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Contact inhibition of locomotion (CIL), the repulsive response of
cells upon cell-cell contact, has been the predominant paradigm
for contact-mediated responses. However, it is difficult for CIL
alone to account for the complex behavior of cells within a multi-
cellular environment, where cells often migrate in cohorts such as
sheets, clusters, and streams. Although cell-cell adhesion and me-
chanical interactions play a role, how individual cells coordinate
their migration within a multicellular environment remains un-
clear. Using micropatterned substrates to guide cell migration
and manipulate cell-cell contact, we show that contacts between
different regions of cells elicit different responses. Repulsive re-
sponses were limited to interaction with the head of a migrating
cell, while contact with the tail of a neighboring cell promoted
migration toward the tail. The latter behavior, termed contact
following of locomotion (CFL), required the Wnt signaling path-
way. Inhibition of the Wnt pathway disrupted not only CFL but
also collective migration of epithelial cells, without affecting the
migration of individual cells. In contrast, inhibition of myosin Il
with blebbistatin disrupted the migration of both individual epi-
thelial cells and collectives. We propose that CFL, in conjunction
with CIL, plays a major role in guiding and coordinating cell migra-
tion within a multicellular environment.

cell migration | contact inhibition of locomotion | collective migration |
front-rear polarity | Wnt signaling

M igration represents one of the most crucial functions for
animal cells. Cell migration is required for physiological
processes such as embryonic development and wound repair, and
for pathological processes such as cancer metastasis. While an
extensive body of knowledge is available about the migration of
single cells, many biological phenomena involve cell migration
within a multicellular environment, where cell-cell interactions
may affect the behavior and facilitate concerted migration to-
ward a common destination (1-3).

Through physical or chemical interactions, cell-cell contact
acts as a major means for cells to communicate, affecting a wide
variety of phenomena such as migration, differentiation, and
morphogenesis (1-3). The effect of cell-cell contact on migra-
tion was first described in the classic studies of Abercrombie.
Known as contact inhibition of locomotion (CIL) (4-7), mi-
grating cells in 2D cultures avoid moving on top of other cells
and migrate away from each other upon contact (8, 9). CIL is
believed to be crucial to tissue morphogenesis as part of the
mechanisms for formation of ordered multicellular structures
such as cell sheets (10-13). In addition, the loss of CIL is be-
lieved to allow the invasion of cancer cells into other tissues (4,
14), and the invasion process itself may involve the migration of
collectives of cancerous cells (12, 15, 16).

Despite decades of documentation, the understanding of
contact-mediated responses of cell migration remains deficient
in many ways. First, CIL is drawn primarily from the observation
of head-on collisions on 2D surfaces, while responses to the
contact of other regions of a polarized cell have not been clearly
documented (17). Second, CIL as a repulsive response cannot
account for many behaviors of a multicellular environment. It
is particularly difficult for CIL to explain collective migration,
where cells follow rather than repel each other to migrate in
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concert (18, 19). Questions therefore arise as to whether the site
of cell—cell contact may determine the outcome of collision, and
whether such context-dependent responses may provide a more
comprehensive understanding of collective migration.

Contact following, a phenomenon observed in the slime mold
Dictyostelium, was proposed to account for their collective mi-
gration (20). During the formation of fruit bodies, cells re-
peatedly extend their pseudopodia toward the retracting end of
the preceding cells (11, 21), which leads to the formation of a
stream of cells connected in a tail-to-head manner. It was
pointed out that this process is unlikely to be driven by me-
chanical forces via cell adhesion or chemotaxis but involves ac-
tive movement and coordination (21, 22). While a parallel
process for animal cells represents an attractive mechanism to
complement CIL in collective migration, such behavior has yet to
be demonstrated.

To address these questions, we have designed micropatterned
substrates to achieve two purposes. The first was to trap cells
temporarily at intersections, which facilitates collisions between
different regions of cells to allow the detection of contact site-
dependent responses. The second was to create a simplified
experimental model of collective migration, where multiple
cells migrated in single file, to facilitate the dissection of
mechanism. These approaches have allowed us to demonstrate
a tail-following behavior of cultured epithelial cells, similar to
what was described for Dictyostelium (23). This behavior, termed
contact following of locomotion (CFL), may play a key role in ep-
ithelial collective migration based on their shared pharmacological
sensitivities.

