©2017. Published by The Company of Biologists Ltd | Development (2017) 144, 4363-4376 doi:10.1242/dev.155200

e Company of
‘Blologlsts

RESEARCH ARTICLE

Mechanical and signaling roles for keratin intermediate filaments
in the assembly and morphogenesis of Xenopus mesendoderm

tissue at gastrulation

Pooja R. Sonavane', Chong Wang'*, Bette Dzamba', Gregory F. Weber'#*, Ammasi Periasamy? and Douglas

W. DeSimone™$§

ABSTRACT

The coordination of individual cell behaviors is a crucial step in the
assembly and morphogenesis of tissues. Xenopus mesendoderm
cells migrate collectively along a fibronectin (FN) substrate at
gastrulation, but how the adhesive and mechanical forces required
for these movements are generated and transmitted is unclear.
Traction force microscopy (TFM) was used to establish that traction
stresses are limited primarily to leading edge cells in mesendoderm
explants, and that these forces are balanced by intercellular stresses in
follower rows. This is further reflected in the morphology of these cells,
with broad lamellipodial protrusions, mature focal adhesions and a
gradient of activated Rac1 evident at the leading edge, while small
protrusions, rapid turnover of immature focal adhesions and lack of a
Rac1 activity gradient characterize cells in following rows. Depletion of
keratin (krt8) with antisense morpholinos results in high traction
stresses in follower row cells, misdirected protrusions and the formation
of actin stress fibers anchored in streak-like focal adhesions. We
propose that maintenance of mechanical integrity in the mesendoderm
by keratin intermediate filaments is required to balance stresses within
the tissue to regulate collective cell movements.

KEY WORDS: Xenopus, Adhesion, Cadherin, Fibronectin,
Gastrulation, Keratin

INTRODUCTION
Coordinated cellular movements are a key feature of many
morphogenetic processes that occur in metazoan development. The
cell and tissue rearrangements responsible for these movements often
play out within the confined spaces of embryos, where forces
generated are sensed by other proximal cells and tissues (Heisenberg
and Bellaiche, 2013). These forces can also be transduced into
chemical signals within cells to regulate cell behaviors that promote
morphogenesis or influence gene expression (Mammoto et al., 2013;
Miller and Davidson, 2013; Wozniak and Chen, 2009).

Collective cell migration is a fundamental process important in
embryogenesis, wound healing and cancer cell metastasis (Friedl
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and Gilmour, 2009; Mayor and Etienne-Manneville, 2016). The
formation and maintenance of adhesive and mechanical linkages,
and the coordinated changes in cell polarity that result from these
cell-cell contacts, are defining features of collectively migrating
cells (Collins and Nelson, 2015). For example, in Drosophila border
cells, a tension gradient across E-cadherin (Shotgun — FlyBase)-
containing junctions has been proposed to contribute to polarization
of protrusive activity at the front of the cluster where cell-cell forces
are highest (Cai et al., 2014). Forces generated during collective
migration of MDCK cells result in redistribution of the Hippo
pathway molecule Merlin, from cell-cell junctions to the cytoplasm,
where it leads to polarized Racl activation (Das et al., 2015).
Collectively migrating cells also respond to chemotactic cues and,
in many instances, a robust response to these signals requires cell-
cell contact (Dumortier et al., 2012; Malet-Engra et al., 2015;
Theveneau et al., 2010; Winklbauer and Selchow, 1992). How
mechanical and chemical inputs are combined and processed to
direct specific migration behaviors remains an important question.

Rho family GTPases are regulators of cell polarity in migrating
single cells and integral to the relay of chemical and mechanical
information from the extracellular matrix (ECM) to the cell interior
(Ridley, 2015). Racl activation promotes actin polymerization,
lamellipodial protrusion and integrin engagement with the ECM
(Del Pozo et al., 2002). Cells that migrate collectively typically
organize into leader and follower cells, and Racl activity is often
increased in leader cells. In the case of Drosophila border cell
migration, Racl activation is necessary and sufficient for leader cell
behavior (Inaki et al., 2012; Wang et al., 2010; Yamaguchi et al.,
2015). The importance of leader cells in generating traction forces
necessary to direct migrating cohorts forward varies among tissue
types. For example, specialized protrusive tip cells that lead narrow
arrays of collectively migrating cells during Drosophila tracheal
morphogenesis, and emergent migratory MDCK cells can provide
the traction forces sufficient to propel both themselves and follower
cells forward (Caussinus et al., 2008; Reffay et al., 2014). By
contrast, both leader and follower cells in some epithelial cell sheets
and in zebrafish lateral line primordia are protrusive (Farooqui and
Fenteany, 2005; Haas and Gilmour, 2006). Although traction forces
are typically highest along the free edges of epithelial sheets and
clusters, internal cells also generate traction forces (Tambe et al.,
2011; Trepat et al., 2009). Both leader and follower cells extend
monopolar protrusions in Xenopus mesendoderm (Weber et al.,
2012; Winklbauer and Nagel, 1991); however, the spatial
arrangement of traction stresses in this tissue has yet to be
reported. In this study, we report the spatial distribution of
traction stresses applied to the substrate by migrating mesendoderm.

Xenopus mesendoderm cells migrate across the blastocoel roof
(BCR) during gastrulation as a collective mass, and this basic
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organization is maintained when mesendoderm is removed from the
embryo and cultured intact on a fibronectin (FN) substrate. C-
cadherin (Cdh3 — Xenbase) adhesions are required to maintain cell
cohesiveness and the extension of monopolar protrusions, which
contact and adhere to FN (Winklbauer and Nagel, 1991) using a:51
integrins (Davidson et al., 2002). These cells become multipolar
protrusive on FN when cell-cell adhesive contacts are disrupted
following tissue dissociation in low Ca?* (Winklbauer and Selchow,
1992). Local ‘tugging’ forces on C-cadherin adhesions at the rear of
a single mesendoderm cell are sufficient to recruit keratin 8
intermediate filaments (IFs) and plakoglobin (y-catenin) to sites of
stressed adhesions and restore monopolar protrusive activity (Weber
et al., 2012). Expression of keratin 14 in leader cells has also been
reported to be essential for the collective dissemination of tumor cell
clusters in a mouse model of breast cancer (Cheung et al., 2013,
2016). These data suggest that keratin IFs may be integral players in
a range of collective cell migration events.

In serum-starved nonmotile cells, vimentin IFs extend throughout
the cell (Helfand et al., 2011; Valgeirsdottir et al., 1998). Upon
serum addition or activation of the small GTPase Rac1, vimentin IFs
disassemble and protrusive lamellipodia form. Specific disruption
of the vimentin IF network also promotes the formation of
lamellipodia around the cell suggesting that Racl and vimentin
are functionally antagonistic (Helfand et al., 2011). Whether keratin
IFs display a similar antagonism with Racl is unknown.

In this study, we report that keratin IFs maintain mechanical
linkages between cells that are required for normal collective cell
migration behaviors including the regulation of cell-cell and cell-
ECM adhesion, cytoskeletal organization and cell contractility. The
integrity of these mechanical connections is crucial for the higher-
order assembly and morphogenesis of mesendoderm tissue at
gastrulation, as well as the spatial regulation of Racl GTPase activity.

RESULTS
A role for keratin IFs in the spatial regulation of traction
forces in migrating mesendoderm
The protrusive and motile behaviors of individual cells in intact
Xenopus mesendoderm suggest that traction stresses are distributed
throughout the tissue and required for collective movement
(Davidson et al., 2002). Based on these observations and analyses
of collectively migrating MDCK cells (Trepat et al., 2009), we
hypothesized that traction stresses are likely to be greatest at the
leading edge of the mesendoderm and progressively decrease in
subsequent rows of cells, where cumulative traction stresses would
be balanced by increasing cell-cell stresses (Weber et al., 2012). In
order to test this model directly, we adapted traction force
microscopy (TFM) methods to map the distribution of traction
stresses generated by individual cells within explants migrating on
deformable FN substrates. In this approach, a polyacrylamide
substrate of known elastic modulus is prepared with embedded
fluorescent beads, which serve as fiducial marks. The TFM
substrate is coated with fibronectin and mesendoderm explants
allowed to attach. Explant cells deform the substrate as they migrate
and the resulting displacements of the embedded beads are recorded
using a confocal microscope. Traction forces are derived from these
data utilizing Fourier transform traction cytometry (Butler et al.,
2002). Additional details are provided in the Materials and
Methods. The explant preparations used in this study [i.e. dorsal
marginal zone (DMZ) and ‘donut’ explants] are described in
Davidson et al. (2002) and summarized in Fig. S1.

