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Introduction
Cell migration is important for many biological processes, in-
cluding development, immunity, and regeneration. To be persis-
tently motile, cells must first polarize to form a single front and 
rear. Thus, for actin-based motility, the question of how cells 
establish that single region of actin polymerization and prevent 
the formation of secondary fronts has been of great interest.

Previous work has largely focused on the role of the small 
GTPase Rho and its effectors Rho kinase (ROCK) and myosin 
II. For example, Rho, ROCK, and myosin II inhibition in rap-
idly motile amoeboid cell types such as Dictyostelium, neutro-
phils, or monocytes results in the conversion of well-polarized 
single-front cells into cells with multiple competing protrusions 
(Wessels et al., 1988; Worthylake and Burridge, 2003; Xu et al., 
2003), whereas expression of constitutively active Rho or 
myosin II results in round stationary cells with no protrusions  
(Xu et al., 2003). Similarly, in slowly moving epithelial and mes-
enchymal cells, Rho pathway activation decreases protrusion 
number and vice versa (Wang et al., 2003; Vicente-Manzanares 
et al., 2007, 2008, 2011; Mseka and Cramer, 2011). There are 

several proposed mechanisms for how Rho pathway activation 
inhibits the formation of multiple protrusions. One possibility is 
that Rho signaling through ROCK directly inhibits the signal-
ing factors that promote actin polymerization (Li et al., 2005; 
Ohta et al., 2006). Alternatively, downstream activation of my-
osin II could promote the conversion of branched actin structures 
to bundles, which cannot accommodate Arp2/3-based branch-
ing, thereby locally inhibiting protrusion formation (Vicente-
Manzanares et al., 2011).

Recently, multiple studies have shown that membrane 
tension can also be involved in restricting cells to a single front 
(Keren et al., 2008; Houk et al., 2012; Lieber et al., 2013). Spe-
cifically, artificially increasing tension causes neutrophils to 
cease protruding (Houk et al., 2012), whereas decreasing ten-
sion can induce polarized keratocytes to form multiple lamelli-
podia (Lieber et al., 2013). In this model, once a single protrusion 
is formed, the force of actin polymerization pushing on the mem-
brane increases the membrane tension globally, which then  
mechanically inhibits polymerization elsewhere. However, the 

Cells polarize to a single front and rear to achieve 
rapid actin-based motility, but the mechanisms 
preventing the formation of multiple fronts are un-

clear. We developed embryonic zebrafish keratocytes as 
a model system for investigating establishment of a single 
axis. We observed that, although keratocytes from 2 d 
postfertilization (dpf) embryos resembled canonical fan-
shaped keratocytes, keratocytes from 4 dpf embryos often  
formed multiple protrusions despite unchanged mem-
brane tension. Using genomic, genetic, and pharmacologi-
cal approaches, we determined that the multiple-protrusion 

phenotype was primarily due to increased myosin light 
chain kinase (MLCK) expression. MLCK activity influences 
cell polarity by increasing myosin accumulation in lamelli-
podia, which locally decreases protrusion lifetime, limiting 
lamellipodial size and allowing for multiple protrusions to 
coexist within the context of membrane tension limiting 
protrusion globally. In contrast, Rho kinase (ROCK) regu-
lates myosin accumulation at the cell rear and does not 
determine protrusion size. These results suggest a novel 
MLCK-specific mechanism for controlling cell polarity via 
regulation of myosin activity in protrusions.
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2010; Barnhart et al., 2011). However, signaling has been more 
difficult to study in keratocytes because they are typically cultured 
from non-genetically tractable species of fish, such as cichlids 
(Lacayo et al., 2007), goldfish (Lee et al., 1993), or black tetra 
(Svitkina et al., 1997).

To address these shortcomings, we established a protocol 
for culturing keratocytes from zebrafish embryos, which have a 
sequenced genome (Howe et al., 2013) and well-established ge-
netic tools for protein overexpression and knockdown (Lawson 
and Wolfe, 2011). In this study, we use this system to uncover 
a surprising role for myosin light chain kinase (MLCK) in regu-
lating cell polarization independent of ROCK and in the con-
text of unchanged membrane tension. Specifically, we find that 
increased MLCK activity helps keratocytes to form multiple 
protrusions by increasing myosin accumulation in lamellipodia, 
thus shortening edge lifetimes and decreasing protrusion size. 
Our data suggest that ROCK and MLCK regulate spatially dis-
tinct populations of myosin, which can have opposing effects 
on cell polarization.

evidence for this model comes from fast-moving cells with 
strong actin polymerization capable of fully extending the 
membrane to increase the tension. Whether membrane tension 
can play a similar role for slow cells with weak protrusions re-
mains less clear.

Furthermore, although there is evidence for both mechan-
ical tension-based and Rho signaling-based mechanisms for es-
tablishing cell polarization in fast-moving cells, less is known 
about the circumstances under which each mechanism is domi-
nant, and it is also not clear whether there are interactions be-
tween the signaling and mechanical factors. Fish epithelial 
keratocytes are an ideal model system for investigating the role 
of mechanics in cell migration because their simple reproduc-
ible cell shapes and cytoskeletal structures have enabled inte-
grated experimental and theoretical approaches, which have 
resulted in comprehensive whole-cell models incorporating de-
tails of molecular interaction with large-scale force balance and 
protein distribution and transport (Lee et al., 1993; Grimm et al., 
2003; Lacayo et al., 2007; Keren et al., 2008; Wilson et al., 

Figure 1.  Zebrafish embryonic keratocytes 
display different behaviors depending on de-
velopmental stage. (a) Representative images 
of cells derived from 2-dpf and 4-dpf embryos. 
Cell outlines are shown on the right. Bar, 10 µm.  
(b) Typical edge velocity map for a 2-dpf cell, 
showing one leading edge. Color represents 
edge velocity, where red is protruding and 
blue is retracting (see color scale on the right). 
(c) Typical edge velocity map for a 4-dpf cell, 
showing three protrusions in this case, which 
propagate laterally around the cell. (d) Repre-
sentative immunofluorescence images of 2-dpf 
and 4-dpf cells. Cells were fixed and stained 
with AF594-phalloidin to visualize F-actin, a 
phospho-serine19 myosin light chain antibody 
to visualize myosin, and a phospho-tyrosine 
antibody to visualize adhesions. A maximum 
intensity projection of a z stack acquired using 
3D structured illumination microscopy is shown. 
Bar, 10 µm.
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protrusion and retraction velocities at all points around the cell’s 
perimeter. Single-front cells have a single protruding and retract-
ing edge (Fig. 1 b) and accordingly are polarized along a single 
front-back axis. Multiple-front cells, however, do not simply pro-
trude at random points around the perimeter, but instead show a 
consistent pattern of regularly spaced protrusions that propagate 
circumferentially (Fig. 1 c) and can be stable for hours, which 
suggests that these cells are not simply unpolarized but rather 
are polarized along multiple front–back axes. We also examined 
the organization of F-actin, myosin, and adhesions in these two 
populations using immunofluorescence (Fig. 1 d).