Significance

Cell-cell contact-mediated responses play a key role in co-
ordinating cell migration. The conventional view has empha-
sized repulsive responses, based primarily on studies of head-
on collisions. Using micropatterned substrates to facilitate
various modes of collision, we report that cells migrate toward
their neighbors upon contact with tails. This response, referred
to as contact following of locomotion (CFL), is found with both
epithelial and mesenchymal cells and is reminiscent of the be-
havior of Dictyostelium discoideum during stream formation.
Pharmacological studies implicate the Wnt signaling pathway,
and suggest that CFL is necessary for collective migration. CFL
may thus represent a critical aspect of diverse biological phe-
nomena that involve collective migration, such as wound
healing, tissue development, and metastasis.
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Fig. 1. Migration of stalled NRK-52E cells after contacting the head of an
approaching cell. Phase-contrast images of a cell stalled at an X (A; red
outline) or T (B; red outline) intersection show the initiation of migration
after interacting with the head of an approaching cell (green outlines).
White arrows indicate the direction of migration of the approaching cell.
Substrate micropattern is indicated by gray lines. Note both cells on the T
micropattern break into two pieces, forming a pair of anuclear cytoplasts
along the horizontal branch. Elapsed times are shown above each panel.
(Scale bars, 50 pm.)

Results

Contact Inhibition of Locomotion Accounts for Only Some of the
Responses to Cell-Cell Contact. Most experiments were con-
ducted with NRK-52E epithelial cells, which were migratory as
single cells, albeit at a slow average speed of 0.22 pm/min. We
used elastic polyacrylamide substrates micropatterned with gel-
atin strips 30 pm wide to confine migration. Cell polarity was
determined based on persistent migration along these strips and
on distinct head—tail morphology, and confirmed with the lo-
calization of nonmuscle myosin II-B (NMII-B), which is known
to concentrate toward the tail (SI Appendix, Fig. S1) (24, 25).
CIL was observed upon head-on collision of individual cells
moving toward each other (88.9%, n = 51), where both cells
reversed the direction of migration (SI Appendix, Fig. S2).

To facilitate collisions at different sites between pairs of cells,
cells were plated on crisscrossing strips 30 pm in width that
formed X or T intersections (Fig. 1). While cells migrated per-
sistently along linear strips, most cells (66%) stalled at inter-
sections through the end of the observation period (up to 28 h) in
the absence of cell-cell contact. These cells extended short-lived
processes into branches, resulting in random migration around
the intersection with a speed similar to that along strips. Stalling
ended upon contact with an approaching migrating cell; the
majority of stalled cells began migration out of the in-
tersection within 2 h (88.2% for X; 88.7% for T intersections;
Fig. 1, Table 1, and Movies S1 and S2). Stalled cells preferred
to leave the X intersection along the branch opposite the
approaching cell (72.0%, n = 82), rather than along other
available branches. In addition, the pairs of cells maintained
tail-to-head contact, suggesting a tail-following behavior by
the approaching cell.

While most approaching cells continued to migrate past the
interaction as described above, a small fraction reversed direction
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Table 1. Repulsive response of NRK-52E cells to head contact

Approaching cell
maintaining original
polarity, %

Stalled cell retreating from

Setting the approaching neighbor, %

90.3 + 3.1 (n=93)
823 +4.9 (n=62)
69.4 + 3.7 (n = 160)

88.2 + 3.4 (n=93)**
88.7 £ 4.1 (n = 62)***
73.1 £ 3.5 (n = 160)***

X intersection
T intersection
Double seeding

In all three settings tested (left column), a migratory cell approaches a
stalled or spreading cell to make contact. The majority of stalled or
spreading cells migrate away from the approaching cell following the same
direction (right column), while the majority of approaching cells continue to
migrate along the original direction (middle column). Significance was
determined using a one-sample binomial test against the null hypothesis
of equal probability of entering any branch. **P < 0.005, ***P < 0.0005.

after contact with the stalled cell (9.7% for X; 17.7% for T in-
tersections; Fig. 1 and Table 1). In cases where the tail of a
retreating cell contacted the stalled cell, migration of the stalled
cell ensued toward the tail and out of the intersection within 2 h
(69.4% for X; 73.3% for T intersections; Fig. 2, Table 2, and
Movies S3 and S4).

