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Summary
Collective cell migration requires maintenance of adhesive contacts between adjacent cells,
coordination of polarized cell protrusions, and generation of propulsive traction forces. We
demonstrate that mechanical force applied locally to C-cadherins on single Xenopus mesendoderm
cells is sufficient to induce polarized cell protrusion and persistent migration typical of individual
cells within a collectively migrating tissue. Local tension on cadherin adhesions induces
reorganization of the keratin intermediate filament network toward these stressed sites.
Plakoglobin, a member of the catenin family, is localized to cadherin adhesions under tension and
is required for both mechanoresponsive cell behavior and assembly of the keratin cytoskeleton at
the rear of these cells. Local tugging forces on cadherins occur in vivo through interactions with
neighboring cells, and these forces result in coordinate changes in cell protrusive behavior. Thus,
cadherin-dependent force-inducible regulation of cell polarity in single mesendoderm cells
represents an emergent property of the intact tissue.

Embryos undergo dramatic cell and tissue rearrangements that are required for sculpting the
embryonic body plan. These underlying movements result in the generation of forces that
are sensed both locally and globally by other cells and tissues in the embryo.
Mechanotransduction is the cellular process responsible for converting these forces to
chemical and electrical signals. Thus, physical force may serve to instruct and guide key
aspects of development including gene expression, differentiation, cell polarity and
morphogenesis (Schwartz and DeSimone, 2008; Mammato and Ingber, 2010). Despite the
likely importance of force and mechanotransduction to embryogenesis and development,
relatively few specific examples of embryonic processes directed by mechanical inputs have
been reported thus far.

Many diverse tissue types, including epithelial cell sheets (Farooqui and Fenteany, 2005),
cords of metastatic cells (Wolf et al., 2007), neural crest cells (Theveneau et al., 2010),
lateral line primordia (Haas and Gilmour, 2006) and mesendoderm of the Xenopus gastrula
(Davidson et al., 2002), undergo collective cell migration and the morphological features of
these events are remarkably conserved. Leading edge protrusions of each cell within the
tissue are in contact with the extracellular matrix while the rear or “retracting” edge of each
cell rests upon the leading edge of the cell behind it in a shingle-like arrangement (Figure
1A). Frog mesendoderm tissue migrates on fibronectin (FN) matrix and like other
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collectively migrating populations of cells, the fidelity of mesendoderm movement requires
cell-cell contact. When cells from this tissue are dissociated from one another and plated on
FN they become multi-polar, protrude randomly and migrate with erratic speed and direction
(Nakatsuji and Johnson, 1982; Winklbauer et al., 1992). Chemotactic and haptotactic cues
that may influence directional migration of intact mesendoderm are not sufficient to guide
migration of single mesendoderm cells (Winklbauer, 1990; Winklbauer et al., 1992), further
highlighting the importance of cell-cell contact in this process.

Collectively migrating tissues generate traction forces and advance against tensile forces
distributed along cell-cell adhesive contacts. Xenopus mesendodermal explants migrate
collectively on FN substrates and perturbation of integrin-FN adhesion causes a rapid
unidirectional retraction of the cell sheet (Davidson et al., 2002). The retraction of the
mesendodermal sheet occurs opposite the direction of mesendoderm migration and
perpendicular to both the leading edge of the mesendoderm and the blastopore lip. The
directional nature of tissue retraction under these conditions indicates that the intercellular
tension in the mesendoderm tissue is asymmetric, being greatest in the axis of migration and
weaker in the mediolateral axis. Recent studies of migrating MDCK cell sheets reveal a
similar asymmetry of tension within the sheet and find greater forces applied to cell-cell
contacts in the rows of cells behind those at the leading edge (Trepat et al., 2009). The
implications of this force asymmetry for tissue morphogenesis are not known.

Classical cadherins enable cell-cell cohesion and allow development of migratory polarity in
epithelial cell sheets in vitro (Desai et al., 2009; Dupin et al., 2009), however, the potential
involvement of mechanical force on cadherin adhesions in these contexts has not been
addressed. Cadherins have been reported to sense and respond to mechanical force by
eliciting a strain-stiffening response (le Duc et al., 2010; Liu et al., 2010). Integrins are well
known to be involved in mechanotransduction (Moore et al., 2010; Schwartz and DeSimone,
2008), but only recently have cadherins also been implicated as important mediators of
mechanical stimuli (le Duc et al., 2010; Yonemura et al., 2010). We hypothesize that
asymmetries in tension on cadherins are an intrinsic consequence of tissues undergoing bulk
movement or deformation and that these mechanical signals induce the establishment of cell
protrusive polarity and directed migration.

Association of cadherins with the cytoskeleton provides both mechanical strength at points
of adhesion and scaffolds for proteins involved in cell signaling. Binding of catenin family
members, such as β-catenin or plakoglobin (PG; also known as γ-catenin), to the
cytoplasmic tail of cadherins enables recruitment of cytoskeletal filaments to sites of cell-
cell contact. Both β-catenin and PG can facilitate the association of classical cadherins with
the actin cytoskeleton (Hirano et al., 1987). PG, unlike β-catenin, can also enable classical
cadherin associations with intermediate filaments (IFs) (Kowalczyk et al., 1998; Leonard et
al., 2008). While the linkage between cadherins and actin filaments has been studied
extensively, the functional significance of IF-associated classical cadherin adhesions is not
well understood. In this study we demonstrate that local forces applied to C-cadherins result
in the PG-dependent recruitment of keratin IFs (KIFs), and that this mechanically responsive
linkage is required for the directed protrusive behavior of individual cells within the
collectively migrating mesendoderm.

