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Abstract
Cancer cell migration requires that cells respond and adapt to their surroundings. In the absence of extracellular matrix cues,
cancer cells will undergo a mesenchymal to ameboid transition, whereas a highly confining space will trigger a switch to
“leader bleb-based” migration. To identify oncogenic signaling pathways mediating these transitions, we undertook a
targeted screen using clinically useful inhibitors. Elevated Src activity was found to change actin and focal adhesion
dynamics, whereas inhibiting Src triggered focal adhesion disassembly and blebbing. On non-adherent substrates and in
collagen matrices, amoeboid-like, blebbing cells having high Src activity formed protrusions of the plasma membrane. To
evaluate the role of Src in confined cells, we use a novel approach that places cells under a slab of polydimethylsiloxane
(PDMS), which is held at a defined height. Using this method, we find that leader bleb-based migration is resistant to Src
inhibition. High Src activity was found to markedly change the architecture of cortical actomyosin, reduce cell mechanical
properties, and the percentage of cells that undergo leader bleb-based migration. Thus, Src is a signal transducer that can
potently influence transitions between migration modes with implications for the rational development of metastasis
inhibitors.

Introduction

During cancer metastasis, migrating cells encounter diverse
environments. Because of this, metastasis requires that cells
be inherently flexible. In environments rich in extracellular
matrix (ECM) proteins, a member of the integrin family of
proteins near the edge of an actin polymerization-driven
plasma membrane protrusion will bind to a specific ECM
protein (e.g., fibronectin and laminin). Once engaged with
the ECM, activated integrins will recruit a host of proteins,
including paxillin, focal adhesion kinase (FAK), Src, talin,
vinculin, α-actinin, and many others to form a “focal

adhesion” [1]. Within this complex, talin, vinculin, and α-
actinin connect the focal adhesion to the actin cytoskeleton
[2]. In fibroblasts, non-muscle myosin supplies the force to
“tug” on integrins [3], which triggers focal adhesion
maturation and pulls the cell forward. The tyrosine kinases
FAK and Src form a signaling complex that begins with the
auto-phosphorylation of FAKY397. This site is recognized
by the SH2 domain of Src, and FAK is subsequently
phosphorylated on two additional sites, Y576 and Y577,
leading to full activation of FAK. Fully activated FAK then
goes on to phosphorylate other focal adhesion proteins,
such as paxillin and p130Cas [4, 5]. In FAK null cells, focal
adhesions are large because of a reduced turnover rate [6–
9]. Because FAK and Src are important for determining
focal adhesion dynamics, and, consequently, cancer cell
proliferation, survival, and migration, they are the targets of
some of the newer anticancer drugs (i.e., Dasatinib and
Defactinib). However, for the treatment of solid tumors,
these drugs and others have been met with limited success
[10].

More recently, it was discovered that cancer cells are
prone to an integrin-, or focal adhesion-, independent mode
of migration. This mode of migration instead uses intra-
cellular pressure-driven plasma membrane blebs. In contrast
to the formation of specific integrin contacts on the ECM,
this type of migration uses nonspecific friction with the
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extracellular environment [11]. In cancer cells, the intra-
cellular pressure is increased relative to normal cells by high
myosin contractility [12]. By inducing the phosphorylation
of myosin light chain kinase, certain oncogenes, including
BRAF V600E, are closely linked to the activation of
myosin [13]. When intracellular pressure is sufficiently
increased [14], a portion of the plasma membrane will
spontaneously separate from the underlying actin cortex,
thus forming a “bleb”. Under normal tissue culture condi-
tions, blebs are quickly retracted, but, within the confines of
tissues, cancer cells will form a very large persistent bleb,
which has been shown to be required for migration in vivo
and in vitro [11, 12, 15, 16]. Because these very large blebs
lead the way during cancer cell migration, we refer to them
as “leader blebs” [15]. Central to this type of migration is the
continued flow of parallel actin fibers from the tip to the
narrow constriction connecting the leader bleb to the rest of
the cell, or cell body, which is driven by myosin [11, 12, 15,
16]. Importantly, when integrin binding or matrix metallo-
proteases (MMPs) are inhibited, cancer cells will undergo a
“mesenchymal-to-amoeboid transition (MAT)” [17, 18],
characterized by the appearance of plasma membrane blebs,
thus providing an explanation for why MMP inhibitors
failed to inhibit cancer metastasis in clinical trials [19].
Therefore, in the absence of ECM cues, leader bleb-based
migration offers an alternative, integrin and MMP-
independent mode of cancer cell migration.

In the current study, we used a targeted screen of
oncogenic signaling pathways to identify a pathway with
potent effects on MATs. We use BRAF V600E mutant
melanoma cells because (1) bleb-based forms of migration
have been observed both in vivo and in vitro [12, 15, 20],
(2) melanoma often metastasizes non-hematologically,
more specifically, not carried to distant tissues by the cir-
culatory system [21], and (3) melanoma has an exception-
ally high morbidity rate after it has metastasized. In
addition, by combining a simple method for confining cells
in vitro and live-cell imaging, we find that the Src pathway
differentially has an impact on adhered and blebbing cells.
Furthermore, atomic force microscopy (AFM) of non-
adherent cells shows that Src activity influences cell
mechanical properties in unanticipated ways but is pre-
dictive of the likelihood that a cell will undergo leader bleb-
based migration.

Results

c-Src inhibition induces de-adhesion and plasma
membrane blebbing

To identify oncogenic signaling pathways that may influ-
ence MAT, we undertook a targeted screen using, with the

exception of U0126, small molecule kinase inhibitors cur-
rently FDA-approved or in clinical trials for the treatment of
various cancers. This screen revealed that the Src inhibitor,
Dasatinib, currently prescribed for the treatment of chronic
myeloid leukemia (CML), could trigger rapid de-adhesion
of human BRAF V600E mutant melanoma A375 cells from
fibronectin-coated glass, as monitored by the enhanced
green fluorescent protein (EGFP)-tagged focal adhesion
marker paxillin (Figs. 1a, b and Supplementary Movies 1,
2). Furthermore, de-adhered cells displayed many blebs
(Fig. 1a’). Saracatinib, which is a slightly less potent inhi-
bitor of Src [22, 23], had little effect on de-adhesion (Fig. 1c
and Supplementary Fig. 1A). Using a Dasatinib-resistant
form of Src [24], de-adhesion was shown to require inhi-
bition of Src, as opposed to other targets of Dasatinib
(Supplementary Fig. 2). Inhibitors of MEK, the mTOR/
PI3K pathway, Akt, and FAK had little effect on de-
adhesion (Fig. 1c and Supplementary Fig. 1A).

