
ARTICLE

Mechanosensing during directed cell migration
requires dynamic actin polymerization at focal
adhesions
Julieann I. Puleo1, Sara S. Parker1, Mackenzie R. Roman1, Adam W. Watson1, Kiarash Rahmani Eliato2, Leilei Peng3, Kathylynn Saboda4,
Denise J. Roe4, Robert Ros2, Frank B. Gertler5,6, and Ghassan Mouneimne1

The mechanical properties of a cell’s microenvironment influence many aspects of cellular behavior, including cell migration.
Durotaxis, the migration toward increasing matrix stiffness, has been implicated in processes ranging from development to
cancer. During durotaxis, mechanical stimulation by matrix rigidity leads to directed migration. Studies suggest that cells
sense mechanical stimuli, or mechanosense, through the acto-myosin cytoskeleton at focal adhesions (FAs); however, FA actin
cytoskeletal remodeling and its role in mechanosensing are not fully understood. Here, we show that the Ena/VASP family
member, Ena/VASP-like (EVL), polymerizes actin at FAs, which promotes cell-matrix adhesion and mechanosensing.
Importantly, we show that EVL regulates mechanically directed motility, and that suppression of EVL expression impedes 3D
durotactic invasion. We propose a model in which EVL-mediated actin polymerization at FAs promotes mechanosensing and
durotaxis by maturing, and thus reinforcing, FAs. These findings establish dynamic FA actin polymerization as a central
aspect of mechanosensing and identify EVL as a crucial regulator of this process.

Introduction
The physical microenvironment regulates many cellular func-
tions, including cell migration (van Helvert et al., 2018). It is
established that cell migration can be directed by the rigidity of
the microenvironment, in a process known as durotaxis (Lo
et al., 2000). Durotaxis has been implicated in physiological
and pathological processes ranging from development (Flanagan
et al., 2002; Sundararaghavan et al., 2009) to cancer progression
(Butcher et al., 2009; Levental et al., 2009; Ulrich et al., 2009;
Lachowski et al., 2017). Durotaxis requires cells to be adept at
sensingmechanical stimuli (mechanosensing) and responding to
anisotropic mechanical stimulation with directed motility. Al-
though these processes are crucial aspects of durotaxis, the mo-
lecular mechanisms that regulate them remain largely unknown.

Previous studies demonstrated that cells respond to the me-
chanical demands of the local microenvironment by dynamically
altering their actin cytoskeleton at focal adhesions (FAs; Choquet
et al., 1997; Butcher et al., 2009). In agreement with these
findings, mathematical and experimental modeling suggested
that the acto-myosin cytoskeleton at FAs mediates an oscillating

traction force required for mechanically directed motility, the
directional movement toward a mechanical stimulus (Plotnikov
et al., 2012; Wu et al., 2017). However, the mechanisms that
regulate these FA cytoskeletal dynamics and the distinctive role
they play in mechanosensing, mechanically directed motility,
and durotaxis have yet to be elucidated.

Here, we identified the Ena/VASP family member, Ena/VASP-
like (EVL), as a novel regulator of actin polymerization at FAs and
found that EVL-mediated actin polymerization regulates cell-
matrix adhesion and mechanosensing. We found that EVL plays
a crucial role in regulating the mechanically directed motility of
normal and cancer cells and, interestingly, that suppression of
myosin contractility does not impede this process. Importantly,
we found that suppression of EVL expression compromises 3D
durotactic invasion of cancer cells. Furthermore, we show that
response to chemotactic (biochemical) stimulation is enhanced in
cells with reduced EVL expression, suggesting that EVL uniquely
promotes response to mechanical cues. We propose a model in
which EVL-mediated FA actin polymerization reinforces FAs
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during mechanical stimulation, thereby promoting mechano-
sensing, mechanically directed motility, and durotaxis.

Results
Suppression of myosin contractility does not impede
mechanically directed motility
To examine mechanically directed motility, we determined the
direction of motility during anisotropic mechanical stimulation
of cells at nonleading edges (Lo et al., 2000; Plotnikov et al.,
2012). We measured two directional motility parameters (Fig. 1
a): “sensing index” (cosine θ), a measurement of the direction of
translocation with reference to the stimulation source and
starting position; and “turning angles,” a measurement of the
change in direction over the course of the stimulation. Control
breast cancer MCF7 cells rapidly directed their motility toward
the mechanical stimulus, as revealed by positive sensing indices
and acute turning angles (Fig. 1, b–e). Surprisingly, suppression
of myosin contractility, a major component of FA cytoskeletal
dynamics (Parsons et al., 2010; Aguilar-Cuenca et al., 2014),
using Y-27632 did not impede mechanically directed motility on
35-kPa hydrogels, compared with control (Fig. 1, b–e; and Video
1). These data were validated using another myosin inhibitor,
Blebbistatin (Fig. S1, a–d; and Video 1). Inhibition of myosin
contractility was validated by loss of actin bundles and decrease
in myosin light chain phosphorylation (Fig. S1 e). To examine
whether higher microenvironmental forces required more
myosin-mediated contractility, we examined mechanically di-
rectedmotility on stiffer, 64-kPa hydrogels. Interestingly, on 64-
kPa hydrogels, Y-27632 treatment did not impede mechanically
directed motility, suggesting that even at a higher stiffness,
myosin suppression does not impede this process (Fig. 1, f–i; and
Video 1). These results suggest that MCF7 cells preserve their ca-
pacity to sensemechanical stimulation undermyosin suppression.

EVL polymerizes actin at FAs, which regulates cell-matrix
adhesion and promotes FA maturation
In addition to myosin contractility, actin polymerization is a
crucial component of FA cytoskeletal dynamics and has been
proposed to regulate force sensing (Geiger et al., 2009; Iskratsch
et al., 2014; Case and Waterman, 2015; Wu et al., 2017). Ena/
VASP are a family of actin polymerizing proteins that robustly
localize to FAs (Fig. 2 a) and have been implicated in regulating
FA actin remodeling (Furman et al., 2007; Hirata et al., 2014). To
determine endogenous expression levels of Ena/VASP proteins,
we performed quantitative PCR (qPCR) for MENA, VASP, and
EVL in control MCF7 cells. Relative expression data suggest that
while VASP and EVL are expressed to similar degrees in MCF7
cells, MENA is expressed at levels significantly lower than both
EVL and VASP (Fig. S2 a). We examined the effect of altering the
expression ofMENA, VASP, and EVL (Fig. S2, b–d) on cell-matrix
adhesion, by quantifying total FA area. EVL knockdown (KD) in
MCF7 cells led to a dramatic decrease in FA area compared with
controls, more significantly than KD of MENA or VASP (Fig. 2, b
and c). These results were consistent, using two different sets
of shRNA (Fig. S2, e and f). Additionally, EVL KD did not affect
expression of MENA or VASP (Fig. S2 g). Furthermore,

expression of a shRNA-resistant GFP-EVL (denoted shResist-
EVL), but not of GFP-MENA or GFP-VASP, reversed the decrease
in FA area observed in EVL KD cells (Fig. 2, d and e). Collec-
tively, these results suggest that the role of EVL in cell-matrix
adhesion is not fully redundant with that of MENA and VASP.

To determine the effect of EVL on cell spreading, a functional
parameter of adhesion, we measured total cell area after 24 h of
plating on fibronectin, type I collagen, or laminin. Compared
with control, EVL KD cells had significantly reduced cell area on
all three substrates, while MENA KD and VASP KD cells did not
(Fig. S2, h–j). These results suggest that the reduced cell-matrix
adhesion in EVL KD cells is associated with compromised cell
spreading. Some studies suggest that cell spreading, when re-
stricted, could reciprocally suppress FA maturation (Chen et al.,
2003). Therefore, we sought to determine the effect of EVL KD
on adhesion while taking into consideration cell spreading as a
factor. We examined FA area using regression analysis with cell
area as a controlled variable (Fig. S3 a). After controlling for cell
area, FA area in EVL KD cells was still significantly smaller than
in control cells (Fig. S3 b). Additionally, we binned FA meas-
urements by cell area to compare cells of similar spreading area
as opposed to a pooled population. In bins of equivalent cell area,
FA area in EVL KD cells was also significantly smaller than
control (Fig. S3, c and d). These analyses suggest that regardless
of cell spreading defects, EVL KD dramatically suppressed FA
area. Moreover, we examined the maturation of individual FAs
by measuring their length. These data revealed a significant
decrease in the length of individual FAs in EVL KD cells com-
pared with control, suggesting that EVL regulates adhesion at
the level of single FAs (Fig. 2, f–i). In addition to the decrease in
FA length, EVL KD had fewer FAs comparedwith control (Fig. 2 i).
The effect of EVL KD on total FA area, number, and length was
validated in human bone osteosarcoma (U2OS) cells (Fig. 2, j and k;
and Fig. S4, a–c). Collectively, these results suggest that EVL di-
rectly regulates cell-matrix adhesion via FA maturation.