Results
Pulling on C-cadherin Induces Directional Protrusions

We used a magnetic tweezer to apply local pulling forces to cadherin adhesions and
analyzed the impact of this manipulation on cell polarity and migratory behavior (Figure
1B). A key advantage of this approach over prior studies of cadherin involvement in
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migratory cell polarity (Borghi et al., 2010; Desai et al., 2009; Dupin et al., 2009) is the
ability to distinguish between effects due only to cadherin engagement (bead attached/
without pull) and those due to force on cadherin adhesions (bead pulled). C-cadherin (Cdh3)
is the primary cadherin expressed in Xenopus gastrulae and is required for maintaining cell
cohesion and tissue integrity (Heasman et al., 1994). Single paramagnetic beads coated with
the extracellular domain of C-cadherin (C-cadFc) were placed alongside individual
dissociated mesenoderm cells plated on FN. Cells were allowed 20 minutes to bind the
beads and the attached beads were subsequently pulled with the magnetic tweezer (Figure
1B,S1).

Application of mechanical force to C-cadherin adhesions restored the normal in vivo
morphology of these migratory cells. When mesendoderm is dissociated to single cells they
lose the characteristic monopolar protrusive behavior exhibited in vivo (Figure 1A) and
become multipolar protrusive in random orientation (Figure 1C, Movie S1). C-cadFc bead
attachment alone had no effect on protrusive orientation [p(rand)=0.749] (Figure 1D,F,
Movie S2). When force was applied to the bead, protrusions became markedly biased
opposite the direction of pull [p(rand)=0.002] (Figure 1E,F; Movie S2). The cells then
migrated persistently away from the direction of the applied force. Additionally, there was a
reduction in the total number of protrusions from each cell upon bead pull (Figure 1G),
reflecting the monopolar protrusive behavior exhibited by mesendoderm cells in vivo.

Pulling with ~1.5 nN of force per 22.9 μm bead was sufficient to induce cell polarization.
This force is about one order of magnitude less than the forces calculated between MDCK
cell pairs on FN substrate (Maruthamuthu et al., 2011). However, if we assume that a
mesendoderm cell binds ¼ to ½ of the surface of a C-cadFc bead then 2-4 Pa of stress is
being applied to mesendoderm cells in our bead pull assay, an amount comparable to the
tugging stresses of 5 Pa reported for MDCK epithelial sheets (Trepat et al., 2009).

We also noted that individual mesendoderm cells were able to respond to repeated cycles of
force application suggesting a significant degree of plasticity with regard to this
mechanoresponsive behavior (Movie S3). Force was applied to cadherin adhesions and then
halted once monopolar protrusive behavior was induced. Cells rapidly reverted to multipolar
protrusive behavior when force application ceased, typically within one or two minutes.
Subsequent application of force re-induced monopolar protrusions away from the direction
of the applied force. Similarly, single mesendoderm cells became monopolar protrusive
when they formed adhesions with neighboring cells and reverted back to a multipolar state
as these adhesions were broken (Movie S4). Monopolar protrusive behavior was evident in
>50% of cells within 5-10 minutes, but took as long as 20 minutes to develop in others.
Once established, this protrusive behavior persisted until force on cadherin adhesion ceased
or the cohesive bond was broken.

Force Induction of Cell Protrusions is Specific to Cadherin Adhesions
Because force was required to alter the polarity of protrusions, tension on the cell cortex is
clearly a critical stimulus. However, it was unclear whether this response required signaling
through cadherins or was a general consequence of pulling on the cell surface. Pulling on
poly-L-lysine (PLL) coated beads attached to mesendoderm cells was not sufficient to alter
cell protrusive orientation [p(same)=0.933] (Figure S2A). We also evaluated whether
engagement and application of force to other adhesion molecules could elicit a response.
Force application to syndecans or integrins, via beads coated with the HepII (Hep2FN) or
RGD-containing central cell binding (9.11FN) domains of FN, respectively, was unable to
induce the polarized protrusive behavior observed with C-cadFc beads (Figure S2B-D).
These results indicate that the mechanical stimulation of monopolar protrusive activity and
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directional cell migration is specifically associated with signaling through C-cadherin
adhesions.

Keratin Localization to Stressed Cadherin Adhesions Correlates with Cell Polarity
Cadherins associate with cytoskeletal networks, including actin (Hirano et al., 1987) and IFs
(Kowalczyk et al., 1998; Leonard et al., 2008), to provide both mechanical strength at points
of adhesion and scaffolds for proteins involved in cell signaling. IFs in particular exhibit
high tensile strength (Kreplak et al., 2008) and KIFs are well-known to impart mechanical
resilience to cells (Coulombe et al., 1991). We found that the organization of KIFs in
mesendoderm was tightly correlated with cell polarity and directed cell movements. KIFs in
isolated cells were distributed randomly and lacked obvious orientation (Figure 2A).
However, when mesendoderm cells in vitro were in contact with their neighbors KIFs were
noted at discrete points along cell-cell interfaces (Figure 2B). The correlation between cell
protrusive polarity and reorganization of KIFs toward the points of cell-cell contact was
particularly striking in live cells expressing GFP-labeled keratin (Movie S4). KIFs
aggregated near cell-cell contacts as cells formed protrusions in directions opposite these
cell-cell boundaries. Cells in mesendoderm explants also had KIFs concentrated at the rear
of each cell (Figure 2C). Filaments were organized in a basket-like arrangement along the
posterior-basolateral surface and were associated with the cell membrane at points of cell-
cell contact. A similar organization of KIFs was evident in mesendoderm cells in sagittally
bisected gastrula-stage embryos (Figure 2D). An additional feature of keratin organization in
whole tissues was the arrangement of KIFs into bundles perpendicular to the forward axis of
migration but only in the row of cells that comprised the advancing front of the
mesendoderm tissue (Figure 2C). This KIF cabling parallel to the leading edge closely
resembles what has been observed in some epithelial cell sheets in vitro (Long et al., 2006).