In light of the above results, we focused on the role of
Src in MAT. We first explored what effect Src activity has
on A375 cells plated on fibronectin-coated glass. Long-term
live-cell imaging of cells expressing EGFP-tagged Src and
FusionRed -tagged paxillin showed that expression of Src
had little effect on the migration of A375 cells (Fig. 1d, e
and Supplementary Movie 3). In fact, we found that human
BRAF V600E mutant melanoma A375 cells display very
little motility on fibronectin-coated glass (Fig. 1d, e and
Supplementary Movie 3). We then expressed EGFP-tagged
open conformation and constitutively active, SrcY529F, and
performed live-cell imaging. In contrast, expressing
SrcY529F markedly increased the frequency of protruding
and randomly migrating cells, which may be a consequence
of changes to actin and focal adhesion dynamics (Figs. 1d, e
and Supplementary Movie 4). Interestingly, these cells
extended multiple lamellipodia having many focal adhe-
sions at their periphery, with the majority of EGFP-SrcY529F

co-localized with FusionRed-paxillin in adhesions (Figs.
1d, e and Supplementary Movie 4).

We next examined what effect Src and SrcY529F expres-
sion have on A375 cells plated on uncoated glass, which
continuously bleb. In blebbing cells, EGFP-Src localized to
the plasma membrane and endomembranes (Fig. 1f and
Supplementary Movie 5). As expected, in non-adherent
cells FusionRed-paxillin diffusely localized in the cyto-
plasm (Fig. 1f and Supplementary Movie 5), whereas in
blebbing cells the expression of EGFP-SrcY529F induced the
formation of many small protrusions (arrows; Fig. 1g and
Supplementary Movie 6). In Src WT and Y529F-expressing
cells, FusionRed-paxillin diffusely localized in the cyto-
plasm (Fig. 1g and Supplementary Movie 6). Therefore,
high Src activity can promote exploration of adhered cells,
whereas in non-adhered blebbing cells it induces protrusion
formation.
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Fig. 1 c-Src inhibition induces de-adhesion and plasma membrane
blebbing. a Widefield time-lapse imaging of the ventral surface of
EGFP-paxillin-expressing A375 cells plated on fibronectin-coated
glass. Dasatinib was added at “0 min”. a' Phase contrast image of
Dasatinib-treated, de-adhered, blebbing A375 cells plated on
fibronectin-coated glass. b Quantitative evaluation of ventral cell
surface area after Dasatinib treatment (10 cells). c Amalgamated data
for all drug treatments (10 cells per condition). c′ Table of drugs,
concentrations used, and their targets in A375 cells. d Time-lapse
imaging of EGFP-c-Src WT and Y529F with FusionRed-paxillin on

fibronectin-coated glass. e Percent of protruding (black bars) A375
cells expressing EGFP, EGFP-c-Src, or EGFP-c-SrcY529F was deter-
mined from time-lapse imaging over 5 h on fibronectin-coated glass
(20 cells per condition). f Spinning disk confocal images of the central
Z-section of blebbing A375 cells co-expressing EGFP-c-Src and
FusionRed-paxillin on uncoated glass. g Spinning disk confocal ima-
ges of the central Z-section of A375 cells co-expressing EGFP-c-
SrcY529F and FusionRed-paxillin on uncoated glass. Arrows point to
the appearance of protrusions in c-SrcY529F-expressing cells. All data
are representative of at least two independent experiments
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High Src activity promotes protrusion formation and
decreases blebbing on glass substrates and in 3D
collagen matrices

The aforementioned results are consistent with known
substrates of Src, such as cortactin and C3G, which can go
on to activate the Arp2/3 complex to promote the formation
of branched actin networks [25]. To determine whether the
protrusions formed in cells expressing constitutively active
SrcY529F depend on Arp2/3, we performed time-lapse ima-
ging of non-adherent, blebbing, A375 cells expressing
EGFP-SrcY529F subsequent to the addition of the Arp2/3
inhibitor CK-666. Strikingly, within 30 min after adding
CK-666, protrusions disappeared and were replaced by
plasma membrane blebs (Fig. 2a, b and Supplementary
Movie 7). Additional experiments showed that a lower
concentration of CK-666 (20 µM) could inhibit protrusion
formation but, interestingly, was insufficient to rescue
blebbing (Supplementary Fig. 3A&B). Next, we used
Emerald-tagged Arp2 to localize the Arp2/3 complex in Src
WT and Y529F-expressing cells freshly plated and fixed on
polylysine-coated glass. These experiments revealed that in
blebbing cells Arp2 is diffusely localized in the cytoplasm
and to specific regions with Src (V5) and F-actin (phalloi-
din), which are likely to be sites of plasma membrane
trafficking (Fig. 2c). In A375 cells expressing SrcY529F,
however, Arp2 is enriched in protrusions with SrcY529F (V5)
and F-actin (phalloidin; Fig. 2d). Collectively, these results
are in line with the notion that SrcY529F activates the Arp2/3
complex to drive protrusion formation.

We next set out to determine whether SrcY529F was suf-
ficient to cause cells to protrude in collagen gels. To
accomplish this, we embedded A375 cells expressing
EGFP-tagged Src WT or Y529F in collagen type I gels (1

mg/mL), and visualized them by super-resolution laser
scanning confocal microscopy. This analysis showed that
the surface of cells expressing Src WT consistently was
covered by plasma membrane blebs (99%), as viewed by
three-dimensional (3D) reconstructions (Fig. 2e). Next, we
evaluated the effects of SrcY529F on cells embedded in
collagen. This revealed that high Src activity could cause a
subset of cells to protrude. More specifically, ~50% (n= 30
cells) adopted a rounded shape with both blebs and pro-
trusions on its surface (Fig. 2f, g), whereas ~25% took on an
elongated shape with both protrusions and blebs (Fig. 2f, g).
The remaining ~25% adopted a round shape with no blebs
and long, dendritic-like protrusions (Fig. 2f, g), as revealed
by 3D reconstructions. It is noteworthy, however, that
expression of either Src WT or Y529F was insufficient to
induce motility of A375 cells in collagen type I gels.
Although considering that collagen density, fiber size, and
pore size all affect migration, it is possible that the current
conditions are not permissive to this mode of motility.
Alternatively, this observation may be considered consistent
with the notion that melanomas often use intratumoral
lymphatic vessels in order to metastasize [21].