The role of EVL in promoting cell-matrix adhesion was val-
idated in additional cancer and normal cells, including mouse
fibroblast cells (NIH-3T3), triple-negative human breast cancer
cells (SUM159), human prostate cancer cells (PC3), human
mammary epithelial cells (MCF10A), human colorectal cancer
cells (Caco-2), and hormone receptor–positive human breast
cancer cells (T47D). In these cell lines, EVL KD was associated
with a significant decrease in FA area (Figs. 2 l and S4 d).

To assess whether EVL could be regulating FAs via FA-
localized actin polymerization, we performed in situ actin
polymerization assays in MCF7 cells expressing GFP-EVL. In
these assays, purified fluorescently labeled actin is provided
to cells and incorporated into actively polymerizing filaments
(Chan et al., 1998; Hirata et al., 2008), allowing for visualization
of newly polymerized actin compared with the overall actin
cytoskeleton. 3D N-STORM superresolution imaging reveals that
EVL localizes to FA plaques (as delineated by paxillin immuno-
fluorescence) and that actin is polymerized de novo within these
structures (Figs. 3 a and S4 i). To mechanistically examine the
role of EVL in actin polymerization at FAs, we quantified the rate
of FA-localized actin polymerization in MCF7 cells expressing
wild-type EVL or EVL domain deletion mutants (Figs. 3 b and S4
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Figure 1. Mechanically directed motility occurs under myosin suppression. (a) Illustration depicting mechanically directed motility assays and sensing
index and turning angle analyses. Crosshairs denote micropipette positions. (b–e) Control (no drug) and Y-27632 (25 µM)–treated MCF7 cells, plated on 35-kPa
hydrogels, were mechanically stimulated. (b) Still images from representative time-lapse videos of control and Y-27632-treated cells (Video 1). Scale bars are
10 µm. (c) Corresponding cell traces at 0, 5, 10, 15, 20, 25, and 30 min, with starting positions in tan and final positions in blue. Crosshairs denote micropipette
positions. (d) Rose plots show cumulative turning angles for control and Y-27632–treated cells. Black sectors denote turns in the direction of the mechanical
stimulus, and gray sectors denote turns away from the mechanical stimulus. Data are collected from five independent experiments (n = 15 per condition).
(e) Sensing indices of control and Y-27632–treated cells over time. Two-way ANOVA shows no significant difference in sensing index (P = 0.1170). Data are
collected from five independent experiments; all data points are shown (n = 15 per condition; violin plot shows median and quartiles of sensing indices).
(f–i) Control (no drug) and Y-27632 (25 µM)–treated MCF7 cells, plated on 64-kPa hydrogels, were mechanically stimulated. (f) Still images from repre-
sentative time-lapse videos of control and Y-27632–treated cells (Video 1). Scale bars are 10 µm. (g) Corresponding cell traces at 0, 5, 10, 15, 20, 25, and 30 min,
with starting positions in tan and final positions in blue. Crosshairs denote micropipette positions. (h) Rose plots show cumulative turning angles for control
and Y-27632–treated cells. Black sectors denote turns in the direction of the mechanical stimulus, and gray sectors denote turns away from the mechanical
stimulus. Data are collected from six independent experiments (n = 15 per condition). (i) Sensing indices of control and Y-27632–treated cells over time.
Two-way ANOVA shows no significant difference in sensing index (P = 0.0917). Data are collected from six independent experiments; all data points are shown
(n = 15 per condition; violin plot shows median and quartiles of sensing indices).
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Figure 2. EVL is required for cell-matrix adhesion and FAmaturation. (a) Left: Immunofluorescent staining of MENA, EVL, and VASP inMCF7 cells. Middle:
Immunofluorescent staining of paxillin shown with Ena/VASP. Right: Paxillin and Ena/VASP shown with phalloidin staining. Scale bars are 5 µm. (b) Rep-
resentative inverted TIRF images of paxillin staining in control (LKO vector), MENA KD, VASP KD, and EVL KD MCF7 cells. Scale bars are 10 µm. (c) Dot plot
shows quantification of FA area. Data are collected from three independent experiments; all data points are shown (n ≥ 118 per condition; P values were
determined using regression analysis; ****, P ≤ 0.0001; n.s., not significant; exact P values for all two-way comparisons are found in Table S3; mean ± SEM).
(d) Representative inverted TIRF images of paxillin staining from control (LKO vector) + GFP, EVL KD + GFP, EVL KD + GFP-VASP, EVL KD + GFP-MENA, and EVL
KD + GFP-shResistEVL MCF7 cells. Boxed insets are inverted images of expression constructs. Scale bars are 10 µm. (e) Dot plot shows quantification of FA
area. Data are collected from three independent experiments; all data points are shown (n ≥ 35 per condition; P values were determined using regression
analysis; *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001; ****, P ≤ 0.0001; n.s., not significant; exact P values for all two-way comparisons are found in Table S3; mean ± SEM).
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e). In situ actin polymerization assays followed by quantification
of de novo actin fluorescence intensity within FAs revealed that
EVL expression is sufficient to dramatically enhance actin po-
lymerization at FAs, compared with controls (Fig. 3, c and d).
Additionally, expression of shResist-EVL in EVL KD cells, which
exhibit significantly less incorporation of labeled actin at FAs
compared with control cells (Fig. 3, c and d), significantly in-
creased FA actin polymerization (Fig. 3, c and d). In contrast,
expression of an actin polymerization–deficient shResist-EVL
mutant, ΔGF-PFN-EVL, which lacks the G-actin, F-actin, and
profilin binding domains, in EVL KD cells did not alter FA actin
polymerization significantly (Fig. 3, b–d). To determine whether
EVL’s actin polymerization activity is involved in promoting cell-
matrix adhesion, we examined the ability of EVL mutants to
restore FA area in EVL KDMCF7 cells. Importantly, expression of
ΔGF-PFN-EVL, or a second mutant with only the G-actin and
F-actin deletions, ΔGF-EVL, in EVL KD cells was not sufficient to
reverse the decrease in FA area seen in EVL KD cells (Fig. 3, b, e,
and f). Furthermore, expression of an shResist-EVL mutant
lacking the EVH1 domain, ΔEVH1-EVL, which, consistent with
previous work (Bear et al., 2000; Krause et al., 2003), fails to
localize to FAs, did not significantly alter FA actin polymerization
in EVL KD cells or increase FA area in EVL KD cells compared
with control (Fig. 3, b–d, g, and h). Collectively, these data sug-
gest that EVL directly promotes actin polymerization at FAs,
which is required for promoting cell-matrix adhesion.

To further examine the mechanism of the unique function of
EVL among Ena/VASP proteins at FAs, we generated chimeric
mutants of EVL, in which the EVH1 domain of shResist-EVL was
replaced with the EVH1 domain of MENA or VASP (Figs. 3 i and
S4 f). Importantly, both the MENAEVH1EVL and VASPEVH1EVL
chimeras appropriately localized to FAs (Fig. 3 j). However,
quantification of FA area in EVL KD cells expressing either the
MENAEVH1EVL or VASPEVH1EVL chimera demonstrate that nei-
ther chimera was sufficient to significantly increase the FA area
of EVL KD cells, as opposed to expression of shResist-EVL (de-
noted EVLEVH1EVL; Fig. 3 k). These data suggest that the EVH1
domain of EVL is uniquely required for EVL’s function at FAs.

EVL-mediated actin polymerization is necessary for
mechanosensing
Mechanosensing describes the ability of cells to sense changes in
the mechanical properties of the local microenvironment and

modulate behaviors accordingly. We investigated the role of
EVL-mediated FA actin polymerization in mechanosensing, as it
is a prerequisite for mechanically directed motility since it al-
lows cells to detect mechanical stimuli. Substrate rigidity, in
particular, has been shown to regulate cell spreading (Pelham
and Wang, 1997; Krause et al., 2003; Pasapera et al., 2015).
Therefore, we performed comparative measurements of cell
spreading on substrates of increasing rigidity to examine the
sensitivity of cells to changes in substrate rigidity, as previously
described (Pelham and Wang, 1997; Pasapera et al., 2015;
Swaminathan et al., 2016). Analysis of cell area on 8-, 35-, and
64-kPa hydrogels revealed that EVL KD cells did not differen-
tially spread on the three stiffnesses, whereas control cells ex-
hibited a significant increase in spreading area among all
stiffnesses (Fig. 4 a). Additionally, expression of ΔGF-PFN-EVL in
EVLKD cells did not reverse the differential spreading deficiency
of EVL KD cells, while expression of shResist-EVL displayed a
significant increase in spreading on 35- and 64-kPa, compared
with 8-kPa, gels (Fig. 4 a). These results suggest that EVL-
mediated actin polymerization is required for the differential
spreading of cells in response to changes in substrate rigidity.
However, considering the spreading phenotypes of EVL KD cells
seen on glass (Fig. S2, h–j), it is possible that the differential
spreading capacity of these cells is masked by a general
spreading deficit.