To determine if cells with multiple protrusions have poor 
net translocation efficiency, we tracked 2-dpf and 4-dpf cells 
over the course of 20 min (Fig. 2, a–c). While 2-dpf cells can 
translocate distances of up to 200 µm in that time, typically 
>40% of 4-dpf cells are multiple-front cells and correspond-
ingly are not able to move >40 µm. To quantify persistence, we 
calculated the velocity autocorrelation function for individual 
tracks. As expected of persistent cells, all 2-dpf tracks exhib-
ited slow decay of the velocity autocorrelation (Fig. 2 d). How-
ever, the autocorrelation for 4-dpf tracks decayed much faster  
(Fig. 2 e), with both an increase in turning single-front cells as 
well as relatively stationary multiple-front cells. Therefore, de-
spite their close relation in developmental time, 2-dpf cells and 
4-dpf cells self-organize to very different polarity states that 
have functional consequences for their motility abilities. We 
were interested in understanding the mechanisms underlying 
differential regulation of cell polarity in 2-dpf and 4-dpf cells.

Results
Zebrafish keratocytes display differing 
behaviors depending on the  
developmental stage
To culture keratocytes from zebrafish embryos, we needed to 
develop a new protocol because the standard approach of cultur-
ing cells from plucked scales cannot be used in embryos, which 
do not develop scales until 4 wk postfertilization (Le Guellec  
et al., 2004). Our most successful protocol uses trypsin to dis-
rupt the embryonic epithelium, and after transferring the super-
natant to a fresh surface, typically >90% of the adherent cells are 
keratocytes. We were able to extract keratocytes from embryonic 
stages as early as 1 d postfertilization (dpf) and as late as 12 dpf.

However, to our surprise, we observed that zebrafish em-
bryonic keratocytes do not always display the canonical kera-
tocyte shape and behavior that is exhibited by adult keratocytes 
from other species (Goodrich, 1924; Euteneuer and Schliwa, 
1984; Keren et al., 2008). Although cells from 1-dpf and 2-dpf 
embryos resemble typical adult keratocytes in that they have 
a single large fan-shaped leading edge and persistent motility, 
another population of cells emerges starting from 3 dpf onwards 
that appear to have multiple leading edges that travel laterally 
around the cell (Fig. 1 a and Video 1). We will take the 2-dpf 
and 4-dpf cell populations as representative time points for the 
remainder of this study.

To characterize the difference in protrusion dynamics be-
tween the single-front and multiple-front cells, we measured edge 

Figure 2.  Single-front and multiple-front 4-dpf cells are drawn from the same population, which is distinct from 2 dpf. (a–c) Cells from the indicated 
developmental stage and morphology were tracked for 20 min. 25 randomly chosen tracks are shown. (d and e) Histogram of velocity autocorrelation 
decay constants for 2-dpf (n = 138) and 4-dpf (n = 177) tracks. Smaller values indicate straighter tracks. (f) Phalloidin intensity, averaged over the entire 
cell, was measured in 2-dpf (n = 88) and 4-dpf single-front (n = 30) and 4-dpf multiple-front cells (n = 90). (g) Mean phalloidin intensity at the protruding 
edge was measured in 2-dpf (n = 88) and 4-dpf single-front (n = 30) and 4-dpf multiple-front cells (n = 90). **, P < 0.01; *, P < 0.05; n.s., P > 0.05, as 
measured by two-sample Wilcoxon rank sum test.

http://www.jcb.org/cgi/content/full/jcb.201409001/DC1
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protrusions before perturbation (Fig. 3, e and f). In contrast, 
in the same experiment, 2-dpf cells will immediately make a 
single protrusion that grows to become a large front (Fig. 3 d 
and Video 2). Consistent with the idea that protrusions in 4-dpf 
multiple-front cells have a limited intrinsic size, we found that 
protrusion width is independent of cell size in this population 
(Fig. S2 d); larger cells typically have more protrusions rather 
than bigger ones (Fig. S2 e). Therefore, we conclude that 4-dpf 
cells are able to have multiple protrusions because their protru-
sions are intrinsically small.

Protrusion lifetime and lateral propagation 
rate determine protrusion size
To understand why 4-dpf cells have smaller protrusions, we 
sought to identify how protrusion width is determined. In sin-
gle-front cichlid keratocytes, it has previously been shown that 
membrane tension and the ratio of Arp2/3-mediated branching 
to capping regulates protrusion width (Lacayo et al., 2007; 
Keren et al., 2008; Ofer et al., 2011). However, this mechanism 
seems unlikely in multiple-front cells if membrane tension is 
not regulating local protrusion size. Indeed, treatment with the 
Arp2/3 inhibitor CK666 (Nolen et al., 2009) had no effect on 
protrusion width (Fig. S2 c), despite resulting in clear changes 
in F-actin organization (Fig. S2, a and b), which suggests that 
the branching-to-capping ratio is not the main determinant of 
protrusion width in this case.

Because 4-dpf multiple-front cells have traveling waves 
of protrusion, we speculated instead that the dynamics of pro-
trusion could regulate edge width. Specifically, edge width 
should be the product of edge lifetime, i.e., the duration of time 
each region of edge remains protrusive, and the lateral propaga-
tion rate (Fig. S1 e). Although edge width is correlated with 
edge lifetime and weakly correlated with lateral propagation 
(Fig. S3, a and b), the product of lifetime and lateral propaga-
tion rate provides a much better prediction of width than either 
correlation on its own (Fig. 3 g), which suggests that the combi-
nation of edge lifetime and lateral propagation rate determine 
protrusion width in 4-dpf cells.

Increased MLCK expression in 4dpf 
cells largely explains the multiple-front 
phenotype of 4-dpf cells
We hypothesized that these differences in protrusion dynamics 
observed between 2-dpf and 4-dpf cells might be driven by un-
derlying changes in expression of cytoskeletal structural proteins 
and regulators. We used RNAseq to measure changes in expres-
sion of cytoskeleton-related genes between 2 dpf and 4 dpf, and 
found only six such genes whose expression was significantly 
different (Fig. 4 a). Two of these hits, arpc5a and flnb, represent 
minor isoforms with a close paralogue expressed at much higher 
levels and thus seemed to be unlikely candidates. tnw is a secreted 
extracellular matrix protein and seemed unlikely to contribute  
because the multiple-front phenotype is observed when cells  
are cultured on a fresh glass surface. Two hits, gsnb and scinla, are 
both gelsolin members that are less expressed at 4 dpf. However, 
microinjection of purified gelsolin into 4-dpf cells had no effect 
(unpublished data). That left us with one particularly interesting 