SrcY529F activates Rac and actin polymerization at
the cell periphery

In order to more thoroughly address the possibility that
SrcY529F could be indirectly activating Rac and therefore the
Arp2/3 complex, adherent A375 cells were transfected with
the Rac-binding domain of PAK (EGFP-Rac BD) fused to
EGFP, which has been used to mark the location of active
Rac in intact cells [26]. In untreated cells, EGFP-Rac BD
was uniformly localized in the cytoplasm of transfected
A375 cells (Fig. 3a). Using fluorescently conjugated phal-
loidin, we observed long actin filaments extending inwards
and along the cell periphery (Fig. 3a). Staining for phos-
phorylated (S19) regulatory light chain (RLC) of myosin
(phospho-RLC), a marker for active myosin, showed it to be
enriched on the longest actin fibers (Fig. 3a). As expected,
cells treated with 500 nM Dasatinib (90 min) de-adhered
and formed blebs (Fig. 3b). In these cells, EGFP-Rac BD
was uniformly localized, phalloidin staining revealed a
circumferential actin cortex, and phospho-RLC (S19)
staining co-localized with the actin cortex (Fig. 3b).
Therefore, in untreated and Dasatinib-treated A375 cells
there is no discernable enrichment of active Rac near the
cell periphery.

Using EGFP-Rac BD, we determined how the over-
expression of V5-tagged c-Src influences Rac activity. To
do this, we co-transfected EGFP-Rac BD with c-Src-V5 and
stained A375 cells for F-actin (phalloidin) and V5. This
showed c-Src-V5 to be enriched at the plasma membrane,
long actin filaments extending inwards and along the cell

Fig. 2 High Src activity promotes protrusion formation and decreases
blebbing on glass substrates and in 3D collagen matrices. a Spinning
disk confocal images of the central Z-section of blebbing A375 cells
co-expressing EGFP-c-SrcY529F and FusionRed-F-tractin on uncoated
glass. CK-666 was added at “0 min”. b Quantitative evaluation of the
percent cell perimeter with blebs before or after CK-666 treatment
(five cells per condition). c,d A375 cells freshly plated on poly-L-
lysine-coated glass and paraformaldehyde-fixed expressing c-Src-V5
(c) and c-SrcY529F-V5 (d) with Arp2-Emerald. The V5 epitope tag was
used to stain for c-Src and fluorescently conjugated phalloidin for F-
actin. Pseudocolor of Arp2-Emerald in the upper right quadrant is used
to highlight its concentration in cell protrusions (d). Images were
acquired using a GE DeltaVision Elite microscopy system. e 3D
reconstruction of a single A375 cell expressing EGFP-c-Src embedded
in a 1.5 mg/mL collagen type I gel. Z-stacks were acquired on a Zeiss
LSM 880 Airyscan. f 3D reconstructions of single A375 cells
expressing EGFP-c-Src Y529F embedded in a 1.5 mg/mL collagen
type I gel. The three most commonly observed shapes are shown. g
Percent of SrcY529F-expressing cells (n= 30) taking on shape 1, 2, or 3.
All data are representative of two independent experiments
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periphery, and EGFP-Rac BD uniformly localized in the
cytoplasm (Fig. 3c). Co-transfection of EGFP-Rac BD with
the constitutively active form, c-Src Y529F-V5, revealed

SrcY529F to be localized on the plasma membrane and within
focal adhesions (Fig. 3d). In agreement with previous data,
expression of SrcY529F induced fan-like plasma membrane
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protrusions (Fig. 3d). Strikingly, phalloidin staining
revealed a dense F-actin network at the plasma membrane
that co-localized with an enrichment of EGFP-Rac BD (Fig.
3d). A quantitative evaluation of EGFP-Rac BD fluores-
cence at the cell edge relative to the cytoplasm showed that
in c-Src-V5-expressing cells this ratio is ~0.95, whereas this
ratio is ~1.4 in c-SrcY529F-V5-expressing cells (Fig. 3e).
Notably, overexpression of dominant-negative RacT17N

could rescue blebbing in SrcY529F-expressing cells (Sup-
plementary Fig. 3C-E). Therefore, our data support the
hypothesis that SrcY529F will activate Rac and, thus, bran-
ched actin filament polymerization at or near the plasma
membrane of A375 cells.

Leader bleb-based migration is resistant to Src
inhibition

To evaluate the role of Src during focal adhesion-
independent migration, we used a novel approach to trig-
ger “fast amoeboid” or leader bleb-based migration. This
method places cells under a slab of PDMS, which is held at
a defined height by micron-sized beads. We use ~3 µm sized
beads because this confinement height has been shown to
robustly trigger “fast amoeboid” or leader bleb-based
migration [12]. To assess the role of Src during leader
bleb-based migration, we pretreated A375 cells with
Dasatinib for 90 min before subjecting them to high con-
finement. To visualize F-actin we used FusionRed-tagged
F-tractin [15, 27], and for myosin EGFP-tagged RLC. These
probes revealed a concentration of ordered cortical actin in
leader blebs and myosin highly enriched at the neck
separating the leader bleb from the cell body (Fig. 4a). This
architecture is consistent with leader bleb-based migration,
suggesting that Src inhibition has little effect on this mode
of cancer cell migration. Careful examination of many cells
showed a relatively small reduction in the percent of cells
that form a stable leader bleb (untreated: ~65%, Dasatinib:
~50%; Fig. 4b).

To examine what effect Src has on the cortical actin
cytoskeleton of A375 cells, we treated non-adherent bleb-
bing A375 cells with Dasatinib for 90 min prior to fixation
and staining with fluorescently conjugated phalloidin, to
measure cortical F-actin content. These measurements
showed that inhibiting Src could reduce cortical F-actin
density by over 35% (Fig. 4c). Because of the likelihood
that blebs will be produced often correlates with
cell mechanical properties [15], we employed AFM to
measure the cortex tension and intracellular pressure of
non-adherent cells. This previously described method
combines tip-less cantilevers with freshly plated spherical
cells to measure global cortex tension [28]. This analysis
showed that Dasatinib reduced cortex tension by 32%
(Fig. 4d). The intracellular pressure was similarly reduced
by Dasatinib treatment (Fig. 4e). Collectively, these results
show that Src activity elevates cortical F-actin density and
mechanical properties. In spite of this, the percent
of cells undergoing leader bleb-based migration is margin-
ally reduced by Dasatinib treatment. Four possible
explanations for this result are (1) that the reduction in
mechanical properties is too small to significantly
have an impact on leader bleb-based migration, (2) the
structure of cortical actin is changed in such a way that it
overcomes this reduction, (3) the linkages holding the
plasma membrane and cortical actin have been weakened,
or (4) a combination has circumvented a reduction in
mechanical properties.

To better understand why leader bleb-based migration is
less effected by Src inhibition, we localized phosphorylated
tyrosine residues in cells using a YFP-tagged tandem SH2
domain construct (YFP-dSH2). In highly confined cells,
YFP-dSH2 diffusely localized throughout leader blebs, the
cell body, and the nucleus (Fig. 4f). In cells adhered to
fibronectin-coated glass, YFP-dSH2 was highly enriched in
focal adhesions (Fig. 4g). These data indicate that tyrosine-
phosphorylated proteins are not highly enriched at specific
intracellular locations in cells with leader blebs, as com-
pared to the enrichment of and well-documented role for Src
in focal adhesion dynamics.