To further examine mechanosensing, we quantified estab-
lished mechanosensory signaling events at FAs, including
phosphorylation of FAK at Tyrosine-397 (Wang et al., 2001;
Stutchbury et al., 2017) and of paxillin at Tyrosine-118 (referred
to herein as p-FAK and p-pax; Plotnikov et al., 2012; Stutchbury
et al., 2017). Compared with control, EVL KD cells exhibited a
significant decrease in p-FAK area, which was reversed by ex-
pression of shResist-EVL but not ΔGF-PFN-EVL (Fig. 4, b and c).
In addition, overexpression of EVL significantly increased p-pax
and total FA area, compared with control cells (Fig. 4, d–g). To
examine if EVL is sufficient to promote mechanosensory sig-
naling during suppression of myosin activity, we also overex-
pressed EVL in cells treated with myosin inhibitor. EVL
overexpression significantly increased FA area in myosin-
inhibited cells (Fig. 4, d and e), and importantly, significantly
increased the area of p-pax and p-FAK (Fig. 4, f–i). To examine
mechanosensory signaling independently of FA area, we also
performed immunoblotting of p-FAK and p-pax in control and

(f) Left: Representative inverted TIRF images of paxillin staining in control (LKO vector) and EVL KD cells used in FA length quantification. Scale bars are 10 µm. Right:
Magnified views of boxed areas from paxillin images. Scale bars are 5 µm. (g) Scatter plot shows individual FA lengthmeasurements from control and EVL KD cells. The
lengths of >6,000 FAs from 15 cells per conditionweremeasured; all data points are shown. (h)Volcano plot shows distribution of FA lengths in individual cells; all data
points are shown (n ≥ 6,014 per condition; P values were determined using regression analysis; ****, P ≤ 0.0001; n.s., not significant; volcano plot shows median and
quartiles of FA lengths; exact P values are found in Table S2). (i) Bubble plot shows mean FA length and number of FAs in individual control and EVL KD cells. Bubble
area is scaled to total FA area. More than 6,000 FAs from 15 cells per condition were quantified; all cells are shown. (j) Bubble plot showsmean FA length and number
of FAs in individual control and EVL KD U2OS cells. Bubble area is scaled to total FA area. More than 1,600 FAs from six cells per condition were quantified; all cells are
shown. (k) Representative inverted TIRF images of paxillin staining in control (LKO vector) and EVL KD U2OS cells with corresponding quantification. Scale bars are
10 µm. Dot plots show quantification of FA area. Data are collected from three independent experiments; all data points are shown (n ≥ 52 per condition; P values were
determined using regression analysis; ****, P ≤ 0.0001; n.s., not significant; exact P values are found in Table S2; mean ± SEM). (l) Representative inverted TIRF images
of paxillin staining in a panel of control (LKO vector) and EVL KD cells with corresponding quantification. Scale bars are 10 µm. Dot plots show quantification of FA areas
from cell panel. Data are collected from three independent experiments per cell line; all data points are shown (n ≥ 76 per condition; P values were determined using
regression analysis; ****, P ≤ 0.0001; n.s., not significant; exact P values are found in Table S2; mean ± SEM).
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Figure 3. EVL polymerizes actin at FAs, which regulates cell-matrix adhesion and promotes FA maturation. (a) Representative N-STORM image of
in situ actin polymerization in MCF7 cells expressing GFP-EVL. Left: TIRF images of exogenously introduced actin, GFP-EVL, GFP-EVL and exogenously in-
troduced actin, and GFP-EVL and paxillin staining. Scale bars are 10 µm. White boxes denote region of interest. Right: N-STORM image of GFP-EVL, exogenous
actin, and paxillin within region of interest taken fromwhite boxes on TIRF images. Scale bar is 10 µm. Magnified cube is 3D view of N-STORM imaging of GFP-
EVL, exogenous actin, and paxillin from boxed inset. Cube is 1 µm3. (b) Illustration depicting domains for full-length EVL and EVL domain deletion mutants (see

Puleo et al. Journal of Cell Biology 4220

FA actin polymerization regulates mechanosensing https://doi.org/10.1083/jcb.201902101

https://doi.org/10.1083/jcb.201902101


EVL KD MCF7 cells. Compared with control, EVL KD cells ex-
hibited a significant decrease in p-FAK and p-pax levels, nor-
malized to total FAK or paxillin, respectively (Fig. S4, g and h).
Collectively, these data suggest that EVL promotes mechano-
sensory signaling at FAs and that EVL is sufficient to promote
this signaling under baseline and myosin suppression
conditions.

EVL regulates mechanically directed motility
To investigate the role of EVL in mechanically directed motility,
we examined the effect of EVL KD on the response to anisotropic
mechanical stimulation. In contrast to control cells, which ex-
hibited directed motility toward the force stimulus, MCF7 and
U2OS EVL KD cells translocated away from the force stimulus
(Fig. 5, a–d; Fig. S5, g–j; and Videos 2 and 3). These results were
consistent using a second EVL shRNA (Fig. S5, k–n; and Video 4).
Importantly, the cell area in these experiments was similar be-
tween EVL KD and control cells, suggesting that the differences
in mechanically directed motility are not necessarily due to an
indirect effect of global alteration in cell spreading (Fig. S5, a–c).

Interestingly, the directional translocation away from the
force stimulus in EVL KD cells was accompanied by de-adhesion
of the cell edge facing the stimulus (Video 2). To characterize
this behavior, we established a proximal de-adhesion index
(PDAI) that takes into account two factors: (a) %P, the percent
change in cell area at the cell side proximal to the stimulus (this
factor reflects the extent of de-adhesion and the direction of
change, where negative values indicate de-adhesion at the
proximal edge); and (b) |%P + %D|, the migration factor, which is
the absolute value of the sum of the percent change in area at the
proximal and distal sides, i.e., sides facing and opposite to the
stimulus, respectively (this factor accounts for de-adhesion due
to mere cell translocation during cell motility, during which de-
adhesion on one side is equivalent to adhesion of the other side,
leading to a migration factor close to zero; Fig. 5 e). Control
MCF7 cells exhibited a PDAI ≥0, reflecting a migratory behavior
toward the stimulus and proportional rates of adhesion and de-
adhesion; EVL KD cells, on the other hand, exhibited a PDAI

much lower than 0, suggesting that KD cells, in addition to their
repulsive-migration phenotype, are disproportionately de-
adhering at their proximal side (facing the stimulus; Fig. 5, f
and g). These results are consistent with a diminished FA
phenotype in the EVL KD cells and are suggestive of a desta-
bilization of the FAs proximal to the force stimulus.

Since actin cytoskeletal connections have been proposed to
strengthen FAs (Wu et al., 2017), we investigated if EVL-
mediated actin polymerization is specifically required for
mechanically directed motility. We compared the directional
response of control, EVL KD, and EVL KD MCF7 cells expressing
the actin polymerization–deficient mutant, ΔGF-PFN-EVL, to
mechanical stimulation. These data revealed that while control
cells exhibited directed motility toward the force stimulus, EVL
KD cells and EVL KD cells expressing ΔGF-PFN-EVL translocated
away from the force stimulus (Fig. 5, h–k; Fig. S5 d; and Video 5).
Furthermore, to investigate the specificity of EVL-mediated ac-
tin, we examined the involvement of formins, another family of
actin-polymerizing proteins that have been implicated in regu-
lating FA dynamics (Gupton et al., 2007; Oakes et al., 2012;
Iskratsch et al., 2013; Wu et al., 2017), in mediating mechanically
directed motility. We quantified the response of cells to me-
chanical stimulation after using the pan-formin inhibitor,
SMIFH2. Treatment with SMIFH2 did not impede mechanically
directed motility compared with control (Fig. S6, a–d; and Video
6). Together, these results suggest that EVL-mediated actin is
specifically required for mechanically directed motility.