Average radial traction stresses (vector values) within DMZ
explants are concentrated along the leading row (green highlighted
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area between Fig. 1A-C and Fig. 1G), and are reduced significantly
in the second row (yellow highlighted area between Fig. 1A-C) and
beyond. ‘Stress maps’ were further binned into 10 pum strips starting
with, and outlined by, the leading edge of the explant (Fig. 1A;
white dotted lines are separated by 50 um, the approximate width of
one row of cells). Averages of vector (Fig. 1B,G) and absolute
(Fig. 1C,H) values of traction stresses were calculated for each
10-um binned region. The leading protrusive edge of the tissue
generates the highest traction stresses (absolute traction stresses;
Fig. 1C) contributing to directional migration (positive vector
values indicate net traction stresses that contribute to forward
migration, i.e. ~180 Pa; Fig. 1B). Following rows exert lower traction
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Fig. 1. Distribution of traction stresses in control and keratin morphant
explants on FN substrates. (A,D) Representative traction stress maps for
control (A) and krt8 morphant (D) mesendoderm explants. Arrows indicate the
magnitudes and directions of traction stresses. The distance between white
dotted lines, 50 ym, is approximately the width of one cell row. Green and
yellow highlighted areas between vertical panels correspond to leading and
second rows of cells, respectively. Heat maps were binned into 10-um slices
starting from the leading edge. (B,C,E,F) Average vector (B,E) and absolute
(C,F) values of traction stresses for each 10 pm slice, plotted as kymographs.
Kymographs of average vector values of traction stresses correspond to the
heat maps of control (B) and krt8 morphants (E). Kymographs of average
absolute values of traction stresses corresponding to the heat map of

control (C) and krt8 morphants (F). (G,H) Comparisons of average

vector (G) and absolute (H) values of traction stresses for two time-points from
three separate control and krt8 morphant explants (data are meants.e.m.,
*P<0.05). Scale bars: 50 pm.
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stresses (average absolute traction stresses; Fig. 1C,H), and the
vectors of these traction stresses are randomized and cancel as
reflected in the preponderance of zero to negative values for the
binned vector traction stresses (Fig. 1B,G). These data suggest that
cells in following rows migrate randomly or are being ‘dragged’
along by leading edge cells. This confirms that directional traction
stresses responsible for forward migration originate at the leading
edge and are not distributed throughout the tissue.

The geometry of the mesendoderm and its substrate, the BCR,
differs markedly from a DMZ explant on a plastic or glass surface.
In the embryo, mesendoderm consists of a circumferential ring of
tissue, separated from the BCR by the cleft of Brachet as it begins to
migrate along the dorsal side of the embryo, spreading laterally to
the ventral margin of the tissue as gastrulation progresses. This
‘donut’ of tissue can be removed and placed on a FN substrate for
further analysis (Fig. S1B). We next addressed whether the traction
stresses generated by mesendoderm in the donut configuration are
comparable to those of the DMZ (Fig. S2). Like the DMZ, highest
traction stresses are generated by leading row cells; however, the
distribution of these stresses is not symmetrical. Traction stresses are
greatest on the anterior-dorsal side and weakest on the posterior-
ventral side (Fig. S2A). In addition, the magnitudes of these stresses
vary depending on the extent of closure. Average radial traction
stresses are ~30% of those observed in DMZ explants as migration
begins, and increase as closure proceeds, ultimately matching those
of DMZ explants just prior to closure, when traction stresses again
decrease (Fig. S2B). These data suggest that donut explants do not
require large radial traction forces to close.

Reduced expression of newly synthesized keratin IFs results in
misdirected cell protrusions in intact mesendoderm and failure of
individual cells to repolarize in response to local tugging forces on
C-cadherins (Weber et al., 2012). To investigate whether these
changes in protrusive behaviors are reflected in the magnitude and/or
direction of traction stresses, we used a previously reported antisense
morpholino directed against the 5’-UTR of keratin 8 (krt8) to knock
down expression. Keratin IFs are obligate heteropolymers of type I
acid and type II basic subunits, and krt8 is the only type II basic
keratin expressed at gastrulation (Franz and Franke, 1986; Franz et al.,
1983). Thus, knockdown of krt8 effectively inhibits the assembly of
new keratin IFs. High traction stresses are not limited to the leading
row in krt§ morphants (green highlighted area between Fig. 1D-F).
Although reduced relative to the first row, traction stresses in the
second row of these explants (e.g. yellow highlighted area between
Fig. 1D-F), remain significantly higher than follower rows in control
morphants (Fig. 1C,F,H). However, average vector traction stresses
reveal many randomly directed forces (high negative and positive
values of vector sums; Fig. 1E,G), which in some cases are canceled
out by balancing forces in opposing directions. This likely contributes
to the observed decrease in the overall rate of tissue migration in krt8
morphants (Fig. S3). Average traction stresses from two time points
of three separate explants are expressed as vector (Fig. 1B,E,G) and
absolute (Fig. 1C,F,H) values. Based on these results, we conclude
that keratin IFs are important for maintaining the normal spatial
distribution of cellular traction stresses across a collectively migrating
mesendoderm explant.

Leading edge and following row cells display differences in
protrusive behavior and Rac1 activity

We next addressed whether the protrusion morphology of cells in
the leading edge and following rows correlates with the distribution
of traction stresses obtained by TFM. Transcripts encoding GFP-
tagged a5 integrin (a5-GFP), along with LifeAct-mCherry (Riedl

et al., 2008), were injected into early cleavage stage blastomeres. At
stage 11, DMZ explants were prepared and plated on FN; both cell-
substrate adhesions and actin were then visualized using total
internal reflection fluorescence (TIRF) microscopy. Leading edge
cells in controls extend broad lamellipodia containing an actin
meshwork and o5-GFP in focal adhesions (Fig. 2A-C). Occasional
filopodia are also seen in the leading edge cells of the mesendoderm
during migration (Movie 1). However, following row cells have
smaller lamellipodia and extend long filopodial protrusions (Movie 2)
enriched with both integrin a5-GFP and actin (Fig. 2D-F). Following
row cells extend more filopodial processes per cell and the average
length of these processes is significantly greater than the filopodia
of leading edge cells (leading edge, 6.96+0.3 um; following row,
11.06+0.5 pm), with some extending up to 30 um in length
(Fig. 2G). Scanning electron microscopy of fixed and fractured
embryos confirms the presence of comparable length filopodia in
vivo (Fig. 2H) in following row cells (e.g. compare Fig. 21 and J).
These structures extend and make contact with neighboring cells
(Fig. 2J). Time-lapse TIRF imaging of mesendoderm cells
expressing membrane-EGFP revealed that these filopodia are
highly dynamic, and in following row cells they were observed to
curve and spiral frequently as they grow in length (Movie 2).
Overall, lamellipodial protrusions in following row cells are less
persistent than in leading edge cells and undergo frequent direction
changes (Fig. 2K). In addition, physical removal of leading edge
cells caused following row cells to lose filopodia, repolarize and
adopt the behavior of a new leading edge with lamellipodia and few
filopodia (Fig. S4).

Because Racl is a known regulator of actin polymerization and
lamellipodia (Ridley et al., 1992), we next addressed whether
observed differences in protrusive behaviors between leading edge
and following row cells correlate with differences in Racl activity.
To resolve spatial differences in Racl activity, FRET microscopy
was performed on mesendoderm cells expressing a Racl biosensor
(Hodgson et al., 2001). In leading edge cells of the mesendoderm,
Racl is widely distributed throughout the cell (Fig. 2L). However, a
gradient of Racl activity is observed in these cells with highest FRET
efficiency noted in lamellipodia at the leading edge (Fig. 2M,P).
The Racl biosensor is also distributed throughout following row
cells but we failed to observe a polarized gradient of Racl activity in
these cells (Fig. 2N,0,P).

Spatial regulation of focal adhesion dynamics is altered in
keratin IF-depleted mesendoderm

These results reveal significant differences between leader and
follower row cells with respect to the distribution of traction stresses
generated, and the protrusions observed. We next explored whether
differences in focal adhesion (FA) dynamics between normal leader
and follower cells, and cells with reduced keratin IF expression,
could help explain these behaviors. Mesendoderm explants
expressing EGFP-paxillin, a marker of FAs (Turner, 2000), and
LifeAct-mCherry, were imaged using TIRF. Mature persistent FAs
were evident in forward protrusions with few FAs noted in the cell
body away from the leading edge (Fig. 3A,K; Movie 3). Actin in
these cells forms a branched network that colocalizes with paxillin
at sites of FAs (Fig. 3B,B’,B”). Both FA area (Fig. 31, leading edge
CoMO0=0.3874+0.02 pm?) and numbers (Fig. 3J, leading edge
CoMO=111.9+8.9 FAs per cell) are greatest in forward protrusions
of leading edge cells, coincident with highest traction forces
(Fig. 1A-C). By contrast, following row cells have fewer FAs
(Fig. 3], following row CoMO=43.42+4.3 FAs per cell), are
reduced in area (Fig. 31, following row CoM0O=0.2374=0.01 um?)
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and more dispersed throughout the cell body (Fig. 3C). Similar to
leading edge cells, branched actin in following row cells colocalizes
with paxillin at FAs (Fig. 3D,D’,D”). FAs in following row cells are
highly dynamic with smaller, nascent contacts assembling and
disassembling rapidly, suggesting lower overall adhesion to the
substrate (Movie 4). This is consistent with reduced traction stresses
noted in following row cells (Fig. 1A-C,G).