However, because single-front cells persist in the 4-dpf 
population, it was not clear if the multiple-front 4-dpf cells rep-
resent a distinct subpopulation with different molecular proper-
ties from all single-front cells, or if instead the 4-dpf population 
as a whole expresses different components that allow for sto-
chastic emergence of the multiple-front phenotype. To distin-
guish between these two possibilities, we quantified the mean 
density of F-actin present throughout the whole cell in 2-dpf and 
4-dpf single-front and 4-dpf multiple-front cells (Fig. 2 f), and 
found that 4-dpf single-front cells have a lower mean F-actin 
density than 2-dpf cells. Furthermore, 2-dpf cells have higher  
F-actin density at the leading edge as compared with both types 
of 4-dpf cells, which are indistinguishable using this metric 
(Fig. 2 g). 4-dpf single-front cells also turn more as compared  
with 2-dpf single-front cells (Fig. 2, d and e). These data suggest 
that both phenotypes of 4-dpf cells are drawn from the same 
population. Most importantly, we sometimes observe spon-
taneous conversion of single-front 4-dpf cells to the multiple-
front phenotype, and vice versa. Therefore, understanding the 
origin of the multiple-front state is equivalent to understanding 
the phenotypic differences in motility between the 2-dpf and  
4-dpf populations.

Intrinsically small protrusions enable 4-dpf 
cells to have multiple fronts
Previous work has established the essential role for membrane 
tension in globally limiting protrusion size and restricting kera-
tocytes to a single front (Keren et al., 2008; Lieber et al., 2013). 
Therefore, we sought to test whether the multiple-front state 
was caused by 4-dpf cells having too low a membrane tension 
to suppress secondary protrusions, as had been previously re-
ported to occur after a sudden decrease in membrane tension 
caused by fusion of membrane vesicles to polarized cells  
(Lieber et al., 2013). We used atomic force microscopy (AFM) 
to pull membrane tethers from keratocytes and measured mem-
brane tension from the tether rupture force (Fig. 3 a; Materials 
and methods). However, we found that membrane tension is 
unchanged between 2-dpf and 4-dpf single-front and 4-dpf 
multiple-front cells (Fig. 3 b), thus raising the possibility that, 
although membrane tension may globally limit protrusion, other 
factors might locally regulate the intrinsic size of individual 
fronts and permit the coexistence of multiple fronts under the 
global limit set by membrane tension. Alternatively, protrusion 
size in the 4-dpf cells could be limited by competition between 
the multiple fronts.

We find that protrusions in 4-dpf multiple-front cells are 
22 ± 4 µm (SD), whereas protrusions in 2-dpf cells are 34 ± 5 µm 
(SD; Fig. 3 c). To determine whether the protrusions in 4-dpf 
cells are intrinsically small rather than small due to competition, 
we removed all the protrusions by depolymerizing the F-actin 
with DMSO (Keren et al., 2008), and observed whether upon 
washout cells could make larger protrusions in the absence of 
other potentially competing protrusions. Cells tended to make 
a single protrusion first after DMSO washout, followed by the 
formation of additional protrusions (Fig. 3 d and Video 2).  
We quantified the size of the first protrusion that formed after 
washout and found it to be comparable to the mean size of the 

http://www.jcb.org/cgi/content/full/jcb.201409001/DC1
http://www.jcb.org/cgi/content/full/jcb.201409001/DC1
http://www.jcb.org/cgi/content/full/jcb.201409001/DC1
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expression specifically is responsible for the multiple front phe-
notype, we designed a morpholino to induce mis-splicing and 
early termination of the im:7148400 transcript (Fig. 4 d). 4-dpf 
keratocytes from morpholino-injected embryos also displayed 
a higher percentage of single-front cells in the population as 
compared with mock-injected control (Fig. 4 d). Therefore, in-
creased MLCK expression in 4-dpf keratocytes contributes to 
allowing the formation of multiple fronts. To determine whether 
MLCK might be specifically regulating a particular isoform of 
myosin II, we also compared expression levels of myosin IIa, 
IIb, and IIc, and found that nearly all (>98%) of detectable  

candidate: im:7148400, the only MLCK isoform expressed in 
zebrafish embryonic keratocytes. im:7148400 is expressed about 
twofold more highly in 4-dpf cells as compared with 2-dpf cells, 
as confirmed by qRT-PCR (Fig. 4 b).

To test whether increased MLCK activity in 4-dpf cells 
is important for the multiple-front phenotype, we treated 4-dpf  
cells with ML7, a small molecule inhibitor of MLCK (Saitoh  
et al., 1987). 25 µM ML7 converted 50% of multiple-front cells 
to a single front phenotype (Fig. 4 c and Video 3). BATI, a pep-
tide inhibitor of MLCK (Totsukawa et al., 2004), had a similar 
effect (Fig. 4 c). To confirm that an increase in im:7148400 

Figure 3.  4-dpf cells have multiple protrusions because the protrusions are intrinsically small. (a) Example force–time curve showing a membrane tether 
force quantification. A concanavalin A–coated AFM cantilever is brought into contact with the cell for 10 s and then withdrawn. At this time, a membrane 
tether connecting the cell to the cantilever produces a negative force reading. After tether breakage, the force experienced by the cantilever returns to zero. 
The difference between the prebreakage and postbreakage force is quantified as the tether force. (b) Tether force was measured in 2-dpf (n = 25) and 
4-dpf single-front (n = 8), and 4-dpf multiple-front (n = 15) cells. n.s., P > 0.05 as measured by a two-sample t test. (c) Mean protrusion width measured in 
individual 2-dpf (n = 61) and 4-dpf (n = 157) multiple-front cells. **, P < 0.01 as measured by a two-sample Wilcoxon rank sum test. (d) A representative 
2-dpf single-front cell (top) or 4-dpf multiple-front cell (bottom) treated with 10% DMSO to depolymerize F-actin. Time shown in minutes before/after DMSO 
addition/washout. Images are representative of 2-dpf (n = 12) and 4-dpf (n = 35) cells. Blue lines indicate protrusions. Bars, 10 µm. (e) Mean protrusion 
width before and after DMSO washout as measured in individual 4-dpf multiple-front cells (n = 35). The gray shaded region indicates the duration of DMSO 
treatment. The blue shaded region represents standard error. (f) The mean width of protrusions before DMSO addition, and width of the first protrusion after 
DMSO washout were measured in individual cells (n = 35). n.s., P > 0.05, paired-sample t test. (g) Mean edge width plotted against the product of mean 
edge lifetime and mean lateral propagation rate for individual 4-dpf multiple-front cells (n = 154). The broken line is y = x.

http://www.jcb.org/cgi/content/full/jcb.201409001/DC1
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rate (Fig. 5 c), but we do observe an increase in edge lifetime 
(Fig. 5 d), which suggests that MLCK activity regulates edge 
size by controlling edge lifetime. The effect of ML7 on edge 
lifetime and not the lateral propagation rate is also visible in 
individual cell edge velocity maps (Fig. 5 a).