Collectively, these results led us to propose a model in which
EVL-mediated actin promotes mechanically directed motility by
dynamically reinforcing FAs, thus preventing force-mediated FA
destabilization (Fig. 6 a). In this model, since FA reinforcement
functions to prevent FA destabilization during mechanical
stimulation, it predicts that the extent of reinforcement required
for FA stability would be dependent on the force demands of the
microenvironment. To test this prediction, we examined the
effect of EVL KD on the response to anisotropic mechanical
stimulation on softer (8-kPa) hydrogels. Interestingly, on softer
hydrogels, EVL KD cells responded directionally to the

Table S1 for sequences). (c) Representative TIRF images of barbed end labeled control (LKO vector) + GFP-EVL, control + GFP, EVL KD + GFP, EVL KD + GFP-
shResist EVL, EVL KD + GFP-ΔEVH1 EVL, and EVL KD + GFP-ΔGF-PFN EVL MCF7 cells after in situ actin polymerization assays. Top: Exogenously introduced
actin with paxillin staining. Middle: Phalloidin staining with paxillin. Bottom: Inverted single-channel images of exogenous actin incorporation shown for clarity.
Boxed insets are inverted images of expression constructs. Scale bars are 10 µm. (d) Dot plot shows quantification of exogenous actin fluorescence intensity
within paxillin regions. Data are collected from three independent experiments; all data points are shown (n ≥ 82 per condition; P values were determined using
regression analysis; *, P ≤ 0.05; ****, P ≤ 0.0001; n.s., not significant; exact P values for all two-way comparisons are found in Table S3; mean ± SEM).
(e) Representative inverted TIRF images of paxillin staining in control (LKO vector) + GFP, EVL KD + GFP, EVL KD + GFP-ΔGF EVL, EVL KD + GFP-ΔGF-PFN EVL,
and EVL KD + GFP-shResist EVL in MCF7 cells. Boxed insets are inverted images of expression constructs. Scale bars are 10 µm. (f) Dot plot shows quan-
tification of FA area. Data are collected from three independent experiments; all data points are shown (n ≥ 37 per condition; P values were determined using
regression analysis; ****, P ≤ 0.0001; n.s., not significant; exact P values for all two-way comparisons are found in Table S3; mean ± SEM). (g) Representative
inverted TIRF images of paxillin staining in control (LKO vector) + GFP, EVL KD + GFP, EVL KD + GFP-ΔEVH1 EVL, and EVL KD + GFP-shResist EVL in MCF7 cells.
Boxed insets are inverted images of expression constructs. Scale bars are 10 µm. (h) Dot plot shows quantification of FA area. Data are collected from three
independent experiments; all data points are shown (n ≥ 44 per condition; P values were determined using regression analysis; ****, P ≤ 0.0001; n.s., not
significant; exact P values for all two-way comparisons are found in Table S3; mean ± SEM). (i) Illustration depicting domains for full-length EVL (EVH1EVLEVL)
and EVH1 chimeric mutants, EVH1MENAEVL and EVH1VASPEVL (see Table S1 for sequences). (j) Representative inverted TIRF images of paxillin staining in control
(LKO vector) + GFP, EVL KD + GFP, EVL KD + GFP-EVH1EVLEVL, EVL KD + GFP-EVH1MENAEVL, and EVL KD + GFP-EVH1VASPEVL in MCF7 cells. Scale bars are
10 µm. Inverted insets are of expression constructs, and overlay insets show expression construct with paxillin. Scale bars are 5 µm in overlay insets. (k) Dot
plot shows quantification of FA area. Data are collected from three independent experiments; all data points are shown (n ≥ 62 per condition; P values were
determined using regression analysis; *, P ≤ 0.05; ***, P ≤ 0.001; ****, P ≤ 0.0001; n.s., not significant; exact P values for all two-way comparisons are found in
Table S3; mean ± SEM).
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mechanical stimulus, while control cells demonstrated a re-
duced response (Fig. 6, b–e; Fig. S5 e; and Video 7). While the
response of EVL KD cells on soft hydrogels is supportive of the
model predictions, it is important to note that the directional
responses of cells on soft and stiff hydrogels are not directly
comparable, as gel stiffness affects the magnitude of mechan-
ical stimulation as well as baseline FA biology.

Importantly, migration speed, measured on 35-kPa hydrogels
in the absence of directional mechanical stimulation, is not
significantly affected by EVL KD; yet the directionality of

random migration is lower in EVL KD cells, compared with
control (Fig. S6, e–h). Collectively, these findings suggest that
EVL does not particularly enhance cell migration but rather
promotes the ability to respond directionally toward a me-
chanical stimulus at matrices of higher stiffness.

Since Ena/VASP proteins have been shown to hetero-
tetramerize in vivo (Riquelme et al., 2015), we examined the
sufficiency of EVL for promoting mechanically directed mo-
tility independently of MENA and VASP. We exogenously
expressed EVL in genetically engineered mouse fibroblast

Figure 4. EVL-mediated actin polymerization is necessary for mechanosensing, and EVL is sufficient to promote mechanosensory signaling under
myosin suppression. (a) Dot plot shows quantification of total cell area of control (LKO vector) + GFP, EVL KD + GFP, EVL KD + GFP-ΔGF-PFN EVL, and EVL KD
+ GFP-shResist EVLMCF7 cells plated on 8-, 35-, or 64-kPa hydrogels. Data are collected from three independent experiments; all data points are shown (n ≥ 75
per condition; P values were determined using regression analysis; *, P ≤ 0.05; ***, P ≤ 0.001; ****, P ≤ 0.0001; n.s., not significant; exact P values for all two-
way comparisons are found in Table S3; mean ± SEM). (b) Representative inverted TIRF images of p-FAK staining in control (LKO vector) + GFP, EVL KD + GFP,
EVL KD + GFP-ΔGF-PFN EVL, and EVL KD + GFP-shResist EVL MCF7 cells. Boxed insets are inverted images of expression constructs. Scale bars are 10 µm.
(c) Dot plot shows quantification of p-FAK area. Data are collected from three independent experiments; all data points are shown (n ≥ 43 per condition; P
values were determined using regression analysis; *, P ≤ 0.05; ****, P ≤ 0.0001; n.s., not significant; exact P values for all two-way comparisons are found in
Table S3; mean ± SEM). (d) Representative inverted TIRF images of paxillin staining in untreated and Y-27632–treated control (GFP) and GFP-EVL–
overexpressing MCF7 cells. Insets are inverted images of expression constructs. Scale bars are 10 µm. (e) Dot plots show quantification of paxillin area. Data
are collected from four independent experiments; all data points are shown (n ≥ 51 per condition; P values were determined using regression analysis; **, P ≤
0.01; ****, P ≤ 0.0001; n.s., not significant; exact P values for all two-way comparisons are found in Table S3; mean ± SEM). (f) Representative inverted TIRF
images of p-pax staining in untreated and Y-27632–treated control (GFP) and GFP-EVL–overexpressing MCF7 cells. Insets are inverted images of expression
constructs. Scale bars are 10 µm. (g) Dot plots show quantification of p-pax area. Data are collected from four independent experiments; all data points are
shown (n ≥ 51 per condition; P values were determined using regression analysis; *, P ≤ 0.05; **, P ≤ 0.01; n.s., not significant; exact P values for all two-way
comparisons are found in Table S3; mean ± SEM). (h) Representative inverted TIRF images of p-FAK staining in untreated and Y-27632–treated control (GFP)
and GFP-EVL–overexpressing MCF7 cells. Insets are inverted images of expression constructs. Scale bars are 10 µm. (i) Dot plots show quantification of p-FAK
area. Data are collected from three independent experiments; all data points are shown (n ≥ 43 per condition; P values were determined using regression
analysis; *, P ≤ 0.05; n.s., not significant; exact P values for all two-way comparisons are found in Table S3; mean ± SEM).
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Figure 5. EVL-mediated actin polymerization is required formechanically directedmotility. (a–d) Control (LKO vector) and EVL KDMCF7 cells, plated on
35-kPa hydrogels, were mechanically stimulated. (a) Still images from representative time-lapse videos of control and EVL KD cells (Video 2). Scale bars are
10 µm. (b) Corresponding cell traces at 0, 5, 10, 15, 20, 25, and 30 min, with starting positions in tan and final positions in blue. Crosshairs denote micropipette
positions. (c) Rose plots show cumulative turning angles for control and EVL KD cells. Black sectors denote turns in the direction of the force gradient, and gray
sectors denote turns away from the force gradient. Data are collected from six independent experiments (n = 15 per condition). (d) Sensing indices of control
and EVL KD cells over time. Two-way ANOVA shows a significant difference in sensing index between control and EVL KD cells (P < 0.0001). Data are collected
from six independent experiments; all data points are shown (n = 15 per condition; violin plot shows median and quartiles of sensing indices). (e) Illustration
depicting PDAI analysis. (f) Dot plot showing quantification of average PDAI per cell over time. Data are collected from six independent experiments; all data
points are shown (n = 15 per condition; P values were determined using two-sample t test; ***, P ≤ 0.001; n.s., not significant; exact P values are found in Table
S2; mean ± SEM). (g) Dot plot showing quantification of the number of de-adhesion events occurring within the proximal half of the cell. Data are collected
from six independent experiments; all data points are shown (n = 15 per condition; P values were determined using Mann-Whitney test; ****, P ≤ 0.0001; n.s.,
not significant; exact P values are found in Table S2; mean ± SD). (h–k) Control (LKO vector) + GFP, EVL KD + GFP and EVL KD + GFP-ΔGF-PFN EVL MCF7 cells,
plated on 35-kPa hydrogels, were mechanically stimulated. (h) Still images from representative time-lapse videos of control + GFP, EVL KD + GFP and EVL KD +
GFP-ΔGF-PFN EVL cells (Video 5). Scale bars are 10 µm. (i) Corresponding cell traces at 0, 5, 10, 15, 20, 25 and 30 min, with starting positions in tan and
final positions in blue. Crosshairs denote micropipette positions. (j) Rose plots show cumulative turning angles for control + GFP, EVL KD + GFP and EVL
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(MVD7) cells, which lack expression of all three Ena/VASP
family members (Bear et al., 2000). Consistent with the data
from MCF7 cells, triple-null MVD7 cells translocated away
from the mechanical stimulus on 35-kPa hydrogels (Fig. 7, a–d;
Fig. S5 f; and Video 8). However, expression of EVL in MVD7