Krt8 morphant cells have misdirected protrusions (Weber et al.,
2012), with both leader and follower cells exerting high traction
stresses (Fig. 1D-F,G). These changes in behavior relative to controls
are also reflected in both the formation and dynamics of FAs. TIRF
images and time-lapse movies (Movies 5 and 6) reveal that leading
edge cells in krt8 morphants form fewer FAs relative to controls
(Fig. 31, 77.63£8.1 versus 111.948.9) but FA area is significantly
increased (Fig. 31, 0.517+0.04 um? versus 0.3874+0.02 um?). These
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Fig. 2. Mesendoderm cells organize into leader and
follower cells with distinct protrusive morphologies.
(A-F) Representative TIRF images of leading edge (A-C) and
following row (D-F) cells: a5 integrin-EGFP (A,D); mCherry-
LifeAct (B,E); merged images (C,F). (G) Quantification of
filopodial lengths in leading edge and following row cells.
Number of filopodia analyzed: leading edge=57; following
row=388 (data are meants.e.m., ***P<0.001, expressed as dot
plots). (H) Scanning electron micrograph of Xenopus
mesendoderm, BCR-facing side. fr, following row; le, leading
edge. (1,J) Magnified views of the boxes in H, showing
lamellipodia of leading edge cells () and specialized filopodia
in following row cells (J). (K) The number of times a cell
protrusion changes direction over the course of 5 min. TIRF
images of cells expressing membrane-EGFP were used to
track individual protrusions (six to nine individual explants
were imaged across two to three separate experiments; data
are meanzs.e.m., ***P<0.001). (L-O) FRET microscopy of
Rac1 activity in leading edge (L,M) and following row (N,O)
cells on FN. Confocal images were taken 1 h after plating
explants on FN: Turquoise-Rac1 (L,N); Rac1-PBD FRET
efficiency (M,0) (15 individual explants were imaged across
five separate experiments). (P) Graph showing the distribution
of FRET efficiency within individual cells. Data are meanzs.e.
m. (15 individual explants were imaged across five separate
experiments; total numbers of individual cells analysed:
leading edge=77; following row=37). Scale bars: 25 pmin C,
F,H,Land N; 10 umin I and J.

Leading Following
Edge

Rows

* Leading Edge Cells
“ Following Row Cells

»

60 80

Distance from front of the cell (um)

large mature FAs are present in both forward-facing and misdirected
protrusions, and at the cell rear in both leading (Fig. 3E,F,F" K;
Movie 5) and following (Fig. 3G,H,H”; Movie 6) rows. Prominent
actin stress fibers anchored in FAs extend across the long axes of
these cells (Fig. 3E-F',G-H’, see also Fig. 4). FA area and number
are minimally changed between leading edge and following row
cells of krt8 morphants (Fig. 3LJ), unlike in controls. These data
indicate the importance of keratin IFs in maintaining the ‘row-
specific’ differences in cell behaviors and overall organization of
mesendoderm.

Prominent actin stress fibers are observed upon depletion of
keratin IFs

Because TIRF limits visualization to within 100 nm of the FN-
coated glass surface, we used confocal microcopy to investigate the
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Fig. 3. Focal adhesion dynamics and actin
cytoskeleton are altered in krt8 morphant
explants. (A,C,E,G) Representative TIRF images
of mesendoderm explants expressing LifeAct-
mCherry (red) and EGFP-paxillin (green). (B-B”,D-
D”,F-F”,H-H") Magnified views of the boxes in A, C,
E and G, corresponding to merged (B,D,F,H) and
separate LifeAct-mCherry (B',D’,F',H’) and EGFP-
paxillin (B”,D”,F”,H") channels. (I-K)
Quantifications of FA area (I), FAs per cell (J) and
distribution of FAs within cells (K), calculated from
the first frames of nine movies for each condition
(Movies 3-6) (nine individual explants per condition
were imaged across three separate experiments;
data are meants.e.m. *P<0.05; **P<0.01;
***P<0.001; ns, not significant). Scale bars: 25 ym
inA, C,EandG; 10 umin B, D, F and H.
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deeper organization of actin filaments in both fixed and live
mesendoderm explants. As reported previously (Bjerke et al.,
2014), a dense meshwork of actin is present within the large
monopolar, lamellipodia that form along the leading edge of control
explants in the direction of travel (Fig. 4A,B). These actin-filled
processes protrude persistently in the forward direction with fine
cortical actin filaments evident throughout the cell body (Movie 7).
Protrusions in following row cells (Fig. 4A,C, arrows) are smaller,
highly dynamic and less persistent than those in the leading row;
long filopodia noted in Fig. 2D-F are also evident in these cells
(Fig. 4A,C, arrowheads).

Knockdown of keratin IFs (Fig. 4E-H, krt8MO) results in
dramatic changes in cell shape and actin organization. Parallel stress
fibers extending throughout the cell body are noted in both leading
and following row cells (Fig. 4E-G). Protrusions are often
misdirected in these cells, particularly in the leading row (Fig. 4E,
F) (see also Weber et al., 2012). Cell protrusions are typically
smaller than those observed in control explants, but they are highly
dynamic and appear to apply tugging forces on neighboring cells
(Movie 8). Acrylamide (nonpolymerized) can also be used to
disrupt intermediate filaments acutely in cells (Eckert and Yeagle,
1988). Mesendoderm explants exposed to increasing concentrations
of acrylamide underwent a rapid reorganization of the actin
cytoskeleton, from dense actin meshwork in protrusions and fine

cortical filaments in the cell body to long stress fibers (Fig. S5).
Overall, the appearance of acrylamide-treated cells closely matches
that of keratin morphant explants and supports the specificity of the
krt8 morphant phenotype.

Maintenance of cell cohesion is essential for collective migration
and in Xenopus mesendoderm, this involves maintenance of C-
cadherin-based adhesion complexes linked to both actin and keratin
IFs (Weber et al., 2012). Fine cortical actin filaments are apparent at
cell-cell junctions in controls; however, in krt8 morphant cells the
morphology of these junctions is altered (Fig. 4D,H); actin stress
fibers now span the cells and appear continuous with their neighbors
(Fig. 4H).

Phosphomyosin light chain Il levels are upregulated in krt8
morphant explants

The appearance of streak-like focal adhesions (Fig. 3E-H”) and
actin stress fibers (Fig. 4E-H) in krt8 morphants suggests that
contractility is increased in these cells (Even-Ram et al., 2007).
Actin association with myosin and phosphorylation of myosin light
chain II are essential for regulating cell contractility during
migration (Vicente-Manzanares et al., 2009) and in response to
changes in ECM stiffness (Clark et al., 2007). To address whether
actomyosin contractility was increased in krt8 morphants,
phosphomyosin light chain II (pMLC) levels were quantified by
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Fig. 4. Actin stress fibers predominate in mesendoderm

Leading Edge
Cell Junctions

explants from keratin morphant embryos. (A-H) Confocal
projections of phalloidin-stained control (A-D) and krt8 morphant
(E-H) explants on FN. Pseudocolors correspond to
fluorescence intensity heat map. Collapsed Z-stack images of
representative explants at low magnification (A,E), leading row
lamellipodia (B,F), following row protrusions (C,G) and cell-cell
junctions (D,H). Arrowheads in A and C indicate specialized
filopodia; arrows indicate small protrusions. Dotted lines in D
and H indicate borders between two cells (six individual
explants per condition were imaged across two separate
experiments). Scale bars: 25 ymin A, B, Eand F; 10 umin C, D,
G and H.

Leading Edge
Following Row
Cell Junctions

relative fluorescence intensity
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western blotting (Fig. 5A-D). Because mesendoderm explants also
contain nonmigrating ectodermal tissue, mesendoderm from control
and krt8 morpholino-injected embryos was specifically dissected,
dissociated and plated at subconfluent densities on stretchable
silicone membranes coated with either FN (to mimic cell-ECM
interaction) or C-cadherin (C-cad-FC, to mimic cell-cell
interaction). Cells attach and spread on both FN and C-cad-FC
substrates but appear more symmetrical on C-cad-FC than on FN
(Fig. S6). After 1 h, half the cultures were subject to cyclical rounds
of uniaxial stretch and the remainder were left ‘unstretched’.
Stretching was performed to simulate the tension experienced by
adhesions (cell-matrix or cell-cell) during migration.

pMLC levels increased two- to threefold in control cells stretched
on FN (Fig. 5A,B). No increase in pMLC was detected when cells
were instead stretched on C-cad-FC (Fig. 5C,D). By contrast, pMLC
was increased in krt8 morphant cells adherent to either FN or C-cad-
FC substrates in the absence of stretch. Unlike the situation for
CoMO cells on FN, stretching krt8 morphant cells did not further
increase pMLC levels. The ‘stretch-independent’ enhancement of
pPMLC in krt8 morphant cells required specific adhesion to either
C-cadherin or FN substrates; no significant increase in pMLC was
observed when krt8 morphant cells were kept in suspension
(Fig. 5A-D). Thus, mesendoderm cells respond specifically to
mechanical deformations of the FN substrate by becoming more
contractile. Notably, however, knockdown of keratin IFs can result
in a similar increase in pMLC levels and contractility in the absence
of applied stretch, consistent with observed changes in traction
stresses, actin filament organization and focal adhesion dynamics
(Figs 1, 3 and 4).