Furthermore, polarization to the single-front state could 
conceivably happen either by the cells first forming a single 
large rear, or by forming a large front, as is suggested by the 
edge lifetime hypothesis. Because MLCK activity could poten-
tially also regulate the strength of the rear by enhancing myosin 
bundling or contractility, we wanted to exclude the possibility 
that the mechanism of polarization is driven by changes in rear 
size rather than front size. Therefore, we measured the size of 
the largest protruding and retracting section in cells immedi-
ately after addition of ML7 (Fig. 5 e). Consistent with our pro-
posal that MLCK activity primarily regulates front size, we see 
an increase in front size preceding an increase in rear size with 
a time lag of 60 s. Thus, MLCK regulates cell polarity by first 
modulating front size and number, rather than rear size.

Because we had previously shown that 2-dpf cells have 
higher F-actin density at the leading edge than 4-dpf cells  

myosin II transcripts in these cells encode myosin IIa (Fig. 4 e); 
furthermore, the relative expression level of the isoforms does 
not change significantly between 2 dpf and 4 dpf.

Decreasing MLCK activity in 4-dpf  
cells results in longer edge lifetimes  
and wider edges
Because small protrusions allow 4-dpf cells to make multiple 
fronts, we wondered whether MLCK inhibition was enabling 
whole-cell polarization by increasing protrusion size. There-
fore, we looked at the dynamics of how ML7 treatment converts 
multiple-front cells to the single-front phenotype (Fig. 5 a). 
From the edge velocity map for the representative cell shown, it 
appears that protrusion width increases shortly after ML7 treat-
ment. To confirm this, we measured mean edge width in a larger 
population of cells before and after ML7 treatment and found 
that width does indeed increase upon MLCK inhibition (Fig. 5 b). 
Because edge width can be regulated by both edge lifetime 
and the lateral propagation rate, we wondered which of these 
two parameters is regulated by MLCK activity. Upon MLCK 
inhibition, we do not observe a change in the lateral propagation 

Figure 4.  Increased MLCK expression in 4-dpf cells is largely responsible for the multiple-front phenotype. (a) Expression of cytoskeleton-related genes 
as measured in 2-dpf and 4-dpf cells by RNAseq. Each dot represents the mean expression level of one cytoskeleton-related gene over three biological 
replicates for each developmental stage. Genes highlighted in red were differentially expressed at a false discovery rate (FDR) <0.01. The broken line 
indicates y = x. (b) Expression of im:7148400 measured in 2-dpf and 4-dpf cells by qPCR and shown normalized to the expression level in 2-dpf cells. 
Points represent biological replicate measurements; red bars represent means. (c) Conversion of 4-dpf multiple-front cells to a single-front phenotype after 
treatment with MLCK inhibitors. 4-dpf multiple-front cells were treated with DMSO control, 25 µM ML7, water control, or 20 µM BATI. Each dot represents 
an independent experiment. At least 180 cells were scored in total for each condition. (d) The effect of MLCK morpholino on 4-dpf cell behavior. Left, 
percentage of single-front cells in the 4-dpf keratocyte population. Each dot represents a single coverslip. At least 300 cells were scored for each condition. 
Data shown are from a single batch of injections and are representative of four injection batches. Right, morpholino-induced splicing changes as measured 
by PCR in individual 4-dpf embryos. L indicates a 50-bp ladder. (e) Expression of myosin isoforms as measured by RNAseq, plotted as reads per kilobase 
per million mapped (RPKM). Data shown were pooled from three replicates each of the 2-dpf and 4-dpf cells. Error bars indicate standard error of the mean. 
Myosin IIC was not detectable. **, P < 0.01 as measured by two-sample t test.
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MLCK regulates myosin accumulation  
in lamellipodia
To understand how increased MLCK expression in 4-dpf cells 
regulates edge lifetime, we examined the dynamics of myosin 
localization in multiple-front cells. Fluorescently tagged my-
osin appears to incorporate rapidly into the growing lamelli-
podial actin network and can be found increasingly closer to 
the leading edge as it switches from protrusion to retraction  
(Fig. 6 a and Video 4). Because new myosin minifilaments pref-
erentially associate with existing bound filaments (Verkhovsky 

(Fig. 2 g), we also measured F-actin density in 4-dpf cells  
15 min after ML7 addition and found a significant increase in 
F-actin density both at the leading edge and throughout the 
cell (Fig. 5 f). In fact, long-term MLCK inhibition via morpho-
lino injection rescues the F-actin amount in 4-dpf cells back 
to 2-dpf levels (Fig. 5 g). However, although the population 
distribution of F-actin in these cells fully overlaps with that of 
2-dpf cells, some multiple-front cells persist in the population  
(Fig. 4, c and d), which suggests that rescuing F-actin alone is 
not sufficient to convert all multiple-front cells.

Figure 5.  Decreased MLCK activity causes bigger protrusions by increasing edge lifetime. (a) Representative edge velocity map (left) and cell contours 
sampled at the indicated times (right) for a 4-dpf multiple-front cell treated with 25 µM ML7 at the indicated time. The arrow indicates little change in the 
lateral propagation rate after drug addition. The arrowhead indicates prolonging of edge lifetime after drug addition, resulting in increased protrusion 
width. Data are representative of 33 independent experiments. (b–d) Mean protrusion width, lateral propagation speed, and edge lifetime measured in 
individual 4-dpf cells before and after DMSO control (n = 14) or 25 µM ML7 treatment (n = 33). (e) Mean change in the size of the largest protruding 
region and the largest retracting region in individual 4-dpf cells over time as normalized to their respective sizes before drug treatment. Shaded regions 
show standard error. (f and g) Change in F-actin density after MLCK inhibition. 4-dpf cells either treated with DMSO control (n = 155) or drug (n = 149) 
for 15 min (f) or derived from mock (n = 72) or morpholino-injected embryos (n = 79; g) were fixed and stained with 0.2 µM Texas Red-X phalloidin. 
Mean phalloidin intensity is shown quantified in either the entire cell or only at leading edges. **, P < 0.01; *, P < 0.05; n.s., P > 0.05 as measured by 
a two-sample Wilcoxon rank sum test.

http://www.jcb.org/cgi/content/full/jcb.201409001/DC1
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cycles of protrusion and retraction. We found that the myo-
sin accumulation immediately behind the leading edge was 
very well correlated with the onset of retraction (Fig. 6 b), and  
kymograph analysis of myosin fluorescence shows that myo-
sin can be found throughout the lamellipodium preceding re-
traction (Fig. 6 f).

et al., 1995; Svitkina et al., 1997; Burnette et al., 2014), the 
appearance of fluorescently labeled myosin in the lamellipo-
dium is highly nonuniform, with a pronounced and measurable 
texture. Thus, to quantify the dynamics of myosin accumula-
tion, we measured the amount of myosin fluorescence texture 
in the region behind the leading edge as the edge underwent 