Binding of C-cadFc beads to mesendoderm cells had no effect on the localization of KIFs
(Figure 2E) but when force was applied to these beads, KIFs were reorganized to the
posterior of the cell proximal to the site of bead pull (Figure 2E’). A similar reorganization
of KIFs was observed when two dissociated cells on FN formed a cell-cell adhesion in vitro.
The cells polarized and moved in opposite directions but remained adherent while tugging
on one another (Figure 2F). As observed with C-cadFc bead pull, KIFs were recruited to the
rear of these cells where force was being generated at the point of cell-cell contact as a
consequence of traction forces on the FN substrate (Figure 2B,G; Movie S4). In contrast,
cell pairs plated on PLL substrate are unable to generate substrate traction; they did not
exhibit directed protrusive activity and failed to reorganize KIFs toward the cell-cell
boundary (Figure 2H). We conclude that mechanical forces applied to C-cadherin adhesions
induce both directional protrusive behaviors and KIF reorganization toward the posterior of
the newly polarized cell.

Keratin and PG are Required for Force-Induced Polarized Cell Protrusive Behavior
To address whether KIFs are part of the molecular machinery that specifies polarity in these
cells in response to a pulling force on C-cadherin, antisense morpholinos were used to
knockdown expression of XCK1(8), also known as Krt8 (Figure S3A). KIFs are obligate
heteropolymers comprised of type I acidic and type II basic cytokeratin proteins. Early
Xenopus gastrulae express multiple type I cytokeratins (Franz et al., 1983), but XCK1(8) is
the only type II cytokeratin expressed at these stages of development (Franz and Franke,
1986). Dissociated mesendoderm cells from XCK1(8) morphant embryos were unresponsive
to C-cadFc bead pull (Figure 3A, Movie S5). Moreover, directed protrusive activity was
perturbed throughout intact mesendoderm explants derived from these embryos (Figure 3B,
Movie S6). The lack of response to bead pull was confirmed using a second morpholino
(XCK MO-2) targeting a different sequence in the XCK1(8) mRNA (Figure S3A-C). Intact
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XCK1(8) morphant embryos exogastrulated (Figure S3D,E), a phenotype that closely
parallels that reported in earlier studies targeting either keratin protein expression (Torpey et
al., 1992) or filament assembly and organization (Klymkowsky et al., 1992) in Xenopus.
Exogastrulation could be partially rescued by co-injection of antisense morpholino (XCK
MO-1) and a GFP-tagged XCK1(8) transcript lacking the target sequence (Figure S3D,E).
As in other studies (Torpey et al., 1992), we were unable to achieve complete knockdown of
endogenous keratin due to maternal expression and slow turnover of keratin protein.
However, the severity of morphant phenotypes arising from partial keratin knockdown
suggests that maintenance of normal XCK1(8) protein levels is critical for
mechanoresponsive cellular behavior and normal gastrulation movements. Together these
data demonstrate that KIFs are necessary for the induction of cell polarity and directed cell
movements following application of force to C-cadherin adhesions.

Cadherins are linked to cytoskeletal networks through members of the catenin family of
proteins. PG is known to associate with both desmosomal and classical cadherins, and is a
component of the less-well understood classical cadherin complexes that associate with IFs
(Kowalczyk et al., 1998; Leonard et al., 2008). As observed in the XCK1(8) knockdown
experiments, inhibition of PG expression with antisense morpholinos (Figure S4) resulted in
failure of single mesendodermal cells on FN to respond to C-cadFc bead pull by repolarizing
(Figure 3C, Movie S7). PG knockdown was also associated with an increase in the number
of protrusions relative to control cells (p<0.001) and this increase was not affected by bead
pull (Figure 3D). Todorovic et al (2010) noted a similar increase in protrusive activity in
PG-null keratinocytes, which they attributed to increased Rac activity.

Lamellipodial protrusions in the direction of tissue migration (180°) are evident in both
leading edge cells and following cells in normal intact mesendoderm. In control morpholino
explants, the angular variance of protrusions between leader cells and following cells was
not statistically significant (Figure 3E). In other words, both types of cells show spatially
well-oriented protrusion behaviors. Intact mesendoderm explants from PG knockdown
embryos retained polarized protrusions in leader cells in the general direction of migration
(Figure 3F; Movie S8). However, protrusions of follower cells in PG morphant explants
were significantly more broadly distributed than those of leader cells [p(same)=0.001].
These data indicate that PG has a role in regulating mesendodermal cell polarity but suggest
that additional factors are also involved in maintaining the polarized behaviors of cells in
intact mesendoderm.

PG is Recruited to C-cadherin Adhesions Under Tension
Because PG knockdown prevented mesendoderm cells from responding to C-cadFc bead
pull, we next examined whether force on C-cadherin adhesions could induce the local
recruitment of PG in normal cells. Discrete punctae of PG-GFP were observed at the plasma
membrane in proximity with the C-cadFc bead when force was applied (Figure 4A,A’). As a
complimentary approach and to confirm results obtained through bead pull, we utilized the
cell tugging assays described earlier (Figure 2F-H) to visualize accumulation of C-cadherin
and PG at cell-cell adhesion interfaces under conditions that permitted (i.e. FN) or precluded
(i.e. PLL) the generation of cell traction forces on the substrate. PG was observed along the
cell-cell boundaries of cell pairs that were plated on FN substrates and allowed to polarize,
generate traction force and protrude in opposing directions (Figure 4B). In contrast, PG was
not detected at cell-cell adhesions in cell pairs plated on PLL (Figure 4B’). C-cadherin was
present at points of cell-cell contact regardless of whether cell pairs formed on FN or PLL
(Figure 4C,C’). Thus we conclude that the recruitment of PG to C-cadherin adhesions
specifically requires the application of force.
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After observing the force-dependent recruitment of PG to cell-cell contacts in vitro, we
examined the localization of PG to C-cadherin/KIF complexes in intact mesendoderm
tissues. In mesendoderm tissue explants, PG formed punctate plaques at cell boundaries and
KIFs co-localized at these discrete locations (Figure 4D). These points of contact were
found at the lateral and posterior contacts between mesendoderm cells. Co-
immunoprecipitation analysis confirmed that PG was indeed associated with C-cadherin in
Xenopus gastrulae (e.g., Figure 4E). PG associated with C-cadherin and localized with KIFs
in a pattern consistent with a role for PG in mediating a mechanoresponsive linkage between
C-cadherin and the KIF network.