cells was sufficient to reverse this phenotype and promote
mechanically directed motility (Fig. 7, a-d and g; and Video 8).
Importantly, EVL-expressing cells exhibited a significantly
larger FA area compared with triple-null cells (Fig. 7, e–g).
These results suggest that EVL is sufficient to promote cell-

KD + GFP-ΔGF-PFN EVL cells. Black sectors denote turns in the direction of the force gradient and gray sectors denote turns away from the force gradient. Data
are collected from three independent experiments (n = 15 per condition). (k) Sensing indices of control + GFP, EVL KD + GFP and EVL KD + GFP-ΔGF-PFN EVL cells
over time. Two-way ANOVA shows a significant difference in sensing index between control, EVL KD, and EVL KD + GFP-ΔGF-PFN EVL cells (P < 0.0001). Data are
collected from three independent experiments; all data points are shown (n = 15 per condition; violin plot shows median and quartiles of sensing indices).

Figure 6. Working model suggesting that FA actin polymerization is proportionally required to the force demands of the microenvironment. (a) EVL-
mediated FA actin polymerization is required for FA reinforcement in response to increasing environmental forces. Left (gray line): Low mechanical forces are
below a cell’s mechanical detection range if cells have preexisting FA actin above the threshold required for FA stability. In these cases, no directional response
is elicited and FAs remain at steady state. Left (red line): Low mechanical forces may be within the sensing range if cells do not have sufficient preexisting FA
actin for FA stability upon stimulation. In these cases, mechanical stimulation promotes an increase in FA actin polymerization and induces mechanically
directed motility. Middle (gray line): Moderate mechanical forces may be within the sensing range of cells with higher baseline FA actin if they do not have
sufficient preexisting FA actin for FA stability upon stimulation. In these cases, mechanical stimulation promotes an increase in FA actin polymerization and
induces mechanically directed motility. Middle (red line): Moderate mechanical forces may be above the tolerance range of cells with low capacity to dy-
namically polymerize sufficient FA actin, which leads to force-mediated de-adhesion and directional repulsion. Right (gray and red lines): High mechanical
forces that exceed the capacity of cells to dynamically polymerize sufficient FA actin leads to force-mediated de-adhesion and repulsion. (b–e) Control (LKO
vector) and EVL KDMCF7 cells, plated on 8-kPa hydrogels, were mechanically stimulated. (b) Still images from representative time-lapse videos of control and
EVL KD cells (Video 7). Scale bars are 10 µm. (c) Corresponding cell traces at 0, 5, 10, 15, 20, 25, and 30 min, with starting positions in tan and final positions in
blue. Crosshairs denote micropipette positions. (d) Rose plots show cumulative turning angles for control and EVL KD cells. Black sectors denote turns in the
direction of the force gradient, and gray sectors denote turns away from the force gradient. Data are collected from four independent experiments (n = 15 per
condition). (e) Sensing indices of control and EVL KD cells over time. Two-way ANOVA shows a significant difference in sensing index between control and EVL
KD cells (P < 0.0001). Data are collected from four independent experiments; all data points are shown (n = 15 per condition; violin plot shows median and
quartiles of sensing indices).
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matrix adhesion and mechanically directed motility in the
absence of MENA and VASP.

EVL promotes durotactic invasion within 3D matrix
Mechanosensing and mechanically directed motility are central
aspects of durotaxis (Plotnikov et al., 2012; Wong et al., 2014; van
Helvert et al., 2018). During durotaxis, cells sense changes in
matrix rigidity (mechanosense), direct themselves toward areas
of higher rigidity (mechanically directed motility), and migrate
in the direction of the stiffness gradient. To determine if EVL
regulates durotaxis, we altered the expression of EVL and ex-
amined cellular response within a 3D durotactic invasion assay.
To generate a durotactic stimulus, cells are embedded in a soft,
central collagen matrix, which is surrounded by an outer col-
lagen matrix rendered stiffer by cross-linking (Fig. 8 a). Im-
portantly, the collagen concentration is held constant between
the inner and outer matrices. The rigidity of both the inner
and outer collagen matrices, as measured by atomic force
microscopy–based nano-indentation, was 0.2 and 0.4 kPa, re-
spectively (Fig. S6, i and j). EVL KD in MCF7 and U2OS cells

significantly suppressed durotactic invasion into the stiffer
matrix, compared with control (Fig. 8, b–d; and Video 9). In
contrast, when 0.2-kPa collagen is used for both the inner and
outer matrices, thus eliminating the durotactic stimulus, EVL KD
led to a significant increase in invasion into the soft matrix
(Fig. 8, e and f). These results suggest that, without the challenge
of a stiffness gradient, EVL KD cells are more invasive, which is
consistent with previous work (Mouneimne et al., 2012; Padilla-
Rodriguez et al., 2018) and highlights the specific involvement of
EVL in durotactic invasion. Importantly, using gelatin zymog-
raphy to measure the ability to degrade collagen, we found no
significant difference in proteolytic activity between control and
EVL KD cells; this suggests that the suppression of durotactic
invasion in EVL KD cells is not caused by inhibition of matrix
degradation (Fig. S6, k–m). Together, these results suggest that
EVL distinctively promotes durotactic invasion.

EVL inhibits chemotactic sensing
Notwithstanding its role in promoting durotactic invasion,
suggested herein, EVL has previously been shown to suppress

Figure 7. Expression of EVL is sufficient to
promote mechanically directed motility and
cell-matrix adhesion in MVD7 cells. (a–d) GFP
and GFP-EVL MVD7 cells, plated on 35-kPa hy-
drogels, were mechanically stimulated. (a) Still
images from representative time-lapse videos of
GFP and GFP-EVL cells (Video 8). Scale bars are
10 µm. Boxed insets are images of expression
constructs. (b) Corresponding cell traces at 0, 5,
10, 15, 20, 25, and 30 min, with starting positions
in tan and final positions in blue. Crosshairs de-
note micropipette positions. (c) Rose plots show
cumulative turning angles for GFP and GFP-EVL
cells. Black sectors denote turns in the direction
of the force gradient, and gray sectors denote
turns away from the force gradient. Data are
collected from five independent experiments (n ≥
15 per condition). (d) Sensing indices of GFP and
GFP-EVL cells over time. Two-way ANOVA
shows a significant difference in sensing index
between GFP and GFP-EVL cells (P < 0.0001).
Data are collected from five independent ex-
periments; all data points are shown (n ≥ 15 per
condition; violin plot shows median and quartiles
of sensing indices). (e) Top: Representative TIRF
images of paxillin staining with GFP or GFP-EVL
in MVD7 cells. Boxed insets are inverted images
of expression constructs. Bottom: Inverted single
channel images of paxillin staining shown for
clarity. Scale bars are 10 µm. (f)Quantification of
FA area. Data are collected from three indepen-
dent experiments; all data points are shown (n ≥
121 per condition; P values were determined
using regression analysis; ***, P ≤ 0.001; n.s., not
significant; exact P values are found in Table S2;
mean ± SEM). (g) Immunoblot of MVD7 cells in-
fected with control GFP vector or GFP-EVL. Top
crop was probed with an antibody against EVL,
and bottom crop was probed with an antibody
against GAPDH.
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invasive behavior (Mouneimne et al., 2012; Padilla-Rodriguez
et al., 2018); this suggests that the regulation of invasion by
EVL may be context dependent. In many physiological and
pathological contexts, two main types of stimuli guide cell mi-
gration: biomechanical and biochemical. Therefore, we investi-
gated the role of EVL in chemo-directed motility, the directional
response toward biochemical gradients. Since MCF7 cells ex-
press insulin-like growth factor (IGF) receptor (Stephen et al.,
2001), we introduced a focal gradient of IGF to nonleading edges
of single cells (Mouneimne et al., 2006) to induce chemo-
directed motility. Like mechanically directed motility, chemo-
directed motility was quantified using the sensing index and
turning angles of stimulated cells. Interestingly, suppression of
EVL expression enhanced the chemotactic response of cells
compared with control (Fig. 9a-d and Video 10). These results
suggest that EVL plays a dichotomous role in regulating the
response of cells to directional cues: it inhibits chemo-directed
motility and promotes mechanically directed migration.