Elevated Src activity deleteriously has an impact on
leader bleb-based migration

To examine the effect of Src activity in more detail during
leader bleb-based migration, we expressed EGFP-tagged c-
Src in highly confined cells. This revealed that Src localizes
to the plasma membrane and endomembranes in cells with
leader blebs (Fig. 5a). Furthermore, compared with control
“EGFP-alone”-expressing cells, overexpression of Src had
little effect on the percent of cells that form stable leader
blebs (Fig. 5e and Supplementary Movies 8 and 9). Co-
expression of FusionRed-F-tractin showed that cells had

Fig. 3 SrcY529F activates Rac and actin polymerization at the cell
periphery. a,b Control (a) and 500 nM Dasatinib-treated (90 min; b)
paraformaldehyde-fixed A375 cells plated on fibronectin-coated glass
expressing EGFP-Rac-binding domain of PAK stained for F-actin
using fluorescently conjugated phalloidin and phosphorylated (S19)
regulatory light chain of myosin (phospho-RLC). c,d c-Src WT-V5 (c)
and c-Src Y529F-V5- (d) expressing paraformaldehyde-fixed A375
cells plated on fibronectin-coated glass co-expressing EGFP-Rac-
binding domain of PAK and stained for F-actin using fluorescently
conjugated phalloidin. Images were acquired using a GE DeltaVision
Elite microscopy system. All data are representative of two indepen-
dent experiments. e Quantitative evaluation of EGFP-Rac-binding
domain of PAK at cell edges (10 cells per condition). “Enrichment at
Cell Edge” is the ratio of fluorescence at the cell edge to the cytoplasm.
Error is SEM. Statistical significance was determined by a two-tailed
Student’s t-test. ***p ≤ 0.001
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parallel actin fibers near the tips of leader blebs (Fig. 5a),
which have been previously reported to be important for
leader bleb-based migration [15].

Next, we expressed EGFP-tagged open conformation
and constitutively active SrcY529F in highly confined cells.
Similar to WT Src, SrcY529F was localized to the plasma and

c-Src activity is differentially required by cancer cell motility modes 2111



endomembranes (Fig. 5a). Strikingly, co-expression of
FusionRed-F-tractin revealed in blebs and the cell body a
meshwork of actin, as opposed to the parallel actin fibers
present near the tips of leader blebs in control cells (Fig.
5b). Furthermore, cells expressing SrcY529F rarely formed
large leader blebs (Supplementary Movie 10 and 12).
Accordingly, the percent of cells undergoing leader bleb-
based migration was significantly reduced by SrcY529F

expression (EGFP alone: ~65%, SrcY529F: ~32.5%; Fig. 5e).
In addition, in SrcY529F-expressing cells myosin failed to
uniformly decorate the perimeter of the cortex, nor con-
centrate at the neck of a large leader bleb (Fig. 5c, c’ and
Supplementary Movie 11 and 12). Cortical F-actin density
was increased by over 25% by the expression of SrcY529F

(Fig. 5f). However, cortex tension and intracellular pressure
were reduced by 36% and 31%, respectively, in SrcY529F-
expressing cells (Fig. 5g, h).

We then evaluated the inactive c-Src mutant, SrcK295R, in
highly confined cells. EGFP-tagged SrcK295R was, similar to
WT Src, localized to the plasma and endomembranes (Fig.
5d). Co-expression of FusionRed-F-tractin showed parallel
actin fibers near the tips of large leader blebs (Fig. 5d).
Likely because SrcK295R functions as dominant-negative, we
found a relatively small decrease in the percent of migratory
cells (EGFP alone: ~65%, SrcK295R: ~47.5%; Fig. 5e, Sup-
plementary Movie 13), comparable to the reduction we
observed after Dasatinib treatment (untreated: ~65%,
Dasatinib: ~50%; Fig. 4b). In addition, cortex tension and
intracellular pressure were reduced by 28% and 22%,
respectively, in SrcK295R-expressing cells (Figs. 5g, h). This
is comparable to the reduction in mechanical properties
observed after Dasatinib treatment (Fig. 4d, e). These results
suggest that a heightened level of Src activity, as opposed to
the inhibition of, will produce the largest architectural
change in cortical actin, inhibiting leader bleb-based
migration.

High Src activity increases the frequency of
directionally non-persistent bleb-based migration

Because cells with high Src activity did show a degree
of movement, we carried out an extensive quantitative
analysis of bleb dynamics and cell migration. First, we
carefully measured the largest single bleb per frame, or
leader bleb, in cells expressing EGFP, EGFP-c-Src, EGFP-
c-SrcY529F, or EGFP-c-SrcK295R. This analysis revealed that
control “EGFP-alone” cells have an average leader bleb area
that is ~37.5% of the cell body area (Fig. 6a). Surprisingly,
Src overexpressing cells have an average leader
bleb area that is ~60% of the cell body area (Fig. 6a).
SrcY529F-expressing cells have an average leader bleb area
that is ~25% of the cell body area (Fig. 6a). However,
leader bleb area is unchanged in SrcK295R-expressing cells
(Fig. 6a).

Next, we measured the area of non-leader blebs or all
blebs besides the largest single bleb; this analysis showed
that the average non-leader bleb area was increased by
approximately twofold in Src overexpressing cells (Fig. 6b).
The average non-leader bleb area in SrcY529F-expressing
cells was increased by ~2.75-fold (Fig. 6b). In SrcK295R-
expressing cells, the average non-leader bleb area was
decreased by ~1.4-fold; however, this effect was not sta-
tistically significant (Fig. 6b). A statistical analysis of cell
body area between our conditions confirmed there to be no
significant differences (Fig. 6c). As expected, measuring the
frequency of blebs, or the average number of blebs per
frame, revealed a similar trend. More specifically, EGFP, c-
Src-EGFP, c-SrcY529F-EGFP, and c-SrcK295R-EGFP-expres-
sing cells had an average of 14, 11, 9, and 16 blebs per
frame, respectively (Fig. 6d).