Stalled cells exhibited no front-rear polarization relative to
the micropattern, as visualized with immunostaining of NMII-B
(87.2%, n = 39; SI Appendix, Fig. S1). Following the interaction
with a neighboring polarized cell, the majority of stalled cells
were found to polarize either away from an approaching cell
(81.8%, n = 9; SI Appendix, Fig. S3) or toward a retreating cell
(83.3%, n = 10; SI Appendix, Fig. S4).

These observations suggest that contact with the tail of a
neighboring cell has an effect opposite that from head contact,
promoting migration toward the tail. This response parallels

11h30m
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Fig. 2. Migration of stalled NRK-52E cells following contact with the tail of
a neighboring cell. Phase-contrast images of a cell stalled at an X (A; red
outline) or T (B; red outline) intersection show the initiation of migration
after interacting with the tail of an adjacent cell (green outlines). White
arrows indicate the direction of migration of the retreating cell. Elapsed
times are shown above each panel. Substrate micropattern is indicated by
gray lines. (Scale bars, 50 pm.)
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Table 2. Attractive response of NRK-52E cells to tail contact
Retreating cell
maintaining original
polarity, %

Stalled cell following

Setting the retreating neighbor, %

96.8 + 2.3 (n = 62)
97.8 + 2.2 (n = 45)
92.1 + 1.7 (n = 267)

69.4 + 5.9 (n = 62)**
73.3 + 6.7 (n = 45)*
71.2 +£ 2.8 (n = 267)***

X intersection
T intersection
Double seeding

In all three settings tested (left column), a cell migrates away from a
stalled or spreading cell in contact. The majority of stalled or spreading cells
migrate toward the retreating cell (right column), while the majority of
retreating cells continue to migrate along the original direction (middle
column). Significance was determined using a one-sample binomial test
against the null hypothesis of equal probability of entering any branch. *P <
0.05, **P < 0.005, ***P < 0.0005.

what was observed with Dictyostelium during stream formation,
and may be referred to as contact following of locomotion.

The Phenomenon of CFL Is Not Limited to NRK-52E Cells. While CIL
was discovered with 3T3 fibroblasts, many other cell types exhibit
CIL, such as epithelial cells and neural crest cells (5, 13, 26). To
determine if CFL as observed with NRK-52E cells also applies to
other cell lines, we seeded Madin-Darby canine kidney (MDCK)
epithelial cells and NIH 3T3 fibroblasts on the micropatterns
described above. Both showed the same responses at intersec-
tions as NRK-52E cells (Table 3). Cells were stalled at X in-
tersections for an extended period of time in the absence of cell
contact (~5.8 h for MDCK, ~7.8 h for 3T3). Upon contact with
the head of an approaching cell, the stalled cell initiated mi-
gration away from the intersection within 1.4 h (83.6% for
MDCK, 86.3% for 3T3). The majority of approaching cells
continued to migrate in their original direction (85.7% for
MDCK, 78.4% for 3T3; Movies S5 and S6), following the tail of
the cell displaced from the intersection. In cases where a stalled
cell contacted the tail of a retreating cell, the stalled cell initiated
migration to follow the tail within 1.5 h (75.7% for MDCK, 70%
for 3T3) while the retreating cell continued to migrate in its
original direction (90.5% for MDCK, 95% for 3T3; Movies S7
and S8). These results suggest that, like CIL, CFL is not re-
stricted to specific cell lines or types.

Cell-Cell Contact Promotes Symmetry Breaking of Spreading Cells in
a Site-Dependent Manner. Symmetry breaking is the initiation of
directional cell migration after substrate adhesion and symmetric
spreading (27). Given the observations of CIL and CFL, we
suspected that cell-cell contact may facilitate symmetry breaking
along a direction determined by the site of contact.