PG Mediates C-cadherin Association with Keratin
We next investigated whether PG plays a role in linking KIFs to mechanically stimulated
cadherins in the mesendoderm. Cells from control or PG morphant embryos were subjected
to C-cadFc bead pull and KIFs were imaged. The KIF cytoskeleton in both control and PG
morphant cells was distributed broadly throughout the cytoplasm prior to the application of
force to attached C-cadFc beads (Figure 5A,B). In contrast to controls, KIFs in PG
knockdown cells did not reorganize toward the direction of bead pull when force was
applied (Figure 5A’,B’).

PG was also required for normal KIF organization in intact mesendoderm tissues. We
expressed GFP-tagged XCK1(8) and used timelapse imaging of live mesendoderm explants
to resolve KIF organization following knockdown of PG expression. In control morpholino
explants, KIFs were located basally and associated with discrete points of cell-cell contact in
the posterior half of each cell (Figure 5C,S5A; Movie S8). A band of KIFs also spanned the
anterior leading edge of cells perpendicular to the direction of tissue movement as noted
earlier (Figure 2C). In PG morphant explants, KIFs were more broadly distributed and
lacked clear points of association with cell-cell contacts, however, the arrangement of KIFs
along the anterior margins of the leading edge cells persisted (Figure 5D,S5B; Movie S8).
KIF organization was similarly disrupted in the mesendoderm of PG morphant embryos
(Figure 5E,F). This suggests that PG-dependent and -independent mechanisms are involved
in organizing these two distinct populations of filaments. Thus, the persistence of KIF
cabling at the front of leading-edge cells in the absence of PG may have contributed to the
general maintenance of directed cell protrusions observed in tissue explants (Figure 3F),
whereas keratin knockdown disrupted cell protrusion orientation in leader and follower cells
alike (Figure 3B).

Co-immunoprecipitation analyses were performed to explore further the putative PG-
dependent linkage of C-cadherin to KIFs in these embryos. GFP-tagged XCK1(8), which is
incorporated into endogenous KIFs (Clarke and Allan, 2003), associated with C-cadherin
obtained from control lysates (Figure 5H,I). Knockdown of PG expression (Figure 5G)
significantly reduced XCK1(8)-GFP association with C-cadherin (p<0.05) (Figure 5H,I).
Altogether these data implicate PG as a key factor that mediates C-cadherin force-induced
cell polarity and KIF reorganization.

PG and Keratin are Required for Normal Mesendoderm Polarity and Organization In Vivo
Pulling on C-cadherin was sufficient to induce directional polarity of mesendoderm cells in
vitro, and keratin and PG were required for the force-dependent polarization of migratory
mesendoderm cells in both isolated cells and in explanted tissue. In order to investigate
whether this mechanism is likely involved in normal mesendoderm migration in vivo,
mesendoderm morphology was examined in whole embryos following knockdown of either
XCK1(8) or PG. Morphant embryos were fixed at mid-gastrulation and examined by
scanning electron microscopy. In the embryo, mesendoderm cells crawl on a FN matrix
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assembled by the ectodermal cells of the blastocoel roof. Removal of the blastocoel roof
post-fixation revealed the basal aspect of the mesendoderm, which is the surface normally in
contact with the FN matrix but obscured by the blastocoel roof (Figure 6). The
mesendoderm of control morphant embryos was organized as reported previously by others
(Keller and Schoenwolf, 1977; Nakatsuji, 1975) with polarized protrusions in the direction
of tissue migration and “follower” cells that underlapped the cells in front of them, creating
a “shingled” organization characteristic of this tissue (Figure 6A). An oblique view of this
tissue showed that cells appeared mostly elongate and rounded but extended flattened
protrusions in the forward direction (Figure 6D). In contrast, mesendoderm cells from both
PG and XCK1(8) morpholino-injected embryos exhibited a greater number of discrete
protrusions per cell and were less well shingled with fewer underlapping cells than controls.
These protrusions were frequently oriented away from the direction of tissue migration
(Figure 6B,C). The basal surfaces of cells from these embryos were also more flattened than
controls (Figure 6E,F), perhaps due to increased randomized protrusive activity and cell
spreading along the blastocoel roof. These results are consistent with a role for PG and
keratin in force-induced directional protrusive activity and migration of mesendoderm in
vivo.

Discussion
Our identification of local force application on cadherins as an inductive signal for cell
polarity offers some mechanistic insight into nearly 60 years of observations on the role of
cell-cell contacts in directing cell migration (Abercrombie and Heaysman, 1953; Desai et al.,
2009; Dupin et al., 2009; Kolega, 1981; Arboleda-Estudillo et al., 2010). By applying
tension to cadherin-based adhesions using a magnetic tweezer, a mechanical asymmetry was
initiated in the cell that induced polarized protrusions and necessary tractions to resolve the
imbalance of forces (Figure 7A). A similar phenomenon was also observed in cell pairs
(Figure 7B) where forces at the cell-cell boundary are counterbalanced by traction forces
biased away from the cell-cell interface (Liu et al., 2010; Maruthamuthu et al., 2011).