Inhibition of myosin light chain Il activity inhibits formation
of actin stress fibers in krt8 morphants

Keratin-depleted cells are more contractile, exert higher traction
stresses and form larger, more mature focal adhesions than controls.
pMLC is known to be essential for FA maturation and inhibition of
myosin II activity reduces FA area (Pasapera et al., 2010). We next
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asked, therefore, whether inhibiting myosin II activity would
reverse some of the features of keratin knockdown including stress
fiber formation. Mesendoderm explants were treated with the
ROCK inhibitor Y27632 to inhibit MLC phosphorylation and then
fixed and stained with phalloidin. Leading edge cells from control
(CoMO) explants revealed the typical arrangement of actin
meshwork in lamellipodia and fine cortical actin filaments
throughout cell bodies (Fig. SE). The addition of Y-27632 had no
appreciable effect on overall morphology or actin organization in
these cells (Fig. 5F), which maintained actin-rich, broad
lamellipodial protrusions along the leading edge and smaller
protrusions in following row cells. By contrast, the cell bodies of
krt8 morphant cells contained abundant actin stress fibers in both
leading and following row cells (Fig. 5G,I). Treatment of krt8
morphant explants with ROCK inhibitor suppressed stress fiber
formation, increased cortical actin filaments, and leading edge cells
regained actin-dense lamellipodia (Fig. SH,I). These data indicate
that inhibition of myosin II activity is sufficient to block actin stress
fiber formation and the increased cell contractility that accompanies
keratin IF knockdown.

Functional antagonism of keratin IFs and Rac1

As described previously, a ‘basket-like” arrangement of keratin IFs
forms at the rear of mesendoderm cells undergoing collective cell
migration (Weber et al., 2012), and this arrangement is most
pronounced in the leading row cells, which are also notable for the
broad monopolar-directed lamellipodial protrusions they extend in
the direction of travel. Racl GTPase activity is highest in these
forward protrusions and decreases toward the cell rear (Fig. 2L,M,P).
Helfand et al. (2011) have reported that Racl and vimentin IFs are
functionally antagonistic. Given the spatial arrangement of keratin
IFs and Racl GTPase activity in the mesendoderm, we asked
whether similar opposing functions might be operating in these
cells. The Racl FRET biosensor was expressed in control and krt8
morphants and Racl GTPase activity imaged (Fig. 6A-D). As
described in Fig. 2, Racl activity in controls is highest in
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Fig. 5. pMLC is upregulated in keratin morphant mesendoderm.

(A,C) Representative western blots of pMLC levels in control and krt8
morphant-dissociated mesendoderm cells. Silicone stretchers were coated
with FN (A) or C-cad-FC (C). Following 1 h attachment, cells were subjected to
15 rounds of 10% cyclical stretch. Cell lysates were made immediately after
stretching. Blots were then probed with antibodies against pMLC (S19) and
actin. (B,D) Quantification of pMLC levels normalized to actin (n=5 for FN and
n=4 for C-cad; data are meants.e.m. *P<0.05; **P<0.01; ns, not significant).
(E-H) Confocal projections of phalloidin-stained explants on FN after 1 h
treatment with Y27632 (10 uM) or DMSO. Pseudocolors correspond to the
fluorescence intensity heat map. Control explant treated with DMSO (E) or
10 uM Y27632 (F); krt8 morphant explant treated with DMSO (G) or 10 uM
Y27632 (H) (nine individual explants per condition were imaged across three
separate experiments). (I) Percentage of cells with stress fibers in control and
krt8 morphant explants treated with 10uM Y27632 or DMSO (number of cells
counted: CoMO_DMS0=68, CoMO_Y27632=81, krt8MO_DMSO0=59,
krt8MO_Y27632=91; data are meanzs.e.m. **P<0.01; ns, not significant).
Scale bars: 25 pm.

lamellipodial protrusions at the cell front and lowest at the cell rear
(Fig. 6A,B,E). In krt8 morphant explants, the gradient of Racl
GTPase activity evident in controls is lost (Fig. 6C,D,E). Thus,
absence of a Racl activity gradient in these cells is correlated with
krt8 knockdown and consistent with the possible functional
suppression of Racl activity by the keratin cytoskeleton.

We performed the converse experiment by expressing a
photoactivatable, constitutively active form of Racl (mCherry-PA-
Rac1Q61L; Wu et al., 2009) along with EGFP-krt8 to visualize
keratin filaments. A region of interest (ROI) was selected for
irradiation at 456 nm with a confocal microscope. Activation of

mCherry-PA-Racl leads to the local formation of a membrane ruffle
and lamellipodia within 3 min of irradiation (Fig. 6F-H, arrowheads).
In addition, activation of PA-Racl is accompanied by the loss of
EGFP-keratin IFs within the ROI in proximity to the newly formed
protrusions (Fig. 6G,H,L; Movie 9). A nonphotoactivatable Racl
construct (mCherry-PA-Rac1C450A) was co-expressed along with
EGFP-krt8 as a control and irradiated as described. No protrusions
were induced within the ROI of control cells following irradiation
(Fig. 61-K). Moreover, EGFP-keratin filaments were maintained in
the irradiated ROI (Fig. 61-L), confirming that loss of EGFP-keratin
filaments in Fig. 6F-H was not the result of photobleaching or photo
damage (Movie 10). These data support the conclusion that keratin
IFs and active Rac1 have opposing roles in the mesendoderm.

DISCUSSION

Traction stresses are generated primarily by leading edge
cells in the mesendoderm

A primary goal of this study was to establish the importance of cell-
ECM traction forces in the assembly, organization and collective
progression of mesendoderm cells across the BCR at gastrulation. It
is well established from mammalian cell culture studies that both the
leading and trailing edges of migrating single cells exert traction on
the ECM (Lauffenburger and Horwitz, 1996; du Roure et al., 2005).
In collective modes of cell migration, the generation of traction
forces by cells at the free or leading edge, are typically balanced by
cell-cell adhesions at the rear (Weber et al., 2012) and in some
instances, at lateral contacts between cells. The extent to which
directed cohesive migration involves the active ‘tugging’ of one cell
upon another versus the coordinated ‘crawling” of independent cells
(Farooqui and Fenteany, 2005; Tambe et al., 2011; Trepat et al.,
2009) is not always clear, and likely varies with cell and tissue type
and the presence or absence of directional cues arising from
chemokine signaling (Nogare et al., 2014). Based on earlier
observations (Davidson et al., 2002), we proposed a distributed
traction model to explain mesendoderm collective migration (Weber
et al., 2012). This model predicts that highest traction stresses are
generated by cells at the leading edge with following rows of cells
displaying progressively lower tractions. Correspondingly, cell-cell
stresses are progressively increased in succeeding rows, reflecting
the balancing of accumulated traction stresses at any given position
away from the leading edge (Trepat et al., 2009). Other collectively
migrating cells and tissues are known to rely on leader cells that pull
follower cells forward (Brugues et al., 2014; Rausch et al., 2013;
Tse et al., 2012).

TFM experiments (Fig. 1; Fig. S2) revealed that traction stresses
are being generated along the leading edge of the first row of cells but
are largely absent in the second row and beyond, in contrast to what is
predicted by a distributed traction mechanism. This indicates that
leading row traction forces are being balanced by cell-cell adhesive
contacts with the follower rows. Thus, leader cells are actively pulling
the following row cells along, and follower row substrate tractions are
not a major contributor to the forward migration of the mesendoderm.
It is not yet possible to measure traction forces in the embryo, but
there are two pieces of evidence depicted in Fig. 7 that support the
conclusions arising from the explant studies. First, bisection of live
embryos at gastrula stages reveals the presence of a clear, expanded
‘space’ (i.e. the cleft of Brachet) between the mesendoderm tissue and
the BCR in agreement with the lack of detectable traction stresses in
following row cells of explants on FN (Fig. 1). However, the leading-
edge of the mesendoderm, which defines the forward boundary of
the cleft, is tightly adherent to the BCR and resists physical separation
(P.R.S. and B.D., unpublished). Second, Moosmann et al. (2013)
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Fig. 6. Mutual antagonism of Rac1 GTPase activity and keratin IFs in leading edge mesendoderm. (A-D) FRET analysis of Rac1 activation in control and
krt8 morphant mesendoderm. Confocal FRET imaging 1 h after plating DMZ explants on FN. Control (A,B) and krt8 morphant (C,D) explants showing distribution
of donor Turquoise-Rac1 (A,C) and Rac1-PBD FRET efficiency (B,D) (nine individual explants per condition were imaged across four separate experiments).