Discussion
Durotaxis, migration toward increasing stiffness, has been im-
plicated in various biological and pathological processes, in-
cluding cancer progression (Butcher et al., 2009; Levental et al.,
2009; Ulrich et al., 2009; Lachowski et al., 2017). Durotaxis re-
quires cells to be capable of (1) sensing a mechanical stimulus

(mechanosensing), (2) directing their motility toward the
stimulus (mechanically directed motility), and (3) migrating in
the direction of the stimulus. Although essential to durotaxis, a
mechanistic understanding of these processes has been unclear.
Here, we show that EVL promotes actin polymerization at FAs
and that EVL-mediated FA actin polymerization regulates cell-
matrix adhesion and mechanosensing. We found that EVL is a
distinct regulator of mechanically directed motility, and that
EVL promotes durotactic invasion. We propose a model in
which EVL-mediated FA actin polymerization reinforces FAs
and promotes the response to mechanical stimulation.

EVL-mediated actin polymerization at FAs is crucial for
cell-matrix adhesion and mechanosensing
Previous reports have suggested that actin is polymerized at
FAs; however, these studies did not identify an actin polymeri-
zation factor responsible for this process that localizes to FAs
throughout their lifespan (Gupton et al., 2007; Choi et al., 2008;
Hirata et al., 2008; Iskratsch et al., 2013). Our data suggest that
EVL is responsible for promoting actin polymerization at FAs.
Importantly, we show that EVL is specifically required for pro-
moting cell-matrix adhesion in a panel of cancer and normal cell
lines. Our results are consistent with previous work showing
that Ena/VASP proteins localize to FAs (Furman et al., 2007) and
regulate actin (Gertler et al., 1996; Lambrechts et al., 2000) and
FA dynamics (Worth et al., 2010; Gupton et al., 2012).

Figure 8. EVL promotes durotactic invasion within 3D matrix. (a) Illustration depicting 3D invasion assays. (b and c) Control (LKO vector) and EVL KD
MCF7 cells were plated within a durotactic invasion assay. (b) Large-stitch images of control and EVL KD invasion assays, with red dots denoting invaded cells.
Scale bars are 500 µm; 0.2 and 0.4 kPa correspond to inner and outer matrices, respectively. (c) Quantification of cells invaded from 0.2–0.4-kPa matrix. Data
are expressed as fold change and are collected from four independent experiments; all experiments are shown (n = 4 per condition; P values were determined
using a one-sample t test with a hypothetical value of 1; *, P ≤ 0.05; n.s., not significant; exact P values are found in Table S2; mean ± SEM). (d) Control (LKO
vector) and EVL KD U2OS cells were plated within a durotactic invasion assay. Left: Still images from time-lapse videos of invading control and EVL KD U2OS
cells, with red lines denoting boundaries between inner and outer matrices and red dots denoting invaded cells; images are taken from final time point of Video
9. Scale bars are 50 µm. Right: Quantification of cells invaded from 0.2–0.4-kPa matrix. Data are expressed as fold change and are collected from three
independent experiments; all experiments are shown (n = 3 per condition; P values were determined using a one-sample t test with a hypothetical value of
1; **, P ≤ 0.01; n.s., not significant; exact P values are found in Table S2; mean ± SEM). (e and f) Control (LKO vector) and EVL KDMCF7 cells were plated within a
soft invasion assay. (e) Large-stitch images of control and EVL KD invasion assays, with red dots denoting invaded cells. Scale bars are 500 µm; 0.2 and 0.2 kPa
correspond to inner and outer matrices, respectively. (f) Quantification of cells invaded from 0.2–0.2-kPa matrix. Data are expressed as fold change and are
collected from four independent experiments; all experiments are shown (n = 4 per condition; P values were determined using a one-sample t test with a
hypothetical value of 1; *, P ≤ 0.05; n.s., not significant; exact P values are found in Table S2; mean ± SEM).
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Furthermore, we found that expression of MENA or VASP did
not restore the reduced-adhesion phenotypes observed in EVL
KD cells, and through use of chimeric mutants, we found that the
EVH1 domain of EVL is unique among Ena/VASP proteins and is
specifically required for EVL’s function at FAs. These data cor-
roborate mounting evidence that Ena/VASP proteins, once
thought to be functionally interchangeable (Laurent et al., 1999),
have unique and specific roles in regulating FAs. For example,
MENA uniquely binds α5 integrin and modulates adhesion sig-
naling through an actin-independent mechanism (Gupton et al.,
2012), and VASP cooperates with RIAM (rap-1 interacing mole-
cule) and zyxin to regulate β1 integrin dynamics (Worth et al.,
2010) and stress fiber integrity (Smith et al., 2010), respectively.
Therefore, while our data establish EVL as the primary Ena/
VASP protein responsible for actin polymerization–mediated
cell-matrix adhesion, MENA and VASP provide distinct yet in-
dispensable contributions to FAs.

In addition, our results suggest that EVL-mediated actin po-
lymerization at FAs is required for mechanosensing. The use of
EVL domain deletion mutants corroborates that the ability of
EVL to mediate mechanosensing is dependent on its actin po-
lymerization activity. Furthermore, our data suggest that ex-
pression of EVL is sufficient to promote cell-matrix adhesion and

mechanosensory signaling under baseline and myosin sup-
pression conditions. These results are in agreement with pre-
vious work suggesting that FA maturation in response to
extracellular force is more dependent on actin polymerization
and filament integrity than on myosin contractility (Riveline
et al., 2001), and that an actin template is sufficient for sus-
taining FA signaling events under myosin inhibition (Oakes
et al., 2012). Collectively, these data suggest that while myosin
is a regulator of FA maturation and mechanosensing (Pasapera
et al., 2010, 2015; Aguilar-Cuenca et al., 2014), EVL is sufficient
to promote these processes, at least in part, in the presence of
low myosin contractility.

EVL regulates mechanically directed motility, while
suppression of myosin contractility does not impede
this process
Our data suggest that EVL is a crucial regulator of mechanically
directed motility. We demonstrate that EVL KD cells display
significantly reduced directed motility toward mechanical
stimuli, as well as disproportional de-adhesion upon anisotropic
mechanical stimulation. Importantly, we show that expression
of the actin-deficient mutant ΔGF-PFN-EVL was not sufficient
to restore mechanically directed motility in EVL KD cells.