Figure 6.  Myosin accumulates more slowly in protrusions after MLCK inhibition. (a and c) Images of mApple-myosin light chain dynamics in a represen-
tative 4-dpf cell before (a) and 2 min after 25 µM ML7 addition (c). The cell edge is represented by a series of colored dots, where color indicates the 
velocity of each region of the edge. Red is protruding, blue is retracting (see scale at the bottom). Bars, 10 µm. (b and d) Myosin accumulation behind 
the leading edge over time quantified in the representative cell shown in a and c, using an image texture score (see Materials and methods) before (b) 
and 2–5 min after (d) addition of ML7. Measurements were made at 200 regions around the cell perimeter and aligned to the onset of retraction for each 
protrusion–retraction cycle. Mean protrusion velocity and texture are shown. Shaded regions indicate standard error. (e) Time lag between retraction onset 
and onset of myosin texture increase as measured in 4-dpf cells before and after addition of 25 µM ML7 (n = 6). *, P < 0.05 as measured by a paired-
sample t test. (f) Kymographs taken from the cell shown above. Yellow arrows show that myosin takes a longer time to accumulate in protrusions after ML7 
treatment. Blue arrows show that myosin often is localized further away from the protrusion tip after ML7 treatment. Red and green lines indicate duration 
of protrusion (red) and retraction (green).
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we treated 4-dpf cells with the ROCK inhibitor ROCKout 
(Yarrow et al., 2005) and observed that rather than convert-
ing multiple-front cells to a single front, it instead caused the 
cells to become round and less protrusive (Fig. 7 a). Similar 
effects were seen with the myosin ATPase inhibitor blebbistatin  
(Fig. 7 b). Note that the ROCK inhibitor Y-27632 had no phe-
notype (Fig. S4), and has previously been reported to be inef-
fective in zebrafish (Weiser and Kimelman, 2012).

The differing effects of ROCK and MLCK inhibition sug-
gested that the two kinases might regulate spatially distinct pop-
ulations of myosin. In multiple-front keratocytes, the majority 
of myosin is localized in a ring around the cell body (Fig. 1 d). 
This actin- and myosin-rich ring is similar to the bundle of acto-
myosin filaments that form the rear of single-front keratocytes. 
Upon ROCK inhibition, myosin localization in this central ring 
decreases dramatically (Fig. 7 c). In contrast, upon MLCK in-
hibition, myosin intensity in the central ring tends to increase 
as the ring appears to constrict, followed by reequilibration 
to a state similar to pre-perturbation (Fig. 7 c). Furthermore, 
ROCK inhibition has no effect on protrusion width or lifetime 

If myosin accumulation in protrusions were responsible 
for edge retraction, we should expect that in the presence of 
ML7, where edge lifetimes are prolonged, myosin accumula-
tion behind the leading edge would be delayed. Therefore, we 
measured the rate of myosin accumulation in cells before and 
after ML7 treatment, and found a significant delay in the onset 
of myosin accumulation (Fig. 6, c–e; and Video 5) after drug 
addition. Furthermore, kymograph analysis of myosin fluores-
cence confirms that myosin seems to accumulate more slowly 
and further away from the leading edge after MLCK inhibition 
(Fig. 6 f). These data are consistent with the idea that MLCK 
regulates edge lifetime and protrusion size by controlling the 
amount of myosin found in lamellipodia.

ROCK regulates myosin localization  
at the cell rear
Because ROCK and MLCK both regulate myosin phosphoryla-
tion, we wondered whether the effects of MLCK on cell polar-
ization were specific to MLCK or if they might simply reflect 
overall myosin phosphorylation or activation state. Therefore, 

Figure 7.  ROCK and MLCK have spatially distinct roles. (a and b) Images (top) and edge velocity map (bottom) of a representative 4-dpf cell before and 
after treatment with 50 µM ROCKout (a) or 10 µM blebbistatin (b). Arrowheads indicate the time of drug addition. (c) Images of mApple-myosin light chain 
distribution in a representative 4-dpf cell before and after treatment with ROCKout (top) or ML7 (bottom). Bars, 10 µm. Indicated times are relative to the 
time of drug addition.

http://www.jcb.org/cgi/content/full/jcb.201409001/DC1
http://www.jcb.org/cgi/content/full/jcb.201409001/DC1
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shown when the total membrane amount is suddenly increased 
(Lieber et al., 2013), as membrane tension is the same at 2 dpf 
and 4 dpf (Fig. 3 b). Instead, we propose that tension could be 
playing a role in limiting the number of protrusions by acting 
as a global inhibitor of polymerization. Because tension is set 
by cytoskeletal forces (Lieber et al., 2013) and because MLCK 
causes 4-dpf cells to have intrinsically small protrusions, per-
haps each protrusion alone does not increase the membrane ten-
sion enough to suppress others, so the cells continue to make 
protrusions until the total tension reaches an inhibitory level. 
We speculate that membrane tension could be playing a role in 
suppressing protrusion number in other slow-moving cell types 
with small protrusions, but that it is only capable of driving cell 
polarization when the protrusions are large and strong as in fast-
moving cell types like adult keratocytes and neutrophils.

Additionally, we find that MLCK regulates cell polarity 
independently of ROCK. While MLCK appears to control myo-
sin accumulation in lamellipodia (Fig. 6), ROCK instead regu-
lates myosin localization to the central actin bundle (Fig. 7), 
which is a structure analogous to the actin bundles that de-
fine the rear of other cell types (Wilson et al., 2010; Vicente- 
Manzanares et al., 2011). These results are consistent with 
previous literature describing the role for MLCK in regulat-
ing myosin phosphorylation specifically in lamellipodia while 
ROCK is instead responsible for controlling the level of myosin 
phosphorylation in the central regions of the cell (Chew et al., 
2002; Totsukawa et al., 2004). MLCK is also localized to the 
leading edge of neutrophils (Xu et al., 2008), whereas Rho ac-
tivity is localized to the rear (Wong et al., 2006).

These distinct spatial roles likely explain the discrepancy 
between our results and the literature describing the role of my-
osin in cell polarity (Fig. 8). Specifically, while we describe 
how increased MLCK and myosin activities enable the forma-
tion of multiple fronts and how low myosin activity is necessary 
for the single-front state, the canonical view is that excess myo-
sin activity results in stationary cells that are nonprotrusive,  
and myosin inhibition results in cells that have multiple fronts 
(Wessels et al., 1988; Wang et al., 2003; Xu et al., 2003; Totsukawa 
et al., 2004; Yam et al., 2007; Vicente-Manzanares et al., 2008, 
2011; Mseka and Cramer, 2011). However, these previous re-
sults all focused on the role of Rho/ROCK-dependent myosin 
contractility in helping cells build a stable rear that inhibits pro-
trusion. Even in adult keratocytes, polarization from the station-
ary to single-front state requires that the cells first establish a 
region of retraction driven by myosin contractility, which re-
quires ROCK signaling but not MLCK (Yam et al., 2007).