Isolated NRK-52E cells typically spent 4 h to adhere and
spread symmetrically, and 4 additional hours to break symmetry
(28). To determine the effect of cell-cell contact on symmetry
breaking, we seeded cells in two rounds onto linear strips

Table 3. Responses of MDCK epithelial cells and NIH 3T3
fibroblasts to head or tail contact

Retreating from
an approaching
neighbor, %

Following a
retreating

Cell line neighbor, %

MDCK epithelial cells
NIH 3T3 fibroblasts

83.6 + 3.7 (n = 91)***
86.3 + 4.9 (n = 51)***

75.7 £ 5.0 (n = 74)***
70.0 + 7.3 (n = 40)*

The majority of cells stalled at an X intersection initiated migration within
1.5 h upon contact with a migrating cell, either away from an approaching
cell or toward a retreating cell. Numbers indicate the percentage of cells
stalled at an X intersection that initiated directional migration upon contact
with a migrating cell. Significance was determined using a one-sample
binomial test against the null hypothesis of equal probability of entering any
branch. *P < 0.05, ***P < 0.0005.
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(termed double seeding), such that cells plated earlier were
migrating directionally as the cells plated later started to spread.
We found that symmetry breaking took place within ~1.8 h upon
contact with a migrating cell. Contact with the head of an
approaching cell caused spreading cells to migrate away from the
head (94.3%; Fig. 34 and Table 1), while contact with the tail of
a retreating cell caused spreading cells to migrate toward the tail
(86.1%; Fig. 3B and Table 2). These results reinforce the notion
of contact site-dependent stimulation of cell polarization and
migration.

Functional Role of Myosin Il Contractility and Wnt Signaling
Pathways in Contact Responses. Previous literature suggested
that cell-generated contractile forces may play a role in contact-
dependent cell-cell communications (29-31). We therefore
probed the involvement of myosin II-dependent contractility
in CFL using the small-molecule inhibitor blebbistatin (32).
Treatment of NRK-52E cells with 50 uM blebbistatin caused
severe disruptions to cell shape and migration persistence,
precluding further assessment of contact-mediated responses.

The development of cell polarity with regard to CIL and CFL
may be related to planar cell polarity (23), which in turn involves
a noncanonical Wnt pathway (33-36). To investigate whether
Wnt pathways may be involved in CFL, we used the small-
molecule inhibitor NSC 668036 to prevent activation of Dish-
evelled (Dvl) by Frizzled (Fzd), a key component of the Wnt
signaling pathways (37). We found that the morphology, migra-
tion speed, and persistence of individual cells were unaffected by
NSC 668036 (SI Appendix, Table S1). In contrast, NSC 668036
disrupted CFL as detected at X intersections, such that only
35.1% of stalled cells migrated toward the tail of a retreating cell
out of the intersection (compared with 69.4% for untreated cells;
Table 4 and Movie S9). The failure of CFL was caused primarily
by the inability to initiate migration following contact. Similarly,
only 48.0% of cells stalled at a T intersection migrated toward
the tail of a retreating cell (compared with 73.3% untreated;
Table 4 and Movie S10). Additionally, NSC 668036 disrupted
symmetry breaking in response to tail contact, as seen in the
double-seeding experiment (50.0%, compared with 71.2% un-
treated; Fig. 4B and Table 4). Interestingly, NSC 668036 did not
seem to affect the formation and migration of cell pairs following
CIL (Fig. 44 and Table 4). Treatment with a second small-
molecule inhibitor of Dvl activation, 3289-8625 (38), caused in-
hibition of CFL without affecting CIL, similar to NSC 668036

Fig. 3. Facilitation of symmetry breaking by site-dependent cell-cell con-
tact. NRK-52E cells are seeded in two rounds 2 h apart. Phase-contrast im-
ages show a stationary cell from the second round of seeding (red) making
contact with the head (A) or tail (B) of an adjacent cell from the first round
of seeding (green). Symmetry breaking took place soon after contact,
causing the stationary cell to migrate away from the approaching cell (A) or
follow the retreating cell (B). In both cases, the pair of cells migrated as a
collective in a tail-to-head manner. White arrows indicate the direction of
migration of the cell from the first round of seeding. Elapsed times are
shown to the right. (Scale bars, 30 pm.)
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Table 4. Responses of NRK-52E cells to head or tail contact after Dvl inhibition