How then do forces on cell-cell contacts promote polarized protrusions in the same direction
as in the mesendoderm or epithelial sheets where a morphological “shingling” of
underlapping cells occurs? For each cell in the migrating sheet, force is greater on cell-cell
contacts at the rear than on cell-cell contacts at the front (Trepat et al., 2009). In the leading
edge cells, this asymmetry is obvious because cadherin adhesions themselves are isolated to
the rear and lateral sides of each cell. In subsequent rows cadherin adhesions exist around
the entire perimeter of each cell (Angres et al., 1991), but force on cadherin adhesions is
greatest in the trailing ends rather than the leading edges of each cell in the collectively
migrating array (Trepat et al., 2009). Thus, force on cell-cell adhesions is asymmetric even
though the overall presence of cell-cell adhesions is symmetric. This is consistent with our
conclusion that cadherin engagement alone is not sufficient to induce mesendoderm cell
polarity and that force on the cadherin adhesion is the key stimulus. We suggest that force
imbalance between cadherin adhesions at the front and rear of each cell is an intrinsic
property of the migratory cell sheet that stimulates directed cell protrusions.

If mesendoderm is migrating against an intercellular tension that builds within the tissue,
then what balances the force in the opposing direction? As Trepat et al (2009) report, in
simple epithelial culture models, opposite sides of a cell aggregate exert tractive stresses on
the substrate in opposing directions (i.e., cells at margins of epithelial “islands” migrate
radially away from the center of the cell aggregate) to balance intercellular stresses (Trepat
et al., 2009) (Figure 7C). In the case of the mesendoderm, however, this tissue is an integral
part of a larger embryo comprised of multiple tissue types. Behind the migratory
mesendoderm (i.e., in both the embryo and the tissue explants used in these studies) are the
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mesodermal cells, which in the dorsal region of the gastrula, intercalate mediolaterally and
are oriented perpendicular to the movement of the mesendoderm (Figure 1A). We speculate
that the trailing mesoderm acts to “anchor” the mesendoderm by providing resistance to the
cell-cell forces and migratory traction forces being generated within the latter (Figure 7D).
Interestingly, mesendoderm explants lacking these trailing mesoderm tissues fail to migrate
directionally on FN and instead spread radially in all directions (Winklbauer, 1990) as we
would predict from our model.

Because cooperative migratory behaviors require both cohesion and force application at the
cell-cell interface, we propose the term “cohesotaxis” to describe this form of motility. Force
imbalance on cadherin adhesions is an implicit component of this guidance mechanism.
Examples of cohesotaxis would include cell groups with seemingly disparate phenotypes,
such as cells that migrate away from one another (e.g., Figure 2F) or that migrate
cooperatively in a unified direction in response to cohesive interactions [e.g., intact
mesendoderm (Davidson et al., 2002), epithelial sheets (Farooqui and Fenteany, 2005), and
Drosophila border cells (Prasad and Montell, 2007)].

Directed movement of the mesendoderm in vivo has been reported to require a gradient of of
ECM-bound platelet-derived growth factor (PDGF) deposited along the blastocoel roof on
which the tissue migrates (Nagel et al., 2004). While such a chemotactic mechanism may
contribute to directed motility, we and others have observed that mesendoderm explants are
still able to migrate directionally on isotropic FN substrates lacking PDGF (Davidson et al.,
2002; Winklbauer, 1990). Moreover, isolated single mesendoderm cells do not orient or
migrate directionally on blastocoel roof explants or substrates conditioned with blastocoel
roof matrix (Winklbauer, 1990; Winklbauer et al., 1992), which contain PDGF and any
other factors that may be involved in chemotaxis (or haptotaxis) in vivo. We conclude that a
chemotactic mechanism is alone insufficient to account for directed mesendoderm migration
in the absence of cell cohesion. One possibility is that a gradient of PDGF is contributing to
this process by modulating cadherin adhesion as in other systems (McDonald et al., 2003;
Theisen et al., 2007; Yang et al., 2008).

A key step in the cellular response to tensile force stimulation is the recruitment of PG to C-
cadherin adhesions under stress. In the mesendoderm, PG is required for normal
organization of the cellular KIF network and facilitates association of KIFs with C-cadherin.
PG is an adaptor protein that contains multiple armadillo repeats, which are involved in
direct binding to classical and desmosomal cadherins, as well as the keratin-binding proteins
desmoplakin and plakophilin (Bonne et al., 2003; Choi et al., 2009; Kowalczyk et al., 1997).
Thus, PG may function as a key physical link between the KIF cytoskeleton and classical
cadherins such as C-cadherin. While current evidence supports this hypothesis an alternative
possibility is that PG functions indirectly, perhaps by signaling changes in IF assembly and/
or organization.

We have shown that polarized cellular protrusions are formed in response to mechanical
stimulation but the molecular components of the initiating mechanosensor(s) involved
remain unclear. C-cadherin is one obvious candidate given that the observed morphological
response requires specific application of force through cadherin adhesions. Signaling events
proximal to the site of force application could involve direct conformational changes in C-
cadherin or associated proteins that link C-cadherin to the cytoskeletal and/or signaling
machinery within the cell. Alternatively, tugging on cadherin adhesions might increase the
local accumulation of cadherins at the site of applied force. Indeed in some cells, the size of
cadherin-based adhesions correlates with the magnitude of forces exerted by these adhesions
(Ladoux et al., 2010; Liu et al., 2010). An accumulation of cadherin complexes at sites of
local mechanical stress could facilitate the recruitment PG and KIFs to these sites as well.
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This mechanism may not require immediate (e.g., milliseconds to seconds) activation of a
“mechanosensor” complex per se, but rather a more gradual (e.g., seconds to minutes)
cellular response to an initiating mechanical stimulus.