We propose that MLCK is responsible for a separate 
mechanism for cell polarization by acting at the cell front to 
regulate protrusion size directly. Furthermore, our finding that 
MLCK-dependent myosin inhibition can promote cell polariza-
tion is consistent with observations in other cell types. For ex-
ample, myosin inhibition in normally stellate embryonic stem 
cells and fibroblasts can induce the formation of a keratocyte-
like large single-front morphology (Even-Ram et al., 2007; 
Cai et al., 2010), and myosin knockdown in a mouse model 
of squamous cell carcinoma increased tumor cell motility and 
invasiveness (Schramek et al., 2014), which suggests that this 

despite causing a decrease in protrusion speed (Fig. S5, a–c), 
and the rate of myosin accumulation in lamellipodia may in fact 
be slightly increased (Fig. S5, d and e), perhaps due to more 
myosin being available for MLCK to phosphorylate. These re-
sults suggest that ROCK is primarily responsible for myosin 
localization to the central ring, which is equivalent to the cell 
rear in single-front keratocytes and other cell types, whereas 
MLCK is responsible for myosin localization in lamellipodia 
at the cell front.

Discussion
Here, we identify a novel mechanism for limiting protrusion 
size and overall cell polarity by describing a surprising shift in 
keratocyte behavior from the canonical fan-shaped cell found in 
adult skin as well as in 2-dpf embryos to a multiple-front travel-
ing wave phenotype seen at 4 dpf. Using the genetic tools avail-
able in zebrafish embryos, we identify MLCK as a key regulator 
of this phenotypic switch, where increased MLCK expression 
in keratocytes derived from 4-dpf embryos results in more myo-
sin accumulation in lamellipodia, thus shortening the duration 
of time that edges remain protrusive and causing protrusions to 
be intrinsically small, which allows for the formation of multi-
ple protrusive fronts.

The mechanism for MLCK-driven lamellipodial myosin 
accumulation to decrease edge lifetime could either be actin de-
polymeriztion (Murrell and Gardel, 2012; Vogel et al., 2013) or 
direct force on the meshwork, sweeping it backward toward the 
center of the cell (Ponti et al., 2004; Cai et al., 2006; Barnhart  
et al., 2011). In this model, edge lifetime is determined by 
whether actin polymerization can outrun myosin accumulation. 
It has previously been shown that myosin and MLCK activity 
can trigger retraction and shorten edge lifetimes (Giannone et al., 
2004; Burnette et al., 2011; Tsai and Meyer, 2012) in other cell 
types, including fibroblasts, epithelial cells, and endothelial 
cells. It is important to note though that in 4-dpf keratocytes, 
edge retraction still occurs after MLCK inhibition (Fig. 6, c and d). 
Because myosin is still present in the central ring after ML7 
treatment, it is possible that retraction is still occurring due to 
myosin-driven contractility of the actin meshwork acting at a 
distance. However, it has also been reported at least in PtK1 
cells that protrusion and retraction cycles still occur after com-
plete myosin II inhibition (Burnette et al., 2011). It seems likely 
that there are other factors such as actin-depolymerizing pro-
teins (Wilson et al., 2010; Mseka and Cramer, 2011) that con-
tribute to retraction in addition to myosin.

Our results show that MLCK facilitates the multiple-front 
state and thus inhibits overall cell polarization by locally sup-
pressing the size of individual protrusions (Fig. 5). Membrane 
tension has previously been shown in keratocytes and neutro-
phils to promote cell polarization by acting as a global inhibi-
tor of protrusion (Keren et al., 2008; Houk et al., 2012; Lieber  
et al., 2013). In this model, once a single large front is formed, 
it pushes on the membrane to increase overall tension, which 
mechanically suppresses the formation of other protrusions. 
Notably, we show that the multiple fronts found in 4-dpf cells 
are not caused by low membrane tension as has previously been 

http://www.jcb.org/cgi/content/full/jcb.201409001/DC1
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Genetic perturbations
Tol2/Multisite-Gateway technology (Kwan et al., 2007) was used to gener-
ate transgenic zebrafish expressing hsp70:myosin light chain-mApple or 
actb1:EGFP-CAAX as follows: To make hsp70:myosin light chain-mApple, we 
received the myosin light chain–mApple plasmid as a gift from M. Davidson 
(Florida State University, Tallahassee, FL). The myosin light chain-mApple con-
struct was transferred into pME-MCS by restriction digest using EcoRI and 
HindIII, and then recombined with p5E-hsp70l promoter element, p3E-polyA 
polyadenylation signal, and pDestTol2pA2 vector backbone to produce 
pTol2-hsp70l::myosin light chain-mApple. To make actb1:EGFP-CAAX, we  
recombined the p5E-bactin1 promoter, pME-EGFPCAAX, and p3E-polyA 
polyadenylation signal with the pDestTol2pA2 vector backbone. The p5E-
hsp70l, p5E-bactin1, pME-EGFPCAAX, p3E-polyA25, and pDestTol2pA2 
Gateway entry vectors were gifts from C.-B. Chien (University of Utah, Salt 
Lake City, UT). Recombinations were performed using the Multi-site Gateway 
Three-Fragment Vector Construction kit (Invitrogen). 25 pg of each final 
pTol2 vector was coinjected at the one-cell stage with 25 pg transposase 
RNA synthesized with the SP6 mMessage mMachine kit (Ambion).

An antisense morpholino oligonucleotide (Gene Tools LLC) was de-
signed to induce mis-splicing of exon 9 of im:7148400 and early termination 
of the transcript before its kinase domain. The morpholino (ACATACTTA-
CACTCCTAGTTTCTCC) was resuspended in water at a stock concentration 
of 1 mM. 12 pg morpholino in a 1-nl volume was injected into embryos 
at the one-cell stage using standard procedures (Yuan and Sun, 2009). 
To check that mis-splicing occurs, RNA was extracted from individual em-
bryos using the RNeasy Micro kit (QIAGEN). The following primers were 
used to amplify exons 8–10 (5-3): CAGCCAAGAGTCCCAGACAG, 
CTCTCTGTCCTTTGCCCGAC.

Microscopy
Live cells and fixed cells were imaged on an inverted microscope (Ti Eclipse; 
Nikon) at room temperature using a 40× NA 0.6 Plan Fluor air or a 100× 
NA 1.4 Plan-Apochromat oil objective lens (Nikon). All images were col-
lected with a cooled back-thinned EM charge-coupled device (CCD) cam-
era (iXon+ DU888; Andor Technology) with a 1× or 1.5× optivar using 
MicroManager 1.4 software. Live cells were imaged in their usual culture 
media. For cell tracks, a randomly selected region spanning a tiled series 
of 10 × 10 or 6 × 6 fields of view was imaged every minute for 20 min. 
For drug perturbation experiments, cells were imaged every 10 s for 10 min 
before drug addition, and continuing for 30 min after drug addition. For 
live-cell myosin experiments, cells were imaged every 3 s. Fixed cells were 
mounted in Vectashield mounting media (Vector Laboratories).