(E) Graph showing the distribution of FRET efficiency within leading edge cells in control and krt8 morphant explants. Data are meanzts.e.m. (total number of cells
analysed: CoMo=24; krt8M0O=29). (F-K) Confocal images of photoactivation of Rac1 in dissociated mesendoderm cells expressing mCherry-PA-Rac1Q61L (red)
and EGFP-krt8 (green) (F-H) or nonphotoactivatable mCherry-PA-Rac1C450A (red) and EGFP-krt8 (green) (I-K). Regions irradiated with a 456 nm wavelength
laser are indicated (boxes in F-H and circles in I-K). Times following irradiation: t=1 min (F,l); t=2 min (G,J); t=3 min (H,K). (L) Intensity of EGFP-krt8 after activation
of photoinducible Rac1 constructs (three cells were analyzed per condition; data are meanzs.e.m. *P<0.05; **P<0.01; ***P<0.001). Scale bars: 25 ym.

used x-ray microtomography to image internal tissue movements of
intact living gastrula-stage embryos; these data confirm the separation
of follower rows of mesendoderm cells from the BCR, and also the
tight association of the leader row cells. Moreover, inward deformation
of'the BCR at the site of contact with the leading row suggests not only
strong adhesion but also that the mesendoderm is under considerable
anisotropic tension oriented in the direction of travel, in agreement
with explant studies (Davidson et al., 2002). Taken together, these data
suggest that high traction stresses in the leading edge are borne by cell-
cell stresses in the follower rows and, moreover, that this distribution
of forces is required for overall organization of the tissue.

The high traction stresses resolved at the leading edge correlate
with the presence of large, mature FAs. Cells exert traction stresses
on the ECM through their integrin-based FAs (Lauffenburger and
Horwitz, 1996), and transmission of forces to the ECM via these
adhesions is essential for FA maturation (Chrzanowska-Wodnicka
and Burridge, 1996; Pasapera et al., 2010; Plotnikov et al., 2012;
Roca-Cusachs et al., 2013) and forward cell migration (Beningo
et al,, 2001). Follower row cells form smaller and fewer FAs,
consistent with the inability of these cells to generate significant
traction stresses. However, if the leading row is physically removed
from a migrating DMZ explant, the following row cells quickly
transform their morphology to become indistinguishable from the
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cells that they replaced in terms of protrusive activity and
appearance of larger, mature FAs (Fig. S4). This suggests that
follower row cells are normally unable to exert substrate traction
forces sufficient for FA maturation, owing to the high cell-cell
stresses they experience as a consequence of their position behind
the leading row. Cadherin adhesion is also reported to antagonize
cell-matrix adhesions (Borghi et al., 2010; Mertz et al., 2013).
Together, these might explain why the following row cells do not
adhere strongly to the BCR in the embryo.

Following row cells also extend long, highly dynamic filopodia
(Fig. 2; Movie 2). Their function in the mesendoderm is not known,
but, based on evidence from other systems, they could be involved
in morphogen signaling (Bischoff et al., 2013; Roy et al., 2014;
Stanganello and Scholpp, 2016). In Xenopus embryos, these
structures have been reported to align with FN matrix assembled
by BCR cells (Boucaut et al., 1990) and to promote cytoplasmic
exchange (Danilchik et al., 2013). It is perhaps interesting to note
that these specialized filopodia extend into the cleft of Brachet,
where they may participate in receptor-mediated signaling
important in mesendoderm development. The cleft of Brachet is a
fluid-filled compartment defined by the space between the BCR and
the involuting mesoderm. It is bounded and possibly ‘sealed-off’
from the blastocoel cavity by the tightly adherent advancing forward
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Fig. 7. Summary of mesendoderm morphogenesis in a mid-
gastrula stage Xenopus embryo. Center: Cut-away profile view
of the boxed region from a bisected embryo (upper left; bc,
blastocoel) showing the anterior progression of the mesendoderm
and its spatial relationship to the BCR, fibrillar FN matrix, and the
trailing mesoderm and endoderm. Lower left: Higher magnification
view highlighting the leading edge mesendoderm cell with large
forward protrusion ‘pulling’ on the overlying BCR. The FN matrix is
remodeled as the leading edge passes over it. The rear of the
leading edge cell is attached to follower row cells via a cadherin-
containing adhesion complex that includes a basket-like
arrangement of keratin filaments. Arrows indicate the balancing of
forward traction stresses with intercellular stresses at the rear.
Follower cells extend long specialized filopodia (cytonemes) into
the cleft of Brachet, which is widened at this location by the failure
of following row cells to adhere to the BCR. Lower right: En face
view of mesendoderm highlighting the relationship of leading edge
cells with their broad lamellipodia in contact with the BCR, to
circumferentially arranged upper row cells with their stress fiber-
like organization of actin filaments (see also Fig. S6). Upper row
cells likely contribute to closure of the mesendoderm mantle by

1 lamellipodia applying tangential stresses (black arrows) perpendicular to the
radial stresses of the underlying leading row cells. Rac1 activity
gradient (green shading) in leading edge cells is highest in the
protrusions.
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edge of the mesendodermal mantle (Fig. 7). Plouhinec et al. (2013)
reported that chordin secreted by the dorsal Spemann organizer
region of the ectoderm diffuses within the cleft to form a morphogen
signaling gradient, which raises the intriguing possibility that the
observed remodeling of the FN fibrillar matrix by the advancing
mesendoderm (Davidson et al., 2004) represents the release of
fragments of FN and any associated chemokines (e.g. PDGF)
(Smith et al., 2009) into the cleft, where they are then sampled by
these filopodia. Leader cells involved in collective cell invasion
have been shown to upregulate matrix metalloproteinases and
degrade ECM (Gaggioli et al., 2007; Wolf et al., 2007). It will be of
interest to establish in future studies if leading edge cells
proteolytically modify the FN matrix or, as a result of applied cell
traction stresses, cause the force-induced unfolding of FN to expose
cryptic binding sites with biological activity (Smith et al., 2007).

A role for the keratin IF cytoskeleton in mesendoderm tissue
organization?

Knockdown of keratin IFs dramatically alters follower row cell
behaviors, indicating the likely importance of maintaining strong
cell-cell adhesions in the tissue to balance leading edge tractions.
The functional consequences of reduced keratin levels include
increased traction stresses (Fig. 1D) and maturation of FAs (Fig. 3),

altered cell protrusions (Fig. 2), and reorganization of the actin
cytoskeleton from fine cortical filaments in the cell body to stress
fibers (Fig. 4). The overall migration rate of krt8 morphants is also
lower (Fig. S3), possibly resulting from lack of FA turnover (Webb
et al., 2004). Previously, we reported that local tugging forces on C-
cadherins in single mesendoderm cells on FN results in recruitment
of keratin IFs, cell repolarization and directed migration (Weber
etal., 2012). Keratin IFs are known to provide mechanical integrity
to cells (Coulombe et al., 1991; Ramms et al., 2013) and are
involved in maintaining strong cellular adhesions (Huen et al.,
2002; Kroger et al., 2013). It is likely that keratin IFs are playing a
similar role in the mesendoderm.

Thus, we hypothesize that in krt8 morphants, high traction stresses
generated at the leading edge are unable to be resisted by weakened
cell-cell adhesions in the following rows. This results in increases in
cell-ECM adhesion, traction stresses and FA maturation, but because
these cells are no longer able to balance the directional forces
generated by leading row cells, they become randomly protrusive and
misoriented. Similar modulation of cell-ECM traction stresses in
response to disruptions in cadherin-based adhesions have been
reported for clusters of cultured keratinocytes (Mertz et al., 2013).

Knockdown of krt8 results in a striking reorganization of the
actin cytoskeleton and presence of mature FAs in both leading and
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following rows of cells. In cultured cells, depletion of plectin, which
functions as a linker of actin and intermediate filaments and
microtubules, results in increased MAP kinase signaling and
enhanced stress fiber formation (Osmanagic-Myers et al., 2006).
Although the mechanisms responsible for increased stress fiber
formation and contractility in keratin-depleted mesendoderm are not
known, it is possible that loss of keratin IFs alters plectin function
resulting in global changes in cytoskeletal organization. Significant
increases in actin stress fibers noted at mesendoderm cell junctions
in keratin morphant cells (Fig. 4H) could also be compensating for
the loss of mechanical integrity associated with reduced keratin IFs.
Disruptions of desmosomal junctions are associated with increased
myosin II levels at adherens junctions, which promotes contractility
(Sumigray et al., 2014; Yonemura et al., 1995) and junctional
stability (Cavey and Lecuit, 2009).