We next measured the percent of cells that show direc-
tionally non-persistent movement, or kinesis. Interestingly,
this revealed that kinesis was increased by Src and SrcY529F

expression by 2.3-fold and 3-fold, respectively (Fig. 6e).
However, the percent of cells that undergo kinesis was
unchanged in SrcK295R-expressing cells (Fig. 6e). Detailed
analysis of cell migration tracks by “DiPer” [29] confirmed
that on average leader bleb-based migration is more direc-
tionally persistent (Fig. 6f, g). Computation of the direc-
tionality ratio, defined as the straight-line length between
the start point and the end point of the migration trajectory
(d), divided by the length of the trajectory (D), shows that
leader bleb-based migration is more directionally persistent
(leader bleb-based: 0.88, kinesis: 0.44; Fig. 6i). Because the
directionality ratio (d/D) is heavily biased by speed [29], we
also calculated a direction autocorrelation using “DiPer,”
which measures how angles describing the trajectory are
aligned with each other [29], confirming a higher degree of
directionality for cells undergoing leader bleb-based
migration (Fig. 6j). Furthermore, cells overexpressing Src

Fig. 4 Leader bleb-based migration is resistant to Src inhibition. a
Ventral Z-section of an EGFP-RLC- and FusionRed-F-tractin-
expressing A375 cell treated with 500 nM Dasatinib 90 min prior to
being highly confined. b Quantitative evaluation of (a) for the percent
migratory (black bars; leader bleb-based) cells with (n= 15) or with-
out (n= 38) Dasatinib treatment. c Normalized cortical F-actin density
in A375 cells with (n= 12) or without (n= 11) Dasatinib treatment as
determined by phalloidin staining of the actin cortex. Fluorescence
intensity measurements were measured from the central Z-section of
cells freshly plated on poly-L-lysine-coated glass. d,e Cortex tension
and intracellular pressure of A375 cells with (n= 27) or without (n=
28) Dasatinib treatment. Measurements were taken on freshly plated,
round, A375 cells on uncoated glass. Intracellular pressures were
calculated from cortical tension and cell radii measured by light
microscopy. f Central Z-section of a YFP-tagged tandem SH2 domain
construct (YFP-dSH2) expressed in a highly confined A375 cell. g
Ventral Z-section of a YFP-dSH2 expressing A375 cell on fibronectin-
coated glass. All data are representative of at least three independent
experiments. Statistical significance was determined by one-way
ANOVA. ***p ≤ 0.001
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or SrcY529F that undergo kinesis are slower than cells
undergoing leader bleb-based migration (leader bleb-based:
1.79 µm/min, kinesis: 1.07 µm/min; Fig. 6h).

Collectively, these analyses have revealed that Src
overexpression increases both leader bleb and non-leader
bleb areas. In contrast, SrcY529F decreases leader bleb area,
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but relative to Src overexpression has a greater increase in
non-leader bleb area. The increase in non-leader bleb area
may account for the greater frequency of directionally non-
persistent movement, or kinesis, of cells with high Src
activity. In Src-overexpressing cells, the increased leader
bleb area may compensate for a simultaneous increase in
non-leader bleb area, which can help to preserve the dom-
inating effect of a large stable bleb required for leader bleb-
based migration.

Arp2/3 inhibition rescues leader bleb-based
migration in SrcY529F-expressing cells

Cortex F-actin density, tension, and intracellular pressure
measurements combined with high-resolution live-cell
fluorescence microscopy have suggested that high Src
activity can decidedly change the architecture of the actin
cortex. In support of this hypothesis, Src substrates have
been shown to activate the Arp2/3 complex [25], promoting
branched actin formation. To directly test whether activa-
tion of Arp2/3 by Src inhibits leader bleb-based migration,
we incubated SrcY529F-expressing A375 cells with a specific
inhibitor of Arp2/3, CK-666, before subjecting them to high
confinement. Strikingly, CK-666 treatment rescued the
formation of large leader blebs in SrcY529F-expressing cells
(Fig. 7a). More specifically, co-expression of FusionRed-F-
tractin showed parallel actin fibers near the tips of large
leader blebs (Fig. 7a). Furthermore, incubating SrcY529F-
expressing cells with CK-666 increased the percent of cells
that form stable leader blebs, compared with WT Src con-
trols (Src: ~60%, SrcY529F+ CK-666: ~70%; Fig. 7b).

Accordingly, we found that cortex tension and intracellular
pressure were increased by 29% and 35% over WT Src
controls, respectively, in CK-666-treated SrcY529F-expres-
sing cells (Fig. 7c, d).

To better understand the impact of Arp2/3-dependent
branched actin formation on leader bleb-based migration,
we incubated control A375 cells with CK-666 before high
confinement. Co-expression of EGFP-RLC and FusionRed-
F-tractin showed parallel actin fibers near the tips of very
large leader blebs and myosin concentrated near the neck
(Supplementary Fig. 4). Careful examination of many CK-
666-treated cells revealed a significant increase in the per-
cent of cells forming stable leader blebs (untreated: ~65%,
CK-666: ~90%; Fig. 7b). Moreover, cortex tension and
intracellular pressure were increased by 90% and 87%,
respectively, in CK-666-treated cells (Fig. 7c, d). Therefore,
inhibiting Arp2/3 complex activity and, consequently,
branched actin formation, potently augments cell mechan-
ical properties and leader bleb-based migration.

Discussion

The present study was aimed at identifying signaling
pathways that may dictate the migration strategy used by
BRAF V600E-mutated human melanoma cells. Because
melanoma often spreads non-hematologically, to gain
access to distant tissues, metastatic melanoma must traverse
a diverse array of tissues [21]. This includes collagen
matrices, lymphatic capillaries and vessels, basement
membranes, perivascular space, and others. Likely, suc-
cessful metastasis requires that cells adapt their migration
mode to the present environment. It has been demonstrated
that upon inhibition of integrin engagement or MMPs, cells
will undergo a MAT [17, 18], therefore offering an expla-
nation for why MMP inhibitors failed to inhibit metastasis
in clinical trials. Characteristic of amoeboid cell migration
is the formation of intracellular pressure-driven blebs as
opposed to the actin polymerization-driven plasma mem-
brane protrusions typical of mesenchymal motility. More
recently, metastatic cancer cells have been shown to
respond to physical confinement by switching to “fast
amoeboid” [12] or leader bleb-based migration [15]. This
type of migration can operate under diverse conditions as it
does not require specific integrin-ECM attachments.
Therefore, a rational approach for developing inhibitors of
metastasis must account for all modes of cancer cell
migration.

A targeted screen using clinically useful inhibitors of
oncogenic pathways revealed that a specific Src inhibitor,
Dasatinib, could induce focal adhesion disassembly and
blebbing, which are hallmarks of MAT. It is noteworthy
that previous work by others argued that the Src inhibitor,