It is remarkable that the organization of the KIF network is sensitive to mechanical stimuli
and has a role in specifying migration polarity. Long et al (2006) previously observed that
keratin-8 knockdown with siRNA inhibited directional migration of MCF-7, HeLa and
Panc-1 epithelial cell sheets. This effect on migration was accompanied by irregular cell
spreading and perturbation of cell-cell contacts that allowed cells to migrate individually in a
randomized manner (Long et al., 2006). Likewise, keratinocytes null for K6 are more fragile
than control cells and exhibit increased motility (Wong and Coulombe, 2003). While
XCK1(8)-morphant mesendoderm remained a cohesive tissue, cell protrusive behavior and
directional migration were disrupted, suggesting that KIFs have a more specialized function
than simple maintenance of tissue integrity.

PG and KIFs associated with C-cadherin adhesions at discrete foci (e.g., Figures 2B and 4D)
and in response to increased mechanical tension (Figures 4 and 5), suggesting the presence
and dynamic assembly-disassembly of nascent desmosome-like adhesions in a rapidly
migrating tissue. Thus, C-cadherin in these cells is involved in both adherens and
desmosome-like adhesive specializations, where both rapid molecular dynamics typical of
classical cadherins and enhanced load-bearing typical of IF linkages may exist. The
functional interplay of mechanisms regulating the adhesive and mechanical properties of
cells in the mesendoderm is likely shared by other tissues undergoing collective forms of
cell migration. In the case of wound healing, such changes may be achieved through
differential expression of keratin pairs (Wong and Coulombe, 2003) with unique viscoelastic
properties (Yamada et al., 2002; Hofmann and Franke, 1997). Stiffness of KIF networks can
also be modulated by filament bundling (Yamada et al., 2002). IF function and organization
are deeply integrated with the activities of many cell signaling pathways. Several
extracellular ligands, including the bioactive lipid sphingosylphosphorylcholine (SPC), have
been shown to induce migration of single cells, accompanied by collapse of the KIF network
into a perinuclear-concentrated ring (Beil et al., 2003). Moreover, SPC-treated cells have a
marked decrease in the elastic modulus, supporting the notion that IFs serve as tensile
elements in living cells (Beil et al., 2003).

IFs are also reported to be regulated by RhoGTPases. Local activation of Rac1 promotes the
disassembly of vimentin IFs, which induces lamellipodial protrusion in the “front” of the
cell. Meanwhile, assembled IFs are maintained at the “rear” (Helfand et al., 2011). Other
recent studies show that Rac activity is negatively regulated by both PG (Todorovic et al.,
2010) and cadherin adhesion (Kitt and Nelson, 2011). We suggest that anterior-posterior
orientation could be established by the stabilization of KIFs through the local inhibition of
Rac by PG at sites of stressed cell-cell contacts while allowing KIF depolymerization and
lamellipodial extension in the presumptive front of the cell. The contribution of mechanical
stimulation of cadherins to regulation of Rac activity and the related effects on IFs are an
important line of future investigation. Continued efforts in these areas will be needed to
elucidate the many structural and cell-signaling relationships involved in cohesotaxis.
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Experimental Procedures (see Supplemental Experimental Procedures for
more detail)
Xenopus egg and embryo preparation

Embryos were obtained and cultured using standard methods and staged according to
Nieuwkoop and Faber (1994). Embryos were dejellied and cultured at 16°C in 0.1X
modified Barth’s saline.

Mesendoderm cell preparation
Glass coverslips were coated with bovine plasma FN (Calbiochem) or poly-L-lysine solution
(Sigma). Dorsal mesendoderm tissue from stage 10 Xenopus embryos was dissociated in
Ca2+/Mg2+-free 1X MBS. Dissociated cells were then transferred to 0.5X MBS containing
Ca2+/Mg2+ on FN-coated coverslips.

Dorsal marginal zone explant preparation
DMZ explants were prepared according to Davidson et al (2004). Briefly, stage 10 minus
Xenopus gastrulae were placed in 0.5X MBS and lateral incisions were made to separate
dorsal and ventral portions of the embryo. Vegetal cells were scraped away using an
eyebrow knife, leaving behind the mesendodermal, mesodermal and bottle cells. The
explants were placed on FN-coated coverslips and compressed from above with
coverglasses supported and spaced with silicone grease. Explants were allowed to attach and
begin migrating for 1 hour before image acquisition.

Magnetic bead pull assay
Superparamagnetic beads (Spherotech, Libertyville, IL) were covalently coated with Protein
G (Calbiochem) followed by affinity binding of C-cadFc protein (Barry Gumbiner,
University of Virginia) (Chappuis-Flament et al., 2001). Coated beads were transferred to
dishes of mesendoderm cells and positioned by pipette. After cells attached to beads, a
magnetic tweezer was used to pull beads with 1100-1500pN of force.