Figure 9. EVL suppresses chemotactic sens-
ing. (a–d) Control (LKO vector) and EVL KD
MCF7 cells were stimulated with an IGF gradient.
(a) Still images from representative time-lapse
videos of control and EVL KD cells (Video 10).
Scale bars are 10 µm. Boxed insets are images
of IGF gradients, provided to cells for 2 min.
(b) Corresponding cell traces at 0, 5, 10, 15, 20,
25, and 30 min, with starting positions in tan and
final positions in blue. Crosshairs denote micro-
pipette positions. (c) Rose plots show cumulative
turning angles for control and EVL KD cells. Black
sectors denote turns in the direction of the IGF
gradient, and gray sectors denote turns away
from the IGF gradient. Data are collected from
five independent experiments (n = 15 per con-
dition). (d) Sensing indices of control and EVL KD
cells over time. Groups are plotted separately for
clarity. Two-way ANOVA shows a significant
difference in sensing index between control and
EVL KD cells (P < 0.0001). Data are collected
from five independent experiments; all data
points are shown (n = 15 per condition; violin plot
shows median and quartiles of sensing indices).
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Considering previous works showing that FAs and their asso-
ciated actin are dynamically remodeled in response to changes
in environmental forces (Choquet et al., 1997; Elosegui-Artola
et al., 2014; Weng et al., 2016), our results suggest a model in
which EVL, via FA actin polymerization, is an integral compo-
nent of this response. In this model, the requirements for FA
actin polymerization shift in relation to mechanical demands,
and this polymerization is, at least in part, regulated by EVL
expression (Fig. 6 a). In support of this model, we found that EVL
KD cells are capable of exhibiting mechanically directed motility
on softer, 8-kPa hydrogels. However, it is important to note that
mechanical stimulation of cells plated on hydrogels of different
stiffness are not directly comparable, as hydrogel stiffness alters
both the magnitude of force exerted during stimulation and the
baseline FA biology of plated cells. Therefore, future work is
necessary to fully characterize the specific relationships be-
tween absolute microenvironmental stiffness, force magnitude
during mechanical stimulation, and actin polymerization re-
quirements during mechanical response.

Importantly, Ena/VASP proteins are not the only actin-
polymerizing factors regulating FA dynamics in cells; formins
are another family of actin-polymerizing proteins shown to af-
fect FA dynamics (Gupton et al., 2007; Oakes et al., 2012;
Iskratsch et al., 2013). Although our formin-inhibition data
suggest that suppression of formin activity does not significantly
impede mechanically directed motility, it is possible that
remaining levels of formin activity in these cells are sufficient
to support their motility. More directed studies are needed to
determine if formins collaborate with Ena/VASP, for example,
by mediating actin nucleation (Campellone and Welch, 2010),
to contribute to this process.

Surprisingly, we found that suppression of myosin activity
does not impede mechanically directed motility. Myosin con-
tractility has been implicated in single-cell (Raab et al., 2012) and
collective cell durotaxis (Sunyer et al., 2016), and in cell mi-
gration in general (Vallenius, 2013). Nonetheless, a distinct role
for myosin in the process of sensing directional mechanical
stimuli has not been reported. Although it informs long-range
migration, the sensing of directional cues can be regulated by
distinct molecular processes (Mouneimne et al., 2004, 2006).
Importantly, suppression of myosin contractility did perturb
retraction of the cell rear during mechanically directed motility,
which is consistent with previous reports (Sunyer et al., 2016).
Therefore, myosin may be dispensable in directing cells toward
a mechanical stimulus (mechanically directed motility), while
still being crucial for long-range migration toward increasing
stiffness (durotaxis). Due to these complexities, future work is
needed to fully characterize the specific role of myosin during
each of these diverse mechanically regulated functions.

EVL specifically promotes durotactic invasion
Our data suggest that EVL promotes durotactic invasion into 3D
matrix; this is consistent with its essential role in mechano-
sensing and mechanically directed motility and highlights the
significance of these processes for durotactic invasion. Impor-
tantly, we show that suppression of EVL expression enhances
invasion into uniformly soft 3D matrix, which is consistent with

our previous work demonstrating that EVL plays a suppressive
role in breast cancer cell invasion (Mouneimne et al., 2012;
Padilla-Rodriguez et al., 2018). These data emphasize a role for
EVL in specifically mediating a response to mechanical stimu-
lation, as opposed to promoting migration and invasion in
general. Additionally, microenvironmental factors that guide
cell migration are not limited to mechanical cues; cell migration
can also be guided by biochemical gradients as in chemotaxis
(Roussos et al., 2011). Here, we show that, unlike mechanically
directed motility, EVL is suppressive to chemo-directed motility.
Together, these data suggest that migration directed by me-
chanical and biochemical cues is regulated through distinct and
possibly antagonistic mechanisms, and that EVL is selectively
promoting mechanically directed modes of migration.

Importantly, previous studies have shown that MENA plays
crucial roles in promoting chemotaxis and haptotaxis (Goswami
et al., 2009; Oudin et al., 2016a,b), modes of directed cell mi-
gration reliant on soluble and immobilized ligand gradients,
respectively. Combined with our findings, these studies suggest
that Ena/VASP proteins play divergent roles in directed cell
migration and invasion. Importantly, these proteins could po-
tentially play a significant role in integrating biochemical and
mechanical signals from the cell microenvironment to guide
migration in physiological and pathological contexts. While fu-
ture studies will be required to address the complexity of
chemical and mechanical signal integration during migration,
mechanistic studies on the role of Ena/VASP proteins in signal
sensing provide a valuable foundation to this emerging field.

Materials and methods
Cell culture
MCF7, U2OS, NIH-3T3, and HEK293T cells were grown in high-
glucose DMEM (Corning), supplemented with 2 mM L-gluta-
mine (Corning), 10% FBS (Gibco), and 100 U/ml penicillin with
100 µg/ml streptomycin (Corning). Caco-2 cells were grown in
high glucose DMEM, supplemented with 2 mM L-glutamine,
20% FBS, and 100 U/ml penicillin with 100 µg/ml streptomycin.
T47D cells were grown in RPMI 1640 medium (Corning), sup-
plemented with 2 mM L-glutamine, 10% FBS, 5 µg/ml insulin
(Roche), and 100 U/ml penicillin with 100 µg/ml streptomycin.
PC3 cells were grown in high-glucose DMEM, supplemented
with 10% FBS and 100 U/ml penicillin with 100 µg/ml strepto-
mycin. MCF10A cells were grown in DMEM/Nutrient Mixture
F-12 (DMEM/F-12; Corning), supplementedwith 5% horse serum
(Gibco), 20 ng/ml epidermal growth factor (Life Technologies),
0.5 µg/ml hydrocortisone (Sigma-Aldrich), 100 ng/ml cholera
toxin (Sigma-Aldrich), 10 µg/ml insulin, and 100 U/ml penicillin
with 100 µg/ml streptomycin. SUM159 cells were grown in
Ham’s F12 medium (Corning), supplemented with 5% FBS, 1 µg/
ml hydrocortisone, 5 µg/ml insulin, 10 mM Hepes (Corning),
and 100 U/ml penicillin with 100 µg/ml streptomycin. MVD7

cells were grown in high-glucose DMEM, supplemented with
15% FBS, 2 mM L-glutamine, 100 U/ml penicillin with 100 µg/ml
streptomycin, and 50 U/ml mouse interferon-γ (Millipore).
MCF7, T47D, SUM159, Caco-2, PC3, U2OS, MCF10A, NIH-3T3,
and HEK293T cells were maintained in a 37°C humidified
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incubator under 5% CO2. MVD7 cells were maintained in a 32°C
humidified incubator under 5% CO2, as previously described
(Bear et al., 2000).