Fig. 5 Elevated Src activity deleteriously has an impact on leader bleb-
based migration. a Ventral Z-section of an EGFP-c-Src- and
FusionRed-F-tractin-expressing A375 cell under high confinement.
Zoom shows parallel actin fibers near the tip of a large leader bleb. b
Ventral Z-section of an EGFP-c-SrcY529F- and FusionRed-F-tractin-
expressing A375 cell under high confinement. c–c’ Ventral Z-section
of either EGFP-RLC and FusionRed-F-tractin (c) or EGFP-c-SrcY529F-
and FusionRed-RLC- (c’) expressing A375 cells under high confine-
ment. Zoom shows an uneven distribution of FusionRed-RLC around
the cell perimeter of an EGFP-c-SrcY529F-expressing cell. d Ventral Z-
section of an EGFP-c-SrcK295R- and FusionRed-F-tractin-expressing
A375 cell under high confinement. Zoom shows parallel actin fibers
near the tip of a large leader bleb. e Quantitative evaluation of the
percent migratory cells (black bars; leader bleb-based) under high
confinement (n= 38, 25, 32, and 20 cells). f Normalized cortical F-
actin density in A375 cells as determined by phalloidin staining of the
actin cortex. Fluorescence intensity measurements were measured
from the central Z-section of cells freshly plated on poly-L-lysine-
coated glass (10 cells per condition). g,h Cortex tension and intra-
cellular pressure of A375 cells. Measurements were taken on freshly
plated, round, A375 cells on uncoated glass (n= 21, 25, and 27 cells,
respectively). Intracellular pressures were calculated from cortical
tension and cell radii measured by light microscopy. All data are
representative of at least three independent experiments. Statistical
significance was determined by one-way ANOVA. **p ≤ 0.01, ***p ≤
0.001
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Fig. 6 High Src activity increases the frequency of directionally non-
persistent bleb-based migration. a Quantitative evaluation of, by area,
the largest bleb per frame (leader bleb) of highly confined EGFP, c-
Src-EGFP, c-SrcY529F-EGFP, and c-SrcK295R-EGFP-expressing A375
cells (n= 72 leader blebs (10 cells), 131 leader blebs (15 cells), 101
leader blebs (12 cells), and 130 leader blebs (13 cells), respectively). b
Quantitation evaluation of bleb area, excluding leader blebs, of highly
confined cells (n= 196 non-leader blebs (15 cells), 106 non-leader
blebs (11 cells), 111 non-leader blebs (14 cells), and 191 non-leader
blebs (13 cells), respectively). c Quantitative evaluation of cell body
area (n= 15, 11, 14, and 13 cells, respectively). d Quantitative

evaluation of blebs per frame (n= 15, 11, 14, and 13 cells, respec-
tively). e Percent of highly confined cells showing directionally non-
persistent migration (black bars; n= 38, 25, 32, and 20 cells, respec-
tively). f–g Migration tracks for leader bleb-based (e) and c-SrcY529F-
EGFP-promoted directionally non-persistent migration (kinesis; f) of
highly confined cells (14 cells per condition). h–j Output of “DiPer”
[29] for average speed by cell (g), directionality ratio (h), and direction
autocorrelation (I; 14 cells per condition). All data are representative
of at least three independent experiments. Error is SEM. Statistical
significance was determined by two-tailed Student’s t-tests. **p ≤ 0.01,
***p ≤ 0.001, NS not significant
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Fig. 7 Arp2/3 inhibition rescues leader bleb-based migration in
SrcY529F-expressing cells. a Ventral Z-section of an EGFP-c-SrcY529F

and FusionRed-F-tractin-expressing A375 cell treated with 100 µm
CK-666 30 min prior to being highly confined. Zoom shows parallel
actin fibers near the tip of a large leader bleb. b Quantitative evaluation
of the percent migratory A375 cells (black bars; leader bleb-based)
expressing EGFP-c-Src WT or Y529F with or without CK-666 under
high confinement (n= 25, 32, 18, and 22 cells, respectively). c–d

Cortex tension and intracellular pressure of A375 cells. Measurements
were taken on freshly plated, round, A375 cells on uncoated glass (n
= 21, 25, 26, and 23 cells, respectively). Intracellular pressures were
calculated from cortical tension and cell radii measured with light
microscopy. e Schematic depiction of the consequences of high Src
activity on cell behavior. All data are representative of at least three
independent experiments. Statistical significance was determined by
one-way ANOVA. ***p ≤ 0.001
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Saracatinib, had no effect on focal adhesion assembly [30].
In this work, suspension cells were treated with Saracatinib
and assayed for their ability to adhere. However, in the
current study, we treated pre-adhered cells with drug and
performed time-lapse imaging for adhesion disassembly.
Like these authors, we found that Saracatinib had very little
effect on focal adhesion dynamics. The precise nature of the
differences between these drugs remains to be determined,
but we find that the more potent Src inhibitor, Dasatinib,
rapidly induces focal adhesion disassembly. Moreover,
using a Dasatinib-resistant form of Src, we found that
inhibition of Src was specifically required for focal adhesion
disassembly in A375 cells. In support of the role for Src in
focal adhesion dynamics, expression of constitutively
active, SrcY529F, in A375 cells could potently induce cell
movement. Furthermore, SrcY529F was found to be highly
enriched in focal adhesions.

In blebbing cells, Src was found to be localized to the
plasma membrane and endomembranes. Interestingly,
expression of SrcY529F in blebbing cells promoted the for-
mation of small, lamellipodia-like, protrusions of the
plasma membrane that could be suppressed by dominant-
negative RacT17N and CK-666. In addition, we evaluated the
influence of high Src activity on cells inside collagen
matrices. Similar to cells on non-adherent substrates,
SrcY529F could stimulate protrusion formation. Using a Rac
activity reporter, we provided direct evidence that SrcY529F

activates Rac, and therefore Arp2/3-dependent branched
actin polymerization. We found that, however, treating c-
SrcY529F-expressing cells with a formin inhibitor diminishes
the spiky appearance of these protrusions (Supplementary
Fig. 6); therefore, similar to at the edge of canonical
migrating cells they contain a mixture of actin filament-
based structures. In confined cells with high Src activity,
however, our data are in line with the notion that an increase
in Arp2/3 activity is responsible for changes in actin and
myosin, bleb dynamics, migration velocity, and directional
persistence. To mimic the confines of tissues, we used a
novel approach that places cells under a slab of PDMS,
which is held at a defined height by micron-sized beads. We
showed that the assay robustly triggers leader bleb-based
migration. Importantly, because the height is determined by
the beads used, the effect of confinement level can be
evaluated, as it pertains to the specific hypothesis being
tested.