Cells are able to sense and respond to changes in matrix rigidity
during migration, and mysoin II is recruited to reinforce integrin
adhesions as substrate forces increase (Choi et al., 2008; Galbraith
and Sheetz, 1998). We observed a similar, integrin-dependent
increase in mysoin II activity (i.e. pMLC levels) in control
mesendoderm cells subject to stretch on FN (Fig. 5). Stretching
control cells on C-cad-FC substrates had no effect on mysoin II
activity. This might reflect resistance to stretch being borne by keratin
IF-based cadherin adhesions. Interestingly, MLC activity is elevated
in krt8 morphant cells plated on either FN or C-cad-FC, further
suggesting that MLC phosphorylation is upregulated to compensate
for loss of mechanical integrity in keratin IF-depleted cells.

Rho GTPases are important regulators of cell adhesions and
cytoskeletal networks (Nobes and Hall, 1999), and are subject to tight
spatiotemporal regulation in migratory cells (Machacek et al., 2009;
Yamada and Nelson, 2007). As reported in other systems, Racl
activity is highest in lamellipodia, where it spatially coincides with
FAs at the leading edge of mesendoderm explants. Disruption of the
Racl activity gradient in keratin morphants, and the disassembly of
keratin IFs resulting from photoactivation of Racl (Fig. 6), suggest
that keratin IFs may normally antagonize Racl activity; for example,
at the cell rear, where keratin IFs are assembled in a basket-like
arrangement (Weber et al., 2012) (Fig. 7). Similar mechanisms have
been reported for vimentin (Helfand et al., 2011; Jiu et al., 2017) and
keratin 18 (Fujiwara et al., 2016). The presence of actin stress fibers
and increased cell contractility in krt8 morphant cells might thus
reflect an upregulation of RhoA signaling (Chrzanowska-Wodnicka
and Burridge, 1996). Inhibiting mysoin II activity in krt8 morphant
explants with ROCK kinase inhibitor blocks the formation of actin
stress fibers and leads to the formation of lamellipodia similar to those
of control cells. Overall, we conclude that keratin IFs play an
important role in cell migration, possibly by regulating the activities
of Rho-GTPase family member proteins.

Geometry of mesendoderm closure

Most of the data reported in this study were obtained using the DMZ
explant (Fig. S1). This explant also allows migration movements to
be followed for longer periods of time than in the donut (Fig. S1),
which ultimately ‘closes’ coincident with the cessation of cell
migration. Although the overall features of mesendoderm migration
and organization are shared in both preparations, there are some
differences. These include a higher velocity of cell migration in
donuts that more closely matches the rate in embryos (Davidson
et al,, 2002) and a more dynamic, complex pattern of traction
stresses along the leading edge (Fig. S2). Average radial traction
stresses are not only lower overall but also reveal a dorsal-ventral
asymmetry. Mesendoderm migration begins on the dorsal side of
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the embryo and extends laterally to the ventral side with time. The
ventral margins of donut explants fail to generate strong radial
tractions, even though the cells continue to move at a rate
comparable to cells on the dorsal side of the donut. In the absence
of significant ventral radial traction stresses how does closure occur?
Donut explants may also generate tangential forces that likely
originate in follower row cells that are located above the leader and
follower rows that face the BCR (Fig. 7; Fig. STA-C). Many of these
upper follower row (ufr) cells have their long axes oriented
perpendicular to the forward-directed leading row cells attached
firmly to the BCR FN. Actin stress fibers run the length of these ufr
cells terminating at cell junctions, where they appear continuous
with stress fibers in neighboring cells (Fig. S7C). We propose that
these circumferentially arranged cells are the source of tangential
stresses helping to drive closure of the mesendoderm in donut
explants and in embryos (Fig. 7), even in the absence of significant
radial traction stresses. Future studies will be needed to establish the
contribution of ufr cell contractility to closure. The presence of these
cells suggests another morphogenetic machine working in concert
with leading row traction stresses to shape the mesendoderm and
guide its collective movement at gastrulation.

The importance of the keratin IF system as an integrator of
mechanical forces required for the multiple morphogenetic
movements of Xenopus gastrulation was first proposed by
Klymkowsky et al. (1992). The current study provides direct
evidence for keratin IF involvement in coordinating single cell
behaviors to effect a tissue-level movement. We conclude that even a
delicate rebalancing of traction forces and intercellular stresses
can have profound consequences for cell polarity, cytoskeletal
organization and the individual motile behaviors of cells involved in
directing the collective movements of a tissue.

MATERIALS AND METHODS

Xenopus embryos and explant preparation

Xenopus embryos were obtained using standard methods and staged
according to Nieuwkoop and Faber (1994). DMZ and donut explants were
prepared as described previously (Davidson et al., 2002) with the
modification that Stage 11 embryos were used (Fig. S1). Glass coverslips
for explant imaging were washed with alkaline ethanol solution, flamed and
then glued, using Norland optical adhesive 68, to openings drilled with a
lathe into the bottom of 35-mm petri dishes. Coverslips were then coated
with 300 pl of 5.0 ug/ml bovine plasma FN overnight at 4°C. Coverslips
were blocked with 5% bovine serum albumin (BSA) and washed, and dishes
were filled with 1x modified Barth’s saline (MBS). DMZ explants were
plated for 1 h prior to imaging.

Morpholino oligonucleotides

Antisense morpholino oligonucleotides (MO) to inhibit krt8 expression were
purchased from GeneTools and injected into the animal pole of embryos
immediately after fertilization at a concentration of 40 ng/embryo. The keratin
MO (5'-TCGATCTGACGGACATGGTGGAGCT-3") was designed using
Xenopus krt8 sequence NCBI accession number NM_00108756.1 (Weber
et al., 2012). Control injections used the GeneTools Standard Control MO
(5’-CCTCTTACCTCAGTTACAATTTATA-3").

RNA constructs

RNA encoding fluorescently tagged proteins was transcribed in vitro from
linearized plasmids. Transcripts were injected into the DMZ region of two
blastomeres at the two- or four-cell stage, to a final concentration of 200-
2000 pg RNA per embryo (Table 1). The following constructs were used in
this study: pCS2+ LifeAct-mCherry (Pfister et al., 2016), pCS2+ o5-GFP
(construct was made by cloning EGFP in frame with the cytoplasmic tail of
Xenopus o5 integrin using Stul and Notl), pCS2+ GAP43-EGFP (E.
DeRobertis, University of California, Los Angeles, CA, USA), pTriEX
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Table 1. RNA transcripts injected

RNA transcript Picograms injected per embryo
LifeAct-mCherry 250
o5-GFP 250
GAP43-EGFP 200

Rac1 Biosensor 1600-2000
Turquoise Rac1 800-1000
yPet PBD 800-1000
EGFP-paxillin 250
EGFP-krt8 500
mCherry-PA-Rac1Q61L 2000
mCherry-PA-Rac1C450A 2000

Racl Biosensor, Turquoise-Racl and Ypet-PBD (K. Hahn, University of
North Carolina, Chapel Hill, NC, USA) pCS2+ EGFP-paxillin (subcloned
by cold fusion into pCS2+ using Xbal and SnaB1 from a construct obtained
from R. Horwitz (University of Virginia, Charlottesville, VA, USA), pCS2+
EGFP-krt8 (V. Allan, University of Manchester, Manchester, UK) (Clarke
and Allan, 2003), pTriEx-mCherry-PA-Rac1Q61L and pTriEx mCherry-
PA-Racl1C450A (K. Hahn, University of North Carolina).

TFM: preparation of polyacrylamide gels with NHS ester
Polyacrylamide gels with N-hydroxysuccinimide (NHS) ester were prepared
using the methods described in Rajagopalan et al. (2004), with a few
modifications. In brief, a mixture containing 6% acrylamide (Thermo Fisher
Scientific), 0.36% bis-acrylamide (Thermo Fisher Scientific), 15 umol/ml
acrylic acid NHS ester (Thermo Fisher Scientific), 20% 0.25M 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (Thermo Fisher
Scientific) was made and the pH of the solution was adjusted to 5.9-6.0 by
careful addition of 1M HCL. To 250 pul of this solution, ~50 ul of 1 um
diameter fluorescent beads (Sphero carboxyl fluorescent particles, yellow;
1% w/v) (Spherotech) were added immediately, followed by addition of
ammonium persulfate (1% final volume) to initiate polymerization. Before
polymerization, the solution was cast on coverslips, which were already
activated with 3-3-aminopropyltrimethoxysilane and glutaraldehyde. To
ensure that the beads were packed properly, dishes with unpolymerized gel
were centrifuged at 900 rpm for 20 min. The elastic modulus of the gel was
determined to be 18.4+1.9 kPa by the ball indentation method (Dimitriadis
et al., 2002). DMZ or donut explants from embryos injected with Alexa
Fluor 555-labeled 10,000 kDa dextran (#D34679, Invitrogen) were plated
on polyacrylamide gels embedded with beads. Time-lapse images of
fluorescent dextran-filled cells (to visualize cell positions) and fluorescent
beads were taken, beginning 1 h after explants were plated. Following
imaging, trypsin was added to the dish, explants were allowed to detach, and
images of the beads were again acquired as a starting-position reference to
calculate traction stresses.