For 3D structured illumination microscopy experiments, fixed cells 
were mounted in SlowFade Gold mounting media (Invitrogen) and imaged 
on a DeltaVision OMX (GE Healthcare) microscope using DeltaVision soft-
ware (GE Healthcare) with a 100× NA 1.4 UPlan-Apochromat oil objec-
tive lens (Olympus) using 0.125 µm z slices at room temperature. Images 
were collected with a cooled back-thinned EM-CCD camera (Evolve; 
Photometrics). 3D structured illumination reconstructions were created with 
the softWoRx imaging suite (GE Healthcare).

Cell trajectory analysis
Cells were tracked by hand using the MTrackJ plugin for ImageJ (National 
Institutes of Health). To calculate the decay rate of the velocity autocorrelation 

MLCK-dependent cell polarization mechanism may generalize 
to other motile cells. Furthermore, even in cells like neutro-
phils that use Rho- or membrane-tension–mediated polariza-
tion mechanisms, MLCK activity at the leading edge could still 
contribute to protrusion morphology or dynamics.

Finally, the 4-dpf multiple-front cells are notable in hav-
ing protrusions with remarkably regular spacing and propaga-
tion (Fig. 1). Traveling waves of protrusion have been observed 
in many cell types (Machacek and Danuser, 2006) and have 
recently been a topic of increasing interest (Ryan et al., 2012;  
Allard and Mogilner, 2013). In the framework of traveling waves, 
our results indicate that MLCK can regulate wave termination. 
We speculate that the regular spacing of protrusions reflects 
the fact that a new protrusion cannot begin until a retraction 
has completely finished; i.e., the accumulation of myosin in 
retracting regions provides a refractory period to protrusion. 
The mechanism underlying lateral propagation of the protru-
sions is less clear, but the typical rate of propagation (0.2 
µm/s) is consistent with the diffusion of a membrane-bound 
regulator. The details of how 4-dpf keratocytes generate such 
striking traveling waves would be an interesting topic for fu-
ture exploration.

Materials and methods
Cell culture and reagents
Wild-type zebrafish (TL strain) were maintained and embryos were col-
lected according to standard procedures (Westerfield, 2007). For kerato-
cyte extraction, dechorionated zebrafish embryos were washed twice with 
PBS and incubated at 4°C in cell dissociation buffer (Invitrogen) for 30 min. 
Embryos were then transferred into 0.25% trypsin + 1 mM EDTA (Invitro-
gen) for 10 min at 28°C. Trypsin activity was quenched by the addition 
of a 50% volume of FBS. After mechanical agitation, the supernatant was 
transferred to coverslips coated with rat tail collagen I (Advanced Bioma-
trix; for imaging) or tissue culture plastic (for RNA analysis), and cells were 
allowed to adhere for 1 h. The media was then changed to Leibovitz’s 
Media (L-15; Gibco) supplemented with 14.2 mM Hepes, pH 7.4, 10% 
FBS, and 1% antibiotic antimycotic for the remainder of the experiment. 
Pharmacological agents included CK666 (EMD Millipore), ML-7 (EMD Mil-
lipore), ROCKout (Santa Cruz Biotechology, Inc.), and BATI, a membrane-
permeable MLCK inhibitor peptide (Totsukawa et al., 2004), which was 
synthesized by GenScript. Typically, four embryos were used for each cov-
erslip, with all embryos for a given experiment performed on one day de-
riving from the same clutch. All experimental protocols were approved by 
the Stanford University Administrative Panel on Laboratory Animal Care 
under protocol no. 10240.

Figure 8.  MLCK and ROCK can independently regulate cell 
polarization. The Rho–ROCK–myosin pathway has previously 
been found to play a role in regulating large-scale cell polar-
ity by acting at the cell rear, such that decreasing myosin 
activity increases the protrusion number. We propose that 
a MLCK–myosin pathway can also regulate cell polarity by 
acting at the cell front to directly control protrusion lifetime 
and size. Our results show that decreasing MLCK activity de-
creases protrusion number.



JCB • volume 209 • number 2 • 2015� 286

Gene expression analysis
RNA was extracted from 1 × 105 keratocytes per sample using TRIzol  
(Invitrogen). Three biological replicates were collected for each develop-
mental stage. Ribosomal RNA was depleted using the Ribo-Zero magnetic 
kit (Epicentre). The remaining mRNA was then fragmented with 8 min of 
incubation in 50 mM sodium carbonate/bicarbonate and 1 mM EDTA, 
pH 9.2, at 95°C. To prepare cDNA, first strand synthesis was performed 
with Superscript III (Invitrogen) using random hexamer priming, and sec-
ond strand synthesis was performed with DNA Polymerase I (NEB). Illumina 
libraries were prepared from the cDNA in an automated fashion using 
the Illumina TruSeq sample prep kit with TruSeq adapters on an SPRIworks 
System I (Beckman Coulter). Sequencing reactions were performed on an 
Illumina Genome Analyzer IIX according to the manufacturer’s instructions 
to generate 40-nt single-ended reads. All sequencing data were deposited 
in the NCBI Sequence Read Archive under accession no. SRP045504. On 
average, 20 million reads were collected per sample, and 70% of 
those reads were successfully mapped to the genome. Differential gene 
expression analysis was performed with the Tuxedo suite of gene expres-
sion analysis tools (Trapnell et al., 2012) using Ensembl Zv9 release 74 
annotations. KEGG pathway gene sets for “Regulation of Actin Cytoskele-
ton” and “Focal Adhesion” were used to filter gene expression for cyto-
skeleton-related genes.

For qRT-PCR experiments, RNA was extracted from cells using  
the procedure in the previous paragraph, and cDNA was synthesized 
using the Superscript III First Strand Synthesis System (Invitrogen). qRT-PCR  
was performed using SYBR Select Master Mix (Invitrogen) on a Step
OnePlus instrument (Applied Biosystems). The following primers were used  
(5–3): CAGCCAAGAGTCCCAGACAG, GGCCAAACTTCCCTACTCCT 
(im:7148400); CGAGCAGGAGATGGGAACC, CAACGGAAACGCTCA
TTGC (bactin1); TTGAGAAGAAAATCGGTGGTGCTG, GGAACGGTGTG
ATTGAGGGAAATTC (ef1a); GTCCCGAAAGGCTCCACTC, CCTCCGC
TTTCCTCTCATTCAG (g6pd); and ATAAAAGTCGAGTGTGAGAGCGT, 
GCCTGACCAACGTGGATAGAG (tuba1). For relative quantification of 
im:7148400 expression, we normalized to the geometric mean of four ref-
erence genes: bactin1, ef1a, g6pd, and tuba1 (Hellemans et al., 2007).