Retreating from an approaching neighbor

Following a retreating neighbor

Setting Control, %

NSC 668036, %

Control, % NSC 668036, %

88.2 + 3.4 (n = 93)
88.7 + 4.1 (n = 62)
73.1 + 3.5 (n = 160)

X intersection
T intersection
Double seeding

78.6 + 4.5 (n = 84)NS
94.7 + 3.7 (n = 38)\°
81.2 + 2.8 (n = 197)™°

69.4 + 5.9 (n = 62)
73.3 £ 6.7 (n = 45)
71.2 + 2.8 (n = 267)

35.1 + 8.0 (n = 37)'""
48.0 + 10.2 (n = 25)"
50.0 + 3.0 (n = 288)"""

NRK-52E cells treated with 50 pM NSC 668036 maintain the ability to migrate away from the head of approaching neighbors (CIL), but
lose their ability to migrate toward the tail of retreating neighbors (CFL) in all of the three experimental settings. Significance was
determined using a two-sample t test against control. P < 0.05, ""P < 0.0005; NS, not significant.

(SI Appendix, Fig. S5 and Table S2 and Movie S11). These results
suggest that Wnt signaling pathways are required for CFL.

Collective Migration Requires Wnt Signaling Pathways. The tail-
following behavior of CFL represents an attractive mechanism
for collective migration. To investigate the role of CFL and Wnt
pathways in collective migration, we confined linear collectives
of five or six cells along micropatterned strips (27, 39, 40). These
trains showed unidirectional migration while maintaining cell-
cell contact, sharing many attributes of migrating monolayer
sheets without the complex migration pattern of the conven-
tional scratch wound assays (15, 16). Except for the trailing cell,
centrosomes were positioned ahead of the nucleus for cells in
these trains (SI Appendix, Fig. S6). Furthermore, interior cells
continued to migrate forward for 2 h after the leader cell reached
the end of a strip (SI Appendix, Fig. S6), suggesting that these
cells migrated independent of the forward protrusion of the
leading cell. As with single cells and cell pairs, the migration
speed and morphology of cells in collectives were unaffected by
NSC 668036 or 3289-8625.

To test if collectives were actively maintained by cell-cell
contact rather than confinement of the pattern and neighboring
cells, cell trains were placed on Y-branched micropatterns to
determine if cells in a collective chose to maintain tail-to-head
contact or migrate toward free space as during wound repair. We
found that the majority of cells followed their predecessor into
the same branch (73.8%, n = 43; Fig. 5 and Movie S12). How-
ever, in the presence of NSC 668036, the majority of cells failed
to follow their predecessors (33.3% of cells followed their pre-
decessor, n = 17, P < 0.0005, compared with control; Fig. 6 and

Fig. 4. Inhibition of CFL, but not CIL, during cell contact-mediated sym-
metry breaking by the Dvl inhibitor NSC 668036. (A) Phase-contrast images
show a spreading NRK-52E cell from the second round of seeding (red),
making contact with and migrating away from the head of an approaching
cell (green) in the presence of 50 uM NSC 668036. (B) Phase-contrast images
of a spreading cell from the second round of seeding (red) making contact
with and failing to follow the tail of a retreating cell (green) in the presence
of 50 pM NSC 668036. White arrows indicate the direction of migration of
the cell from the first round of seeding. Elapsed times are shown to the
right. (Scale bars, 30 pm.)

Li and Wang

Movie S13), causing the train to branch into two. Cells also failed
to follow their predecessors in the presence of 3289-8625 (33.6%
of cells followed their predecessor, n = 29, P < 0.0005, compared
with control). The shared sensitivity of CFL and collective mi-
gration to Dvl inhibitors suggests that CFL acts to promote
collective migration.

CIL has also been previously implicated in facilitating collec-
tive migration (26). We therefore investigated how CIL might
contribute to collective migration by examining the response of
individual cells upon head-on collision with a train. The indi-
vidual cell exhibited CIL and reversed its direction. As a result,
its new tail became connected to the head of the train, which
caused the incorporation of the cell into the train as its new
leader (SI Appendix, Fig. S7). Thus, collectives may use a com-
bination of CIL and CFL to both maintain the collective and
incorporate additional cells.