TFM: traction stress calculations using MATLAB

Gel deformations were calculated by quantifying bead displacements using
a Particle Image Velocimetry (PIV) Image] plugin (Tseng et al., 2012).
Measurement noises were subsequently attenuated through a self-adaptive
filtering scheme (Huang et al., 2012), and then traction forces were
calculated from the magnitude and direction of the substrate deformation
utilizing Fourier transform traction cytometry (Butler et al., 2002). Both
types of calculation were accomplished using MATLAB (MathWorks). The
location of leading edges of DMZ and donut explants were determined
manually by imaging fluorescent dextran-filled cells, then equally distanced
(10 um) contours were drawn parallel to the leading edge curvature. The
area between adjacent contours was used to create 10-um wide bins
spanning the width of the explant. All of the calculated stress value points
(stress values were calculated in 8 pm by 8 um grids) within a bin were
averaged to obtain the values represented in each bar of the kymograph as a
function of distance from the DMZ leading edge. To calculate vector values,
the traction stress vector was resolved into a horizontal component that is
propelling the DMZ from left to right when this horizontal component is
positive (pointing left), and a vertical component that is perpendicular to it.

The vector sums take the directionality of stress into account and represent
only the traction stresses contributing to forward movement of the explant.
Absolute values represent the total magnitude of the stress regardless of
whether it contributes to or resists the forward movement of the explant.

Microscopy and image analysis

Confocal Z-stack images were taken on a Nikon C1 confocal microscope at
0.5-1 um intervals. For time-lapse movies, images were collected every 2 min
for 10-15 min. TIRF microscopy was performed using an Olympus 1X70
inverted TIRF microscope with an Olympus 60%/1.45 NA TIRF objective.
Time-lapse images were collected 15 s or 30 s apart for 5 min. Areas of FAs
and numbers of FAs per cell were calculated by thresholding the images so
that only FAs were saturated and the area of the saturated pixels was counted.
DMZ explants expressing pCS2+ GAP43-EGFP were used to analyze the
length of specialized filopodia and persistence of protrusion. Lengths were
measured manually by tracing individual filopodia. Four randomly selected
filopodia were measured per cell. Persistence of protrusion was calculated by
tracking the number of times an individual protrusion retracts or newly
appears over the course of 5 min. Mann—Whitney test was used to determine
statistical significance among FA areas, length of specialized filopodia under
different conditions and persistence of protrusion.

FRET microscopy

DMZ explants expressing Racl Biosensor, Turquoise-Racl and Ypet-PBD
were imaged using a Leica confocal microscope. While imaging, microscope
settings such as laser power and gain were kept constant. FRET efficiency was
calculated using the PFRET ImageJ plugin (Chen and Periasamy, 2006)
obtained from UVA Keck Center for Cellular Imaging. Line scan profiles of
single cells were obtained from FRET efficiency images, and an average of
the FRET efficiency was plotted over distance from the front of the cell.

Photoactivation of Rac1

Mesendoderm tissue expressing mCherry-PA-Racl constructs (i.e. mCherry-
PA Racl1C450A; mCherry-PA Rac1Q61L) and EGFP-keratin was excised at
stage 11 and incubated in 1x Ca?>*/Mg**-free MBS (CMF-MBS) to dissociate
the cells. Cells were then plated subconfluently onto coverslips coated with
FN (10 pg/ml). Cells were allowed to adhere for 1 h and then imaged using a
Zeiss Cell Observer SD (spinning disk confocal microscope) with Plan-
Apochromat/63x or 100x objectives. A small region of the cells was irradiated
with a 457 nm laser using a Zeiss Direct FRAP manipulation add-on hardware
module. Statistical significance was determined using Student’s #-test at each
time point condition. Independent confirmation of these results was obtained
in a separate set of experiments using an Olympus FV1000 with UPlanSApo/
60x/1.35 NA objective (number of cells analyzed with the Olympus confocal
microscope: eGFP-PA RaclC450A=six cells across three independent
experiments; eGFP-PA RaclQ61L=nine cells across seven independent
experiments). Data obtained with the Zeiss system are included in Fig. 6F-L.

Explant treatment, fixation and actin staining

DMZ explants on FN were treated with DMSO or 10 uM Y27632, 5 mM
acrylamide or 10 mM acrylamide for 1 h. DMZ explants were fixed in
0.25% glutaraldehyde, 3.7% formaldehyde and 0.1% Tween 20 for 10 min
at room temperature, stained with 488-ActiStain (Cytoskeleton) and imaged
with a Nikon C1 confocal microscope.

Removal of leading edge cells from DMZ explants

DMZ explants expressing EGFP-paxillin and LifeAct-mCherry were plated
on coverslips coated with FN (5 pg/ml). Explants were allowed to adhere for
1 h and imaged on an Olympus 1x70 inverted TIRF microscope with an
Olympus 60x/1.45 NA TIRF objective. The leading edge of the explant was
carefully excised using an eyebrow knife and allowed to heal for 1 h, before
images of the explants were taken again on the same microscope.

Scanning electron microscopy

Stage 11.5 Xenopus gastrula were fixed overnight with 4% formaldehyde/
2.5% glutaraldehyde in 0.1x MBS. The BCR was removed from fixed
embryos to expose the basal side of the mesendoderm tissue. Samples were

4373

DEVELOPMENT



RESEARCH ARTICLE

Development (2017) 144, 4363-4376 doi:10.1242/dev.155200

postfixed in 1% OsOy, critical-point dried, and gold-palladium sputter
coated. Specimens were imaged using a Zeiss Sigma VP HD Field Scanning
Electron Microscope.

Cell stretching and pMLC western blot analysis

Whole mesendoderm tissue from control and krt8 MO-injected embryos
was dissected and dissociated in 1x CMF-MBS. Dissociated cells were then
plated in a silicone well plate (Cell Scale) previously coated overnight at 4°C
with 200 pl of 10 ug/ml FN or C-cad-Fc. Wells were blocked with 5% BSA,
then washed and filled with 100 pl of 1x MBS. Cells were allowed to adhere
for 1 h before the membranes were cyclically stretched (10% stretch) using a
MechanoCulture FX stretching device (Cell Scale). Fifteen cycles of 10 s
stretch, 10 s hold, 10 s relax and 10 s hold were performed. Some cells were
kept in 1x CMF-MBS in suspension for the duration of the stretch cycles to
serve as nonadherent controls. Cells were lysed with 100 ul lysis buffer
[100 mM NaCl, 25 mM Tris HClpH7.4, 1 mM EDTA, 1 mM EGTA, 1 mM
beta-glycerophosphate, 2.5 mM NayP,0,, 1% NP40, protease inhibitor
cocktail (P2714, Sigma-Aldrich) and 1 mM PMSF]. Cell lysates were
centrifuged for 10 min at 14,000 rpm at 4°C to remove yolk. The
supernatants were transferred to new tubes, diluted with 6x reducing
Laemmli buffer, separated by SDS-PAGE (10% or 12%) and transferred
onto nitrocellulose membranes. Blots were probed with antibodies directed
against pMLC (S19; 3671, Cell Signaling Technology; 1:1000 dilution) and
beta-actin (A3854, Sigma-Aldrich; 1:25,000 dilution). Signal intensity for
each band was quantified using ImageJ and ratios of pMLC to beta-actin
were calculated in Microsoft Excel. Paired Student’s #-test was used to
evaluate statistical differences in pMLC levels under different conditions.
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Fig. S1: Preparation of ex vivo explants from live embryos.

(A) Cartoon of a bisected stage 11 embryo and steps involved in preparing a Dorsal
Marginal Zone (DMZ) explant. Red dashed lines indicate the region of excision. After
excision, endoderm tissue adjoining the mesendoderm/mesoderm tissue is removed. The
explant is then jackknifed open so that the region normally adjacent to the bcr is placed in
contact with a FN coated coverslip. (B) Cartoon of a late stage 11 embryo with blastocoel
roof removed to reveal mesendoderm cup. Red dashed line indicates the region of excision.
In order to maintain proper orientation with respect to bcr and assembled FN, the donut
explant is inverted and placed in contact with a FN coated coverslip. ‘d’ and ‘v’ indicate the

dorsal and ventral sides of the donut respectively.
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Fig.52
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Fig. S2: Traction stresses concentrated at the leading of a donut explant gradually
increase as the donut closes.