Plasmids, antibodies, and reagents
All Ena/VASP constructs were cloned into a modified pCIG3
lentiviral expression vector (Addgene plasmid #78264; a gift
from Felicia Goodrum, University of Arizona, Tucson, AZ), in
which GFP was replaced with a blasticidin resistance cassette to
create pCIB (CMVie-IRES-BlastR). pCIB and pCIB alternate MCS
have been deposited to Addgene as #119863 and #120862, re-
spectively.Mus musculus EVL cDNA andM. musculus VASP cDNA
were derived from MSCV-GFP-EVL and MSCV-GFP-VASP, re-
spectively (gifts from Frank Gertler, Massachusetts Institute of
Technology, Cambridge, MA). M. musculus MENA cDNA was
derived from pDONR223-MENA (a gift from Lisa Gallegos,
Harvard Medical School, Boston, MA). pLKO.1-TRC cloning
vector was a gift from David Root (Broad Institute, Cambrige,
MA; Addgene plasmid #10878). Multiple Ena/VASP shRNAs
were tested and those used for experimentation included: pLKO-
EVL shRNAs: shRNA#01, GE Dharmacon TRCN0000063869
(antisense 59-TACTAGGATCTTCCATTTGGC-39), and shRNA#02,
TRCN0000063871 (antisense 59-TTACTTGCAAAGTTTAAGCCG-39);
pLKO-VASP shRNAs: shRNA#01, GE Dharmacon TRCN0000117147
(antisense 59-AAAGTGAATCTAGAACAAGGG-39), and shRNA#02,
TRCN0000117148 (antisense 59-AGAAGACGACTTCATCCTTGG-39);
and pLKO-MENA shRNAs: shRNA#01, GE Dharmacon TRCN000-
0061824 (antisense 59-TTAGAGGAGTCTCAACAGAGG-39), and shR-
NA#02, TRCN0000061827 (antisense 59-TTTGACTTGCTCAGTTCC
TGC-39). shRNA-resistant EVL was generated via PCR using inverse
PCR site-directedmutagenesis ofM. musculus EVL cDNA derived
from MSCV-GFP-EVL (TRCN0000063869 shRNA recognition
site converted to 59-GTCAGACCGAAGACCCAAGC-39). EVL do-
main deletion mutants were generated using inverse PCR site-
directed mutagenesis of shRNA-resistant EVL and chimeras
were generated by PCR of the EVH1 domain from MSCV-GFP-
VASP or pDONR223-MENA and subcloning into shRNA-resistant
EVL to replace the native EVL EVH1 sequence (sequences found
in Table S1). The sequences of all constructed plasmids were
confirmed. Antibodies used were as follows: mouse anti-Paxillin
(clone 349; BD Biosciences, 612405), rabbit anti-Tyr118-phospho-
paxillin (CST, 2541S), rabbit anti-Tyr397-phospho-FAK (clone 141-9;
Invitrogen, 44-625G), mouse anti-Ser19-phospho-MLC (CST,
3675), rabbit anti-VASP (clone 9A2; CST, 3132S), rabbit anti-
MENA (Sigma-Aldrich, HPA028696), rabbit anti-EVL (Sigma-
Aldrich, HPA018849), mouse and rabbit anti-EVL (kindly pro-
vided by Frank Gertler), mouse anti-actin (clone C4; Abcam,
AB3280; and ProteinTech, 66009-1), and rabbit anti-GAPDH
(clone 14C10; CST, 2118S). Drugs used were as follows: Blebbista-
tin (Sigma-Aldrich), Y-27632 (Tocris), and SMIFH2 (EMD
Millipore).

Lentiviral production and infections
HEK293T cells were transfected at 60% confluence with transfer
plasmid and second-generation lentiviral packaging system
(psPAX2 and pMD2.G, Addgene #12260 and #12259; gifts from
Didier Trono, École polytechnique fédérale de Lausanne,

Lausanne, Switzerland), using FuGENE HD (Promega) in Op-
tiMEM (Thermo Fisher Scientific). Virus was collected 24 and
48 h after transfection and clarified by 0.45-µm filters. Recip-
ient cells were plated to reach 60% confluence after 24 h, and
virus was added to the cells with media containing Polybrene
(10 µg/ml). Puromycin selection (2 µg/ml) was started 24 h
after infection.

Immunoblotting
Mechanosensing experiments
Cells were lysed 8 h after plating on fibronectin (10 µg/ml;
Corning)-coated dishes in buffer containing 140 mM NaCl,
10 mM Tris, pH 8, 1 mM EDTA, 0.5 mM EGTA, 1% Triton X-100,
0.1% sodium deoxycholate, and 0.1% SDS with protease and
phosphatase inhibitors (Boston Bio Products). Equal amounts of
protein from each sample were resolved by SDS-PAGE and
transferred onto nitrocellulose membranes. Membranes were
blocked in Odyssey Blocking Buffer (LI-COR) for 1 h and incu-
bated with primary antibodies at 4°C overnight. After washing,
membranes were incubated with secondary antibodies conju-
gated to either Alexa Fluor 680 or 790 (Thermo Fisher Scientific)
for 1 h. Immunoblots were scanned using Odyssey CLx imager
(LI-COR).

All other immunoblots
Cells were lysed in buffer containing 10% glycerol, 1% NP-40,
50 mM Tris, pH 7.5, 200 mM NaCl, and 2 mM MgCl2 with
protease and phosphatase inhibitors (Boston Bio Products).
Total protein concentrations were determined using a BSA
standard curve in a Bradford assay (Thermo Fisher Scientific).
Equal amounts of protein from each sample were resolved by
SDS-PAGE and transferred onto polyvinylidene difluoride
membranes. Membranes were blocked in 5% BSA for 1 h and
incubated with a primary antibody at 4°C overnight. After
washing, membranes were incubated with a secondary anti-
body conjugated to HRP (Invitrogen) for 1 h. Immunoblots
were developed with Clarity Western ECL Substrate (Bio-
Rad). To probe with a second antibody, membranes were
stripped with 0.5 M sodium hydroxide for 15 min at room
temperature, washed, and blocked. Membranes were then
incubated with a primary antibody of a different species from
the first antibody used, and procedures were performed
as above.

Zymography
Cells were lysed in buffer containing 10% glycerol, 1% NP-40,
50 mM Tris, pH 7.5, 200 mM NaCl, and 2 mM MgCl2. Lysates
were cleared via centrifugation at 14,000 rpm at 4°C. Total
protein concentrations were determined using a BSA standard
curve in a Bradford assay (Thermo Fisher Scientific). Equal
amounts of protein from each sample were resolved by elec-
trophoresis on gelatin zymogram gels (Thermo Fisher Scientific)
under nonreducing conditions. Gels were washed in renaturing
and developing buffers (Thermo Fisher Scientific) and incubated
in developing buffer at 37°C overnight. Gels were stained with
Coomassie blue (Bio-Rad). Band intensities were quantitated
using ImageJ (National Institutes of Health).
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Real-time qPCR
Total RNA was isolated using Isolate II RNA kit (Bioline), and
cDNA was synthesized from 1 µg of RNA using XLA script cDNA
kit (Worldwide Medical Products). SYBR green PCR mix (Biol-
ine) was used for RT-qPCR on the ABI Fast 7500 system using
default fast cycling parameters. Samples were run in triplicate in
each experiment and relative cDNA levels forHomo sapiens VASP
(forward: 59-CTGGGAGAAGAACAGCACAACC-39; reverse: 59-
AGGTCCGAGTAATCACTGGAGC-39), MENA (forward: 59-GGT
CGTGATAAACTGTGCCAT-39; reverse: 59-ACCATACACCTGTCT
AGCATCT-39), and EVL (forward: 59-CTTCCGTGATGGTCTACG
ATG-39; reverse: 59-TGCAACTTGACTCCAACGACT-39) or M.
musculus EVL (forward: 59-TGAGAGCCAAACGGAAGACC-39; re-
verse: 59-TTCTGGACAGCAACGAGGAC-39) were normalized to
the Homo sapiens EEF1A1 housekeeping gene (forward: 59-TCG
GGCAAGTCCACCACTAC-39; reverse: 59-CCAAGACCCAGGCAT
ACTTGA-39) and the M. musculus EEF1A1 housekeeping gene
(forward: 59-CAACATCGTCGTAATCGGACA-39; reverse: 59-GTC
TAAGACCCAGGCGTACTT-39). Fold change comparisons were
made using ΔΔCT analysis, and relative copy numbers were
expressed as 2−ΔCT relative to 1 million copies of EEF1A1. Primer
pairs were confirmed to have 90–105% efficiency based on the
slope of the standard curve from a dilution series of pooled
cDNAs from human or mouse cell lines.

Immunofluorescence
Cells were fixed in either 4% PFA (Electron Microscopy Serv-
ices) or 4% PFA with 0.075 mg/ml saponin (Alfa Aesar) at 37°C
for 10 min. PFA was quenched with 1 mg/ml sodium borohy-
dride for 15 min at room temperature or 100 mM glycine for
10 min at room temperature. Cells fixed in PFA alone were
permeabilized in 0.1% Triton X-100 (Thermo Fisher Scientific)
for 10 min at room temperature. Cells were blocked in 1% BSA
and 1% FBS for 1 h at room temperature or at 4°C overnight. For
actin staining, fluorescently labeled phalloidin (ATTO-Tec and
Invitrogen) was added to blocking buffer. Primary antibodies
were used for 1.5–2.5 h at room temperature, and secondary
antibodies were used for 1 h at room temperature.

FA area and length quantification
FA area and length were analyzed using paxillin immunofluo-
rescence to denote FAs. MCF7, T47D, Caco-2, PC3, U2OS, and
MCF10A cells were fixed and stained 24 h after plating, and
SUM159, NIH-3T3, and MVD7 cells were fixed 30 min after
plating. Immunofluorescence was imaged with total internal
reflection fluorescence (TIRF) illumination on a Ti-E inverted
microscope (Nikon), with a 100× Apo TIRF 1.49 NA objective
(Nikon), an ORCA-Flash 4.0 V2 complementary metal-oxide
semiconductor (CMOS) camera (Hamamatsu), and a motorized
stage. Total FA area per cell was quantified by measuring the
paxillin area of nonclustered cells. Area measurements were
done in Elements software (Nikon) by equally thresholding all
images