Discussion

Contact-Mediated Regulation of Cell Migration. Coordination of cell
migration is important for generating and maintaining order
within a multicellular organism. CIL, referring to the migration
away from neighbors upon head-on collision (4, 13, 19, 26, 41—
44), has served as the main paradigm in the understanding of
cell—cell contact-mediated coordination of cell migration (5, 6, 9,
13, 42-44). Tts involvement in collective migration was previ-
ously implicated based on mutation and inhibition studies (26).
However, it has been reported that CIL does not take place
consistently upon head-tail contact between cells (41). More-
over, the repulsive response of CIL alone cannot explain how
cells may coordinate their migration within collectives, which
raises the possibility that other modalities of contact-mediated

Fig. 5. Collective migration as tested at a Y junction. Most NRK-52E cells
within a train follow their predecessors to enter the same branch. The first
five cells of the train are annotated for tracking purposes. Elapsed times are
shown in the upper right. Micropattern is indicated by gray lines. (Scale bar,
50 pm.)
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interactions may play a complementary role in regulating cell
migration.

Using micropatterned substrates to facilitate collisions be-
tween different sites of cells, we found that while CIL is the
primary response to head-head collisions, an opposite response
of tail following, termed CFL, took place when a cell contacted
the tail of a neighbor. We further showed that, like CIL, CFL
represented a general phenomenon shared by multiple lines of
epithelial cells and fibroblasts. Indeed, CFL is similar to CIL in
several key facets. Both are contact-dependent responses that
influence directional migration and polarity between pairs of
cells. Furthermore, both are responses of individual cells, and
may help govern the more complex behaviors of higher-order
structures.

While the mechanism of CIL is only starting to be revealed (4,
26, 42, 43), our results raise an equally important question as to
what may be responsible for the difference in response between
head-head and head-tail contacts, which may involve both
physical and chemical interactions. While it has been suggested
that adhesive cells can react to the presence of neighboring cells
through forces propagated across a compliant substrate (45), our
use of relatively stiff substrates, where the strain due to traction
forces is expected to be undetectable at 10 pm from the cell
boundary, argues against a major role of substrate-mediated force
transmission in CIL and CFL. With regard to direct forces be-
tween cells, pushing forces are expected upon contact with a
protruding front, while pulling forces are expected upon contact
with a retracting tail. This difference has been hypothesized to
cause opposite responses of retraction or protrusion (46, 47).

Additionally, CIL and CFL may involve chemical factors
transmitted between cells. An increasing number of proteins,
including Vangl2, Merlin, Fat2, Lamellipodin, and Dachsous,
have been found to localize differentially at the head or tail of
cells undergoing directional migration (29, 48-50), raising the
possibility that contact with the head or tail of a neighbor may
elicit differential downstream signaling responses. Consistent
with this mechanism, we showed that CFL requires the Wnt
signaling pathways, using the specific small-molecule inhibitors
NSC 668036 and 3289-8625 against its key component Dish-
evelled. The similarity of effects induced by two small-molecule
inhibitors with different molecular structures argues against the
possibility of off-target effects. The involvement of Wnt, in
particular the noncanonical Wnt pathway for establishing planar
cell polarity, represents an appealing possibility given its implicated

Fig. 6. Response of collective migration to Dvl inhibition. Phase-contrast
images show a train of NRK-52E cells splitting between the two branches
of a Y junction upon overnight treatment with 50 pM NSC 668036. The first
five cells are annotated for tracking purposes. Substrate micropattern is in-
dicated by gray lines. Elapsed times are shown in the upper right. (Scale bar,
50 pm.)
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role in cell polarity and contact-mediated responses (34-36, 45, 51,
52). Downstream activation of Rho GTPases may then regu-
late actin—myosin—dependent functions required for cell migra-
tion (4, 43).

A number of studies have shown front-rear asymmetrical ac-
cumulation of proteins involved in Wnt pathways, such as pro-
teins in the Fzd and Van Gogh-like families (34-36, 51, 52),
which may account for the differential responses to head or tail
contact in a manner similar to the role of the cAMP pathway in
the contact following of Dictyostelium (23, 53). Although the Wnt
signaling pathway is distinct from that of cAMP-response path-
ways, a similar paradigm may be applicable to the regulation of
cell migration and polarity in CFL (54).

