell behaviours.
Nat. Rev. Mol. Cell. Biol. 18, 743-757. doi:10.1038/nrm.2017.98

Lee, S. H. (2015). Intestinal permeability regulation by tight junction: implication on
inflammatory bowel diseases. Intest. Res. 13, 11. doi:10.5217/ir.2015.13.1.11

Leibovitz, A., Stinson, J. C., McCombs,W. B., III, McCoy, C. E., Mazur, K. C. and
Mabry, N. D. (1976). Classification of human colorectal adenocarcinoma cell
lines. Cancer Res. 36, 4562-4569.

Loo, L.-H., Laksameethanasan, D. and Tung, Y.-L. (2014). Quantitative protein
localization signatures reveal an association between spatial and functional
divergences of proteins. PLoS Comput. Biol. 10, e1003504. doi:10.1371/journal.
pcbi.1003504

Maia, J., Caja, S., Strano Moraes, M. C., Couto, N. and Costa-Silva, B. (2018).
Exosome-based cell-cell communication in the tumor microenvironment. Front.
Cell Dev. Biol. 6, 1-19. doi:10.3389/fcell.2018.00018

Matsuzawa, K., Himoto, T., Mochizuki, Y. and Ikenouchi, J. (2018). α-catenin
controls the anisotropy of force distribution at cell-cell junctions during collective
cell migration. Cell Rep. 23, 3447-3456. doi:10.1016/j.celrep.2018.05.070

Mayor, R. and Etienne-Manneville, S. (2016). The front and rear of collective cell
migration. Nat. Rev. Mol. Cell Biol. 17, 97-109. doi:10.1038/nrm.2015.14

McGarrity, G. J. (1979). Sources of stable cell lines. Methods Enzymol. 58,
439-444. doi:10.1016/S0076-6879(79)58158-0

McNeil, E., Capaldo, C. T. andMacara, I. G. (2006). Zonula occludens-1 function in
the assembly of tight junctions in madin-darby canine kidney epithelial cells. Mol.
Biol. Cell 17, 1922-1932. doi:10.1091/mbc.e05-07-0650

Meriane, M., Charrasse, S., Comunale, F., Méry, A., Fort, P., Roux, P. and
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