Myosin texture analysis
Image entropy was used to quantify texture in local 21-pixel-diameter image 
regions using the entropyfilt function in MATLAB. Celltool was used to gen-
erate cell contours resampled at 200 points and to compute the mean 
image entropy in a 3-µm swath behind the leading edge for each of those 
points. Local image entropy was then correlated with edge velocity. For 
each contour position, protrusion-to-retraction transitions could be identi-
fied along with the texture values corresponding to that transition. All pro-
trusion-to-retraction transitions were aligned with respect to retraction onset 
to show mean texture dynamics. Kymographs were made using the “Reslice” 
tool in ImageJ.

Statistical methods
The nonparametric Wilcoxon rank sum test was used for all data not pass-
ing the Jarque-Bera test for normality. Otherwise, two-tailed Student’s t tests 
were used, assuming equal variance when the data passed the F-test for 
equal variance.

Online supplemental material
Fig. S1 illustrates how protrusion width, lifetime, and lateral propagation 
are calculated from an edge velocity map. Fig. S2 shows that the branch-
ing/capping ratio and cell size do not determine protrusion width. Fig. S3  
shows individual correlations between protrusion width and protrusion 
lifetime or lateral propagation rate. Fig. S4 shows that Y-27632 has no 
effect on zebrafish keratocytes. Fig. S5 shows that ROCKout treatment 
does not affect protrusion width or lifetime, or lamellipodial accumulation 
of myosin. Video 1 provides an example of 2-dpf and 4-dpf keratocyte 
behavior. Video 2 shows how 2-dpf and 4-dpf cells recover from 10% 
DMSO-induced actin depolymerization. Video 3 shows a 4-dpf cell upon 
treatment with 25 µM ML7. Videos 4 and 5 show myosin dynamics in 
a representative 4-dpf multiple-front cell before and after ML7 treatment, 
respectively. Supplemental file 1 provides code to measure protrusion 
width, velocity, lifetime, and lateral propagation rate given an edge veloc-
ity matrix, as described in Fig. S1. Online supplemental material is avail-
able at http://www.jcb.org/cgi/content/full/jcb.201409001/DC1.

We are grateful to W. Talbot and members of the Talbot laboratory for 
zebrafish training and access to their fish facility, E. Barnhart for sharing edge 
velocity calculation code, and C.-B. Chien and M. Davidson for constructs. 

for each track, the velocity autocorrelation was calculated and fit to a de-
caying exponential of the form A × ekt. The fit was weighted by the square 
root of the number of observations at each time separation. The decay con-
stant k was recorded for individual tracks and represented as a histogram 
(Fig. 1, g and h).

Cell shape analysis
Cell morphology was measured by representing cell shapes as polygons, 
as described previously (Pincus and Theriot, 2007; Barnhart et al., 2011). 
In brief, cell shapes were extracted either manually from phase images 
using Photoshop (Adobe) or by manually thresholding fluorescence images 
of cells expressing EGFPCAAX to produce binary images. Using Celltool, 
an open-source program for quantifying cell shape (Pincus and Theriot, 
2007), cell contours were extracted from the binary images and then resa-
mpled at 200 evenly spaced points to generate the final polygons. To 
measure edge velocities, 200-point polygons were collected on long mov-
ies of individual cells. Point correspondences from one frame to the next 
were assigned by rotating the contour numberings to globally minimize net 
displacement of the edge. The velocity of each contour point between 
every pair of frames was calculated by dividing the normal component of 
the displacement vector for that contour point by the time interval at which 
the images were acquired.

Edge width, lifetime, and lateral propagation rates were then cal-
culated from the resulting edge velocity maps (Fig. S1). To measure 
edge width, edge velocities for all contour points at a given point in time 
were extracted, and contiguous regions having a positive edge velocity 
were identified using custom MATLAB code. The length of these contigu-
ous regions was then converted from contour points to microns using the 
circumference of the cell. To measure edge lifetime, edge velocity traces 
for a given contour point over time were extracted. Contiguous regions 
having a positive edge velocity were identified using custom MATLAB code 
and recorded as the lifetime for that particular protrusion cycle for that 
contour point. To measure the mean lateral propagation rate, we used the 
2D Fourier transform to identify spatial frequencies present in edge velocity 
maps for individual cells. Peaks with amplitudes of at least half of the maxi-
mum amplitude detected were considered represented frequencies, which 
were then converted to lateral propagation rates.

Immunofluorescence and phalloidin staining
Indirect immunofluorescence for myosin was performed using polyclonal 
rabbit anti-pS19 myosin light chain antibody (ab2480; Abcam) at 1:100 
dilution and a mouse monoclonal phospho-tyrosine antibody at 1:100 
(#9411; Cell Signaling Technology). Cells were fixed in 4% formaldehyde 
in 0.32 M sucrose in PBS for 15 min, permeabilized with 0.5% Triton  
X-100 for 10 min, and blocked with PBS-BT (3% BSA, 0.1% Triton X-100, 
and 0.02% sodium azide) for 30 min before incubation with primary 
antibody diluted in PBS-BT. F-actin was labeled with 0.2 µM fluorescently 
conjugated phalloidin (Molecular Probes). To quantify total F-actin, we nor-
malized total fluorescence by cell area. To quantify F-actin at protruding 
edges, we measured mean phalloidin intensity at manually selected swaths 
spanning 1 µm from the cell edge.

Membrane tension measurements
Tethers were pulled using a Bruker Catalyst AFM controlled by custom-
made LabVIEW software mounted on an inverted fluorescent microscope 
(Carl Zeiss). Approach velocity was set to 1 µm/s, contact force to 100–
500 pN, contact time to 5–10 s, and retraction speed to 10 µm/s. After a 
tether was pulled, the cantilever position was kept constant until it broke.  
A mean of 3.75 tethers were pulled for each cell. Resulting force–time 
curves were analyzed with the Kerssemakers algorithm (Kerssemakers et al., 
2006) provided by J. Kerssemakers (Kavli Institute of Nanoscience, Delft 
University of Technology, Netherlands) in MATLAB. Cells were located by 
bright-field microscopy and the cantilever was positioned over the nucleus 
for tether measurement.

Olympus BioLevers (k = 60 pN/nm) were calibrated using the thermal 
noise method, plasma-cleaned for 30 s, and incubated in 4 mg/ml Concan-
avalin A (Sigma-Aldrich) for 2 h at 30°C. Before the measurements, cantile-
vers were rinsed in DPBS. For the measurement, cells were seeded on a glass 
slide in a home-built chamber filled with L15 cell culture medium supple-
mented with 3% FBS and not used longer than 1 h for data acquisition.

Note that the tether force values we measured are higher than those 
measured for adult cichlid keratocytes using a different method (Lieber 
et al., 2013). We confirmed that our method reproduces the values for 
cichlids as previously published.
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