Effects of CIL and CFL on Collective Cell Migration. Much of cell
migration in a multicellular organism involves cell collectives,
such as during development, wound repair, and cancer metas-
tasis. How individual cells interact and follow each other in
collectives remain relatively unexplored. CIL alone, as a re-
pulsion mechanism, is unable to explain the formation and
maintenance of collectives. In the present study, we showed that
a process similar to the contact following previously described
with Dictyostelium (11, 20-23) exists in mammalian cells. This
behavior may represent the missing link for the understanding of
collective migration.

We took advantage of micropatterned substrates for studying
the migration of small linear collectives of epithelial cells, which
overcame the complexity of conventional models based on the
repair of monolayers after scratch wound (15, 16). In addition,
micropatterned Y junctions allowed us to test the robustness of
collective migration and rule out passive ushering for collectives
confined within a narrow strip. We showed that most cells follow
their predecessors through Y junctions, suggesting that tail fol-
lowing takes precedence over cells’ general preference for free
space, as seen during monolayer wound repair. These linear
collectives degenerated into two branches upon the inhibition of
Wnt signaling pathways with the small-molecule Dvl inhibitors
NSC 668036 or 3289-8625. The shared sensitivity to Dvl in-
hibition between CFL and collective migration suggests that CFL
is responsible for maintaining tail-to-head contact and co-
ordinating the directional migration of cell collectives.

The involvement of Wnt signaling pathways does not contra-
dict previous studies that emphasized the role of cadherin family
proteins in collective cell migration (10, 29-31), which may
mediate cell-cell interactions upstream of the Wnt signaling
pathways. While myosin II-dependent contractile forces may
play a role in collective migration (3, 29-31), responses to
blebbistatin suggested a more general role in maintaining cell
shape and migration persistence, which are also required for
collective migration. In contrast, Wnt signaling pathways likely
operate through a mechanism more specific to collective mi-
gration, given the lack of apparent effects of the inhibitors on
single-cell migration.

We observed CIL and CFL in both NRK-52E epithelial and
NIH 3T3 mesenchymal cells. However, the lack of prominent
collective migration in NIH 3T3 cells suggests that CIL and CFL
are necessary but not sufficient for collective migration. Other
factors such as cell-cell adhesions may play complementary
roles. Furthermore, factors in the microenvironment may pro-
mote collective migration of mesenchymal cells, as demonstrated
by the collective invasive migration of cancerous cells (3, 12, 15,
16). The differences between mesenchymal and epithelial cells
may help elucidate other components in collective migration.

In addition to the maintenance of collective migration by CFL,
our observations suggest how CIL and CFL may work together
to build cell collectives. Within the collective, a combination of
CIL and CFL would cause cells to migrate unidirectionally and
keep them from colliding with each other. Furthermore, as a
collective makes head-on contacts with individual cells, CIL
would cause the single cell to reverse its direction, causing its tail
to face the front of the collective. The ensuing CFL would then
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cause the individual cell to incorporate into the collective and
become its new leader cell.

In summary, we have discovered that, in addition to the re-
pulsive response of CIL to head contact, contact with the tail of a
migrating cell elicits an attractive response of CFL. The discov-
ery of CFL for mammalian cells allows a more complete un-
derstanding of the initiation and maintenance of collective cell
migration, beyond what is possible through CIL, contractility,
and cadherin-mediated adhesions. These studies may partic-
ularly benefit computational models which utilize contact-
mediated cell—cell interactions to model collective cell migration
(55, 56). Finally, our experimental system maintains key aspects
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of collective migration while minimizing the complexity of a
conventional system based on wound repair of monolayers, to
facilitate the detection of conditions that affect the collective
behavior.

Materials and Methods

Cell culture, reagents, micropatterning, microscopy, and statistics are de-
scribed in detail in S/ Appendix, Materials and Methods. Manual analysis was
carried out using ImageJ (NIH) and custom software (S/ Appendix, Materials
and Methods).
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