(A) Representative traction stress maps of a control donut explant at four stages of closure.
Arrows in the heat map indicate directions of force and are scaled and pseudocolored to
indicate force magnitude. White lines on the maps correspond to the leading edge of the
donut and show the progression of donut closure over time. Numbers on each panel
indicate the equivalent radii of open area in center of the donut. Equivalent radii were
derived from the area of the open center (Area=IIr2). ‘d’ and ‘v’ indicate the dorsal and
ventral sides of the donut respectively. Scale bar =25um. (B) Kymographs of average

traction stress generated by mesendoderm cells during donut closure. The donut explant
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was divided into 10pm wide concentric contours from the leading edge and mean traction
stresses within each 10pm region were calculated. The X-axis of the kymograph represents
the distance from the donut center and the Y-axis represents equivalent radii of the donut
explant. (C) Cartoon showing resolution of traction stresses in a donut and DMZ explant.
For a donut explant, traction stresses perpendicular to the leading edge and opposite to the
direction of migration were considered positive radial traction stresses. For a DMZ explant,
traction stresses opposite to the direction of migration (left to right) were considered

positive radial traction stresses.
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Fig.S3
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Fig. S3: Migration rates of mesendoderm tissue from control and krt8 morphant
embryos.

Positive values denote forward migration and negative values indicate leading edge
retractions during the course of migration. Average rate of forward migration for Control
Mo: 44.67+ 5.077um/hr and Xck Mo: 19.73+ 7.561 pm/hr, * p<0.05. Velocities were

calculated from two time points from three separate control and krt8 morphant explants.
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Fig.54

Original Leading Edge Newly Formed Leading Edge

Fig. S4: Following row cells can reorganize to form leading edge cells.

(A) Mesendoderm explant expressing EGFP-paxillin (Green) and LifeAct-mCherry (Red)
plated on FN and imaged after one hour using TIRF microscopy. The leading edge of the
explant was excised with an eyebrow knife and the explant was allowed to heal for one
hour. (B) Following healing, the explant was further imaged (Representative of 4 individual

explants across 2 separate experiments). Scale bar=25um (A and B).
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Fig.S5

Control 5mM Acrylamide 10mM Acrylamide

Fig. S5: Acrylamide treatment of mesendoderm explants leads to rearrangement of
actin cytoskeleton. (A-C) Confocal projections of fixed and phalloidin stained
mesendoderm explants on FN substrates after treatment with acrylamide at the
concentrations indicated (B and C). Pseudocolors correspond to the fluorescence intensity
heat map (Representative of 9 individual explants per condition imaged across 3 separate

experiments). Scale bar=25um (A-C).
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Fig.56

Fig. S6: Mesendoderm Cell morphology on FN and C-cad-FC substrates. (A-B)
Representative images of dissociated mesendoderm cells plated on plastic dishes coated
with (A) 10pg/ml FN and (B) 5pg/ml C-Cad-FC. After 1 hour, many of these cells have made
contact and form small clusters. The morphology of these cells is similar to that observed
on stretchable silicon substrates (e.g., Fig. 5A-D) but images of cells on coated plastic
substrates are shown here because of the better optical quality. Protrusions are indicated

by arrows. Scale bar=50um (A-B).
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Fig.57
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Fig. S7: (A) Cartoon of the organization of mesendoderm cell rows during gastrulation.
Perspective of panels B and C are indicated by the eye. The leading row (Ir) and following
row (fr) cells are in contact with the bcr and fibronectin matrix whereas the upper following
rows (ufr) of cells are only in contact with one another. Cells are numbered with respect to
their position away from the free edge. (e.g. fr1, ufr2). (B) Scanning electron micrograph of
mesendoderm and blastocoel roof tissue excised from a fixed stage 12 embryo. Upper
following row cells (yellow) extend protrusions onto the leading row (orange) cells
beneath. Scale bar =10um. (C) Projection of confocal z-sections of stage 12 mesendoderm
and blastocoel roof tissue immunostained with antibodies to FN (green) and beta-catenin
(magenta). Actin (white) was visualized using phalloidin. Green arrows indicate
circumferential forces. ufr, upper following row; Ir, leading row; bcr, blastocoel roof. Scale

bar=20 um
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Supplementary Movies

B 155200-filel.avi

Movie 1: Protrusion morphology of leading edge cells: Time lapse TIRF images of leading
edge cells expressing mem-EGFP to label cell membrane. Time interval between each frame
is 15 secs. Images were collected for 5 mins (Movie is representative of 9 individual
explants imaged across 3 separate experiments). Playback rate is 4 frames per second. Scale

bar=25um
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http://movie.biologists.com/video/10.1242/dev.155200/video-1
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B 155200-file2.avi

Movie 2: Specialized filopodia of following row cells: Time lapse TIRF images of following
row cells expressing mem-EGFP to label cell membrane. Time interval between each frame
is 15 secs. Images were collected for 5 mins (Movie is representative of 9 individual
explants imaged across 3 separate experiments). Playback rate is 4 frames per second. Scale

bar=25um
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B 155200-file3.avi

Movie 3: Leading edge mesendoderm cells in controls form stable FAs: Time-lapse TIRF
images of control leading edge cells expressing EGFP-paxillin (Green) and LifeAct-mCherry
(Red). Time interval between each frame is 15 secs and images were collected for 5 mins
(Movie is representative of 9 individual explants imaged across 3 separate experiments).

Playback rate is 4 frames per second. Scale bar=25um
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155200-filed.avi

Movie 4: Following row mesendoderm cells in controls form dynamic FAs: Time-lapse TIRF
images of control following row cells expressing EGFP-paxillin (Green) and LifeAct-mCherry
(Red). Time interval between each frame is 15 secs and images were collected for 5 mins
(Movie is representative of 9 individual explants imaged across 3 separate experiments).

Playback rate is 4 frames per second. Scale bar=25um
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B 155200-file5.avi

Movie 5: Leading edge cells of krt8 morphant explants form large FAs: Time-lapse TIRF
images of krt8 morphant leading edge cells expressing EGFP-paxillin (Green) and LifeAct-
mCherry (Red). Time interval between each frame is 30 secs and images were collected for
5 mins (Movie is representative of 9 individual explants imaged across 3 separate

experiments). Playback rate is 4 frames per second. Scale bar=25um
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B 155200-file6.avi

Movie 6: Following row cells of krt8 morphant explants form stable FAs: Time-lapse TIRF
images of krt8 morphant following row cells expressing EGFP-paxillin (Green) and LifeAct-
mCherry (Red). Time interval between each frame is 30 secs and images were collected for
5 mins (Movie is representative of 9 individual explants imaged across 3 separate

experiments). Playback rate is 4 frames per second. Scale bar=25um
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B 155200-file7.avi

Movie 7: Normal arrangement of actin cytoskeleton associated with migration of control
mesendoderm explants: Time-lapse confocal images of a control MO injected mesendoderm
explant expressing LifeAct-mCherry. Time interval between each frame is 2 mins and
images were collected for 14 mins. Each frame is a collapsed 5um z-stack (Movie is
representative of 6 individual explants imaged across 2 separate experiments). Playback

rate is 4 frames per second. Scale bar=25um
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B 155200-file8.avi

Movie 8: Actin organizes into stress fibers in krt8 morphant explants: Time-lapse confocal
images of krt8 morphant mesendoderm explant expressing LifeAct-mCherry. Time interval
between each frame is 2 mins and images were collected for 14 mins. Each frame is a
collapsed 5um z-stack (Movie is representative of 6 individual explants imaged across 2

separate experiments). Playback rate is 4 frames per second. Scale bar=25um
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200 B 155200-file9.avi
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Movie 9: Keratin IFs disassemble upon activation of mCherry-PA-Rac1Q61L: Dissociated
mesendoderm cells expressing mCherry-PA-Rac1Q61L (Red) and EGFP-krt8 (Green) were
irradiated with a 456nm laser. Box indicates region of activation. Cells were irradiated twice
at the same region. Confocal images were taken 15 secs apart. Playback time 4 frames per

second (Number of cells analysed = 3). Scale bar=25um

C
9
)

©

£
fe
..,9
£

o)

|4

(]
i)

C

()

S
Q

Q

Q

S
wn

L]
FE)

[

()

£

Q
9

(]

>

()
)



http://movie.biologists.com/video/10.1242/dev.155200/video-9
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200 B 155200-file10.avi -
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Movie 10: No changes in cell morphologies are observed upon activation of light insensitive
mCherry-PA-Rac1C450A: Dissociated mesendoderm cells expressing mCherry-PA-
Rac1QC450A (Red) and EGFP-krt8 (Green) were irradiated with 457nm laser. Box indicates
region of activation. Images were taken prior to activation. Cells were irradiated twice at the
same region. Confocal images were taken 15 secs apart. Playback time 4 frames per second

(Number of cells analysed = 3). Scale bar=25um
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