Protrusion quantification
Cell protrusions in isolated mesendoderm cells are readily identified by a lack of yolk
platelets, which remain constrained to the cell body. Protrusion angles were measured using
the cell centroid as the vertex of the angle, the right hand side of the frame (i.e. magnet
position) as 0°, and the midline of the each protrusion as the final ray of the angle. Total
protrusions from all cells were binned into 30° ranges and plotted as rose diagrams using
OriginPro software. Y-axis for all rose diagrams represents percent of total protrusions. For
quantification of cell protrusions in intact dorsal mesendoderm tissue, embryos were
injected after fertilization with RNA encoding a membrane bound GFP (GAP43-GFP).
Plasma membranes of cells comprising the tissue were then imaged by laser scanning
confocal microscopy (see below for microscopy details). Acquired images were analyzed
using ImageJ software to calculate the angles of protrusions. First, a ray was drawn
perpendicular to the leading edge of the tissue and intersecting the estimated centroid of the
cell being measured. A second ray was drawn extending from the cell centroid through the
middle of each protrusion on that cell. Angular measurements were grouped into bins of 30°,
where 180° is equivalent to the direction of tissue movement, and plotted in rose diagram
format using OriginPro software. Y-axis for all rose diagrams represents percent of total
protrusions. Protrusive orientation data was analyzed using two statistical measures:
Rayleigh test for randomness [p(rand)] and Mardia-Watson-Wheeler test [p(same)] for non-
parametric two-sample comparison (Batschelet, 1981). Statistical analysis of protrusive
orientation data was performed using PAST software (Hammer et al., 2001).
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RNA constructs, morpholinos and microinjection
RNA was transcribed in vitro from linearized plasmids. Transcripts were injected in 5nl
doses containing ~500pg of RNA into one or two dorsal blastomeres at the two to four cell
stage to target expression in mesendoderm. Morpholino oligodeoxynucleotides used to
inhibit translation were obtained from GeneTools (Philomath, OR).

Immunofluorescence
Embryos and dissociated cells plated on FN were fixed in ice-cold 100% methanol or Dent’s
fixative (80% methanol, 20% DMSO). Samples were rehydrated by partial buffer changes
with TBS. Embryos were blocked overnight with 10% goat serum, 1% BSA, 0.15% Triton
X-100 diluted in PBS. Overnight primary antibody incubation was followed by goat anti-
mouse and rabbit IgG conjugated to Alexa-488, -555 or -647 fluorophores (Molecular
Probes). Bisected embryos were dehydrated in methanol and cleared in benzyl benzoate/
benzyl alcohol for microscopy.