Using this new methodology, we found that inhibiting
Src activity with Dasatinib has very little effect on the
percent of cells undergoing leader bleb-based migration.
Despite, a statistically significant decrease in cortical F-actin
density and mechanical properties in Dasatinib-treated cells.
These results suggest that the aforementioned effects can be
circumvented by, for example, a change in cortical actin
architecture, a weakening of the linkages that attach the

plasma membrane to the actin cortex, myosin activity, or a
combination. The most straightforward explanation would
be that the decrease in cortical F-actin density, after Dasa-
tinib treatment, weakens the cortex by reducing the amount
of actin available for proteins such as Ezrin to bind and link
cortical actin to the plasma membrane. Therefore, making it
more likely a bleb will form and circumvent a reduction in
mechanical properties. Because we observed a marked
increase of branched actin in SrcY529F-expressing cells,
which coincided with a decrease in the percent of cells that
form stable leader blebs, it can suggest that a change in
cortical actin architecture can also influence the likelihood
that a large bleb will form. Interestingly, the localization of
myosin was changed by high Src activity in pre-leader bleb
cells; myosin is localized uniformly around the cortex,
whereas in SrcY529F-expressing cells myosin was localized
to patches of the cortex. Perhaps, interacting with regions
where there is a higher concentration of unbranched formin
generated actin that myosin prefers. The uneven association
of myosin with the cortex would be predicted to decrease its
ability to reduce cell volume, and therefore increase intra-
cellular pressure. In agreement with this view, cell
mechanical properties were found to be decreased by
SrcY529F expression. Interestingly, high Src activity did
increase directionally non-persistent bleb-based movement.
These observations are depicted schematically in Fig. 7e.
This type of movement appears to be supported by an
increase in the area of non-leader blebs. To directly test
whether a change of cortical actin architecture was
responsible, we treated SrcY529F-expressing cells with CK-
666. This resulted in mechanical properties being rescued in
SrcY529F-expressing cells, as well as leader bleb-based
migration. In point of fact, CK-666 treatment resulted in
values for mechanical properties and the percent of migra-
tory cells that exceeded those of control (Supplementary
Fig. 5).

Collectively, our data indicate that Src positively effects,
on adherent surfaces, focal adhesion formation and
dynamics. In non-adhered, highly confined cells, high Src
activity promoted a directionally non-persistent bleb-based
movement, whereas inhibiting Src activity has little effect
on leader bleb-based migration. This is noteworthy because
an inhibitor of focal adhesion-based migration may not
necessarily be effective toward other modes of cancer cell
motility. It has been proposed that Src inhibitors be eval-
uated for their potential as cancer metastasis blockers. This
idea has been supported by preclinical data, which has
shown for example that metastasis could be reduced by
Dasatinib and Saracatinib if given early and continuously in
model systems [31]. In the clinic, however, progression-free
survival in the metastatic setting for several cancers [32–
39], including melanoma [40, 41], was not significantly
impacted by Dasatinib or Saracatinib. Saracatinib’s
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development was discontinued by its manufacturer, whereas
Dasatinib was approved for the treatment of CML owing to
its ability to inhibit the BCR-Abl fusion protein. On the
basis of the present study and others, we recommend that
preclinical studies of metastasis blockers include model
systems for adhesion-independent motility, such as leader
bleb-based cancer cell migration.

Methods

Cell culture and transfection

A375 cells were obtained from American Type Culture
Collection (cat #: CRL-1619, ATCC, Manassas, VA) and
maintained for up to 15 passages in DMEM supplemented
with 10% FBS (cat #: A3160401, Life Technologies,
Carlsbad, CA), GlutaMAX (Life Technologies),
antibiotic–antimycotic (Life Technologies), and 20 mM
HEPES pH 7.4. A Nucleofector 2b device (Kit V; Lonza,
Basel, Switzerland) was used to transfect plasmids. Cells
were plated on six-well glass-bottom plates (Cellvis,
Mountain View, CA) either directly, after coating with 10
µg/mL human plasma fibronectin (cat #: FC010, Millipore,
Billerica, MA), or with poly-L-Lysine (cat #: A-005-C,
Millipore), as noted in each figure.

Drug treatments

U0126 (cat #: 9903), Dactolisib (NVP-BEZ235; cat #:
13101), and Perifosine (cat #: 14240) were purchased from
Cell Signaling Technology (Beverly, MA). Dasatinib (cat #:
S1021), Saracatinib (cat #: S1006), and Defactinib (cat #:
S7654) were purchased from Selleckchem (Houston, TX).
CK-666 (cat #: 3950) and SMIFH2 (cat #: 4401) were
purchased from Tocris Bioscience (Bristol, UK). To inhibit
a pathway, a 1000× stock solution in dimethyl sulfoxide
(DMSO; Sigma-Aldrich, St. Louis, MO) was diluted in 400
µL media and dissolved using a vortex mixer for 30 s before
adding to wells containing 2 mL of media. For AFM ana-
lyses, cells were treated for 30 min prior. Treatments for
fluorescence microscopy are as noted in each figure.

Plasmids

mEmerald-paxillin, EGFP-c-Src, EGFP-c-SrcK295R was a
kind gift from Michael Davidson (Florida State University).
SrcY529F was generated using the QuickChange II XL site-
directed mutagenesis kit (Agilent Technologies, Santa
Clara, CA) using the following primers:

forward-
CTCGACAGAGCCCCAGTTCCAGCCTGGAGAGAAC

reverse-
GTTCTCTCCAGGCTGGAACTGGGGCTCTGTCGAG.

SrcT338I was generated using the QuickChange II XL
site-directed mutagenesis kit using the following primers:

forward-
CCCATCTACATCGTCATTGAGTACATGAGC

reverse-
GCTCATGTACTCAATGACGATGTAGATGGG

c-Src-V5 and c-SrcY529F-V5 were generated by direc-
tional TOPO cloning into pcDNA 3.1D-TOPO/V5-His
(Life Technologies). FusionRed-F-tractin has been pre-
viously described [15]. FusionRed-paxillin, FusionRed-
RLC, and farnesylated FusionRed were purchased from
Evrogen (Russia). EGFP-tagged Rac-binding domain of
PAK (Plasmid #26735; Addgene, Cambridge, MA) was a
gift from William Bement (University of Wisconsin). Arp2-
Emerald (Plasmid #53993; Addgene) was a gift from
Michael Davidson (Florida State University). YFP-dSH2
was a kind gift from Ana Pasapera Limon (NHLBI).

Microscopy

Imaging of mesenchymal, amoeboid-like, and cells under-
going leader bleb-based migration was performed using a
spinning disk confocal system that has been previously
described [42].

Immunofluorescence

Adherent cells were fixed using 4% paraformaldehyde
(Electron Microscopy Sciences, Hatfield, PA) in HEPES
buffered saline (HBS) for 20 min at room temperature
before blocking with HBS containing 1% BSA, 1% fish
gelatin, and 0.1% Triton X-100 for 1 h at room temperature.
Antibodies for staining phospho-RLC (S19; cat #: out of
production, Santa Cruz Biotechnology, Dallas, TX) and V5
(cat #: R960-25, Life Technologies) were used at 1:500 and
1:1000, respectively, in blocking buffer for 2 h at room
temperature. After washing with HBS, Alexa Fluor 568-
conjugated secondary’s (Life Technologies) were used at
1:400 in blocking buffer for 2 h at room temperature. Alexa
Fluor 647-conjugated phalloidin (Life Technologies) was
used at 1:50 in blocking buffer for 2 h at room temperature.
After washing, imaging was performed in HBS on a Del-
taVision Elite (GE, Fairfield, CT) microscopy system
equipped with a ×60 oil objective (1.42 numerical aperture
(NA)) and proprietary deconvolution software.