Western Blot
Whole Xenopus embryos were solubilized in lysis buffer (100 mM NaCl, 50 mM Tris-HCl
pH 7.5, 1% Triton X-100, 2 mM PMSF (phenylmethylsulphonylfluoride), with protease
inhibitor cocktail [Sigma]). Protein extracts were diluted in 2X Laemmli buffer (2% β-
mercaptoethanol). One embryo-equivalent of protein per sample was resolved on a 7% SDS-
PAGE gel and transferred to nitrocellulose for probing with antibodies.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Force Application to Cadherin Induces Oriented Monopolar Protrusive Behavior
(A) SEM of mesendoderm (blue shading) from dorsal region of Xenopus gastrula with
overlying blastocoel roof and attached FN matrix removed reveals basal surfaces of the
mesendoderm cells with underlapping monopolar lamelliform protrusions (white
arrowheads) oriented in the direction of travel (arrow). A transitional group of non-polar
cells (green shading) separates mesendoderm and mediolaterally intercalating mesoderm
(yellow shading). Note that the long axis of each mesendoderm cell (i.e., in direction of
travel) is oriented perpendicular to that of the mediolaterally intercalating mesoderm cells.
(B) Schematic of experimental strategy for magnetic bead pull assay (see Experimental
Procedures for details). (C) Still images from timelapse movie (Movie S1) of a single
multipolar mesendoderm cell plated on FN. (D) Still images from timelapse movie (Movie
S2) of an isolated mesendoderm cell, plated on FN and with C-cadFc coated bead attached
(arrowhead). (E) Still images from timelapse movie (Movie S2). Same cell as (D), C-cadFc
bead pulled by magnet indicated at right (red magnet icon). A lamellipodium forms (arrow)
opposite the direction of bead pull and results in directed cell migration. (F) Quantitation of
protrusion angles relative to cell centroid (center of rose diagram) and magnet at right (0°).
Y-axis for rose diagram represents percent of total protrusions. (G) Quantitation of
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protrusions per cell after bead attachment and pull. Data are represented as mean ± SEM. All
scale bars, 50μm. (C-E) Times shown in minutes:seconds. See also Figures S1, S2, and
Movies S1-S3.
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Figure 2. Keratin Organization is Regulated by Tension on Cell-Cell Contacts
(A) Single cell on FN, labeled with Alexa555-dextran (red) and expressing GFP-XCK1(8) to
visualize KIFs (green). (B) Pair of fixed mesendoderm cells immunostained for C-cadherin
(red) and XCK1(8) (green). Dashed line, cell-cell boundary. (C) Cell within mesendoderm
tissue explant on FN labeled with Alexa555-dextran (red) and expressing GFP-XCK1(8)
(green). (D) Sagittal perspective of mesendoderm cell in bisected embryo immunostained
for C-cadherin (red) and XCK1(8) (green). KIFs in posterior of polarized cells (arrowheads
B-D) and along tissue leading edge (arrow in C). (E,E’) Single mesendoderm cell on FN
labeled with Alexa555-dextran (red), expressing GFP-XCK1(8) (green). C-cadFc bead
(dashed circle) attached to cell (E), then pulled for 20 min (E’). Arrows, leading edge
protrusion. (F) Brightfield image of cell pair on FN, polarized in opposing directions (double
arrow). (G,H) Cell pairs expressing GFP-XCK1(8), plated on FN (G) or PLL (H). Dashed
line, cell-cell boundary. Cell borders outlined by dotted line in (G). All scale bars, 25μm.
See also Movie S4.
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Figure 3. Keratin and PG are Required for Polarized Protrusive Behaviors
(A) Quantitation of protrusion angles from XCK1(8) morphant cells with C-cadFc beads
attached and following bead pull. See also Figure S3 and Movie S5. (B) GAP43-GFP labels
plasma membranes in intact mesendoderm explants prepared from control morphant (left)
and XCK1(8) morphant embryos (right). Green arrowheads indicate protrusions in the
direction of tissue movement and red arrowheads mark protrusions in any other direction.
See also Movie S6. (C) Quantitation of protrusion angles from PG morpholino knockdown
cells with C-cadFc beads attached and following bead pull. See also Figure S4 and Movie
S7. (D) Quantitation of protrusion number per cell in normal and PG morphant cells. Data
are represented as mean ± SEM. (E,F) Quantitation of protrusion angles, where 180° equals
direction of tissue migration, in control morphant explants (E) and PG morphant explants
(F). Leading cells = row 1, following cells = rows 2-4. In panels at right, GAP43-GFP labels
plasma membrane of mesendoderm explants from control morphant and PG morphant
embryos. See also Movie S8. Green arrowheads indicate protrusions in the expected
direction of tissue movement and red arrowheads mark protrusions in any other direction.
All scale bars, 25μm.
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Figure 4. Recruitment of PG to Stressed Cadherin Adhesions
(A, A’) 3D rendered side view of a normal cell injected with Alexa555-dextran (red) and
expressing PG-GFP (green) before (A) and after (A’) C-cadFc bead pull. Location of bead,
dashed circle. Cells expressing either PG-GFP (B,B’) or C-cadherin-GFP (C,C’), plated on
either FN (B,C) or PLL (B’,C’) and allowed to form cohesive pairs. Arrowheads indicate
plane of cell-cell boundaries. (D) Mesendoderm cells in live tissue expressing PG-GFP
(red), mCherry-XCK1(8) (green), and labeled with Alexa647-dextran (gray). Image is a
collapsed 2μm Z-stack of the posterior-lateral region of two adjacent cells in a mesendoderm
explant. Outlined region in (D) is shown in independent color channels of plakoglobin-GFP
(D’), mCherry-XCK1(8) (D”), and dextran (D’”). (E) C-cadherin and PG were
immunoprecipitated from whole embryo extracts and immunoblotted as indicated. α5
integrin immunoprecipitates served as negative controls. All scale bars, 15μm.
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Figure 5. Requirement of PG for Cadherin/Keratin Association
(A,B) Single cells labeled with Alexa-dextran, expressing GFP-XCK1(8) (green) and plated
on FN. (A,A’) is a normal cell (blue dextran) and (B,B’) is a PG morphant cell (magenta
dextran). C-cadFc bead (circle) bound (A,B), then pulled (A’,B’). (C) Control morphant
(blue dextran) and (D) PG morphant (magenta dextran) mesendoderm tissue explants
expressing GFP-XCK1(8) (green). See also Movie S8 and Figure S5. (E) Control and (F)
PG morphant mesendoderm in whole embryos immunostained for XCK1(8) (green) and β-
catenin (red). (C-F) Arrows, cabling along anterior of leading edge cells. Arrowheads, KIF
aggregation near cell-cell contacts. All scale bars, 25μm. (G-I) Embryos were injected with
XCK1(8)-GFP, with or without PG morpholino. (G) Immunoblots of embryo lysates show
expression levels of XCK1(8)-GFP and endogenous PG with or without PG morpholino
(PG-MO). (H) C-cadherin immunoprecipitates immunoblotted for XCK1(8)-GFP and C-
cadherin with or without PG-MO. (I) Quantitation of three independent co-
immunoprecipitation experiments shown as mean ± SEM.
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Figure 6. Requirement for PG and Keratin in Normal Mesendoderm In Vivo
Scanning electron micrographs of Xenopus embryos from which the overlying blastocoel
roof was removed to reveal the basal aspect of the underlying mesendoderm (as in Figure
1A). Leading edge mesendoderm cells and direction of migration in all images is toward
top. Images were acquired of (A,D) control morpholino injected embryos, (B,E) PG
morpholino injected embryos, and (C,F) XCK1(8) morpholino injected embryos. En face
view of basal aspect shown in (A-C) and oblique view of the basal surface shown in (D-F).
Arrowheads indicate a sampling of cell protrusions. Scale bars, 50μm.
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Figure 7. Model for Force-Induced Regulation of Cell Migration Polarity
(A) Applying tensile force on cadherins (FC) in a single cell with a C-cadFc bead and
magnetic tweezer mimics forces normally applied by neighboring cells in a multicelled array
and induces a protrusion opposite the direction of applied force. When velocity is constant,
net traction forces (T) exerted by the cell are necessarily equal to the force used to pull the
bead (FB). (B) Two cells that form a stable cell-cell contact polarize in opposite directions.
Traction force that each cell exerts on the substrate (T) is balanced by an equivalent force at
the cell-cell interface (FC) to maintain cohesion. (C) In a cell sheet, stresses on cell-cell
adhesions (σc, pink arrows) increase within the sheet and balance the traction stresses (green
arrows) exerted by several rows of cells at the periphery of the sheet. Tractions at opposite
margins of the cell sheet are opposed but equal, and the stress is borne between the tractive
ends of the aggregate by intercellular adhesions (after Trepat et al., 2009). (D)
Mesendoderm, like epithelial cell sheets in vitro, migrates via a distributed traction
mechanism (Davidson et al., 2002). The traction forces that each cell exerts on the substrate
must be balanced by the cell-cell adhesions that keep a cell part of a cohesive tissue. For the
leader population of cells, this means that traction force (T1) equals the force on the
posterior cell-cell adhesion (FC1). In follower cells that have cell-cell contacts at both the
front and back, the difference between forces on the rearward cell-cell adhesion and forces
on the forward cell-cell adhesion (ΔFRow x) is balanced by traction forces (Tx) (example
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shown for row 4). In this model, the trailing mesoderm provides resistance to the cell-cell
tension being generated by the advancing mesendoderm.
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