Confinement under PDMS

Cells were confined under a slab of PDMS, which was held
at a defined height. This protocol will be described in detail
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elsewhere. Briefly, PDMS (Dow Corning 184 SYLGARD)
was purchased from Krayden (Westminster, CO). Two
milliliters were cured overnight at 37 °C in each well of a
six-well glass-bottom plate (Cellvis). Using a scalpel, a 1
cm× 1 cm square was then cut and 3 mL of serum-free
media containing 1% BSA was then added to each well and
incubated overnight at 37 °C. After aspirating away the
serum-free media containing 1% BSA, 200 µL of complete
media containing trypsinized cells (250,000 to 1 million)
and 2 µL of beads (3.11 µm; Bangs Laboratories, Fishers,
IN) was then pipetted into the square opening. The vacuum
created by briefly lifting one side of the square opening with
a 1 mL pipette tip was used to move cells and beads
underneath the PDMS. Finally, 3 mL of complete media
was added to each well and cells were recovered in a tissue
culture incubator for 30–60 min before imaging.

Fraction of cell area and percent protruding
measurements

Related to Figure 1. To calculate the fraction of cell area
after drug treatments, cells were plated on six-well glass-
bottom plates (Cellvis) pre-coated overnight at 4 °C with 10
µg/mL human plasma fibronectin (cat #: FC010). Prior to
time-lapse imaging, cells were given 2 h to adhere in a
tissue culture incubator. Drugs were pre-diluted in 400 µL
of media before adding at “0 min” to wells containing 2 mL
of media. Cell area was measured in Fiji (http://fiji.sc/Fiji)
using the free-hand circle tool at the time points indicated in
each figure. “Fraction of cell area” was calculated in
Microsoft Excel (Redmond, WA) as the measured area
divided by the area at time 0. For percent protruding mea-
surements, cells were similarly plated on fibronectin-coated
glass-bottom plates and adhered for 2 h before imaging.
Cells were then imaged at 2 min intervals for 5 h by spin-
ning disk confocal. Cells that extended lamellipodia for at
least five successive frames were classified as “protruding.”
The fraction of cells protruding was calculated in Microsoft
Excel, and all results were plotted using GraphPad Prism
(San Diego, CA).

Percent cell perimeter with blebs and collagen-
embedded cell shape classification

Related to Figure 2. For calculating the percent cell peri-
meter with blebs, cells were freshly plated on uncoated
glass and imaged through the central Z-section at the time
points indicated in the figure and Supplementary Movie 7.
The cell perimeter was measured using the free-hand line
tool in Fiji, and the percent of the total perimeter having
blebs was calculated in Microsoft Excel. Statistical analyses
and plots were generated using GraphPad Prism. To classify
collagen-embedded cell shapes, collagen matrices were

made using rat tail collagen type I (cat #: 08-115, Millipore)
following the protocol by Artym and Matsumoto, 2011
[43]. Cells were imaged in collagen matrices on a Zeiss
LSM 880 Airyscan (Germany) equipped with a stage-top
incubator (Tokai Hit, Japan). 3D reconstructions were made
using the “3D Viewer” plugin [44] in Fiji from Z-stacks
acquired in Airyscan mode. A thematic analysis for cell
morphology was done for 60 cells by eye or confocal.
Subsequently, EGFP-c-SrcY529F-expressing cells were clas-
sified as one of three shapes. All data were plotted using
GraphPad Prism.

Enrichment at cell edge and cortical F-actin density
measurements

Related to Figures 3, 4, 5, and 7. To determine the
“Enrichment at Cell Edge,” we traced with a 5-pixel wide
line the cell edges and measured the mean fluorescence
intensity using Fiji. The free-hand circle tool was used to
measure the mean fluorescence intensity in the cytoplasm
and the “Enrichment at the Cell Edge” was calculated as the
ratio of cell edge to cytoplasmic fluorescence in Microsoft
Excel. Statistical analyses and plots were generated using
GraphPad Prism. For measuring F-actin cortex density,
freshly plated, round cells, on poly-L-Lysine-coated glass
were fixed using 4% paraformaldehyde (Electron Micro-
scopy Sciences) in HBS for 20 min at room temperature
before staining with Alexa Fluor-conjugated phalloidin
(Life Technologies) at 1:250 for 1 h. Samples were washed
very gently four times before acquiring spinning disk con-
focal images (×100, 1.4 NA) through the central Z-plane of
the cell. Subsequently, a 5-pixel wide line was drawn along
a region of the cortex that was free of blebs and the mean
fluorescence intensity was measured using Fiji. Background
fluorescence was measured by selecting a region outside the
cell. F-actin cortex density was then calculated as the mean
fluorescence intensity at the cortex minus background
fluorescence. Statistical analyses and plots were generated
using GraphPad Prism.

Bleb and cell body areas, frequency, and percent
migratory

Related to Figures 4, 5, 6, 7, and Supplementary Fig. 5. For
leader bleb, non-leader bleb, and cell body areas, cells
freshly confined under PDMS with 3 µm beads were traced
using spinning disk confocal images with the free-hand
circle tool in Fiji at 30 min intervals for 5 h. For each frame,
the percent cell body area for leader or non-leader blebs was
calculated in Microsoft Excel. To calculate the frequency or
blebs per frame, the total number of blebs was determined
every 30 min for 5 h. Statistical analyses and plots were
generated using GraphPad Prism. For percent migratory
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measurements, a cell was defined as migratory if it traveled
at least one cell length every hour. Phase contrast images
were used to confirm that beads were not obstructing the
path of a cell. All data were plotted using GraphPad Prism.

“DiPer” analyses

Related to Figure 6. To perfom “DiPer” analyses, a plugin
for Microsoft Excel developed by Gorelik and colleagues,
cells migrating under PDMS with 3 µm beads were manu-
ally tracked with the Fiji plugin “MTrackJ” [45] from time-
lapse images taken every 2 min for 5 h. For minimizing
positional error between frames, we tracked cells every 4
min for 5 h. Phase contrast images were used to confirm that
beads were not obstructing the path of a cell. Statistical
analyses and plots were generated using Microsoft Excel.

Atomic force microscopy

Related to Figures 4, 5, 7, and Supplementary Fig. 5. The
method used for performing AFM and equations for cal-
culating cortical tension and intracellular pressure are
described in detail elsewhere [28].

Statistics

All sample sizes were empirically determined based on
saturation and any outliers were identified by a Grubb’s test
using GraphPad QuickCalcs (https://www.graphpad.com/
quickcalcs/) and excluded from further analyses. A statis-
tical difference between two conditions was determined
using a two-tailed Student’s t-test or between two or more
samples using a one-way ANOVA in GraphPad Prism.
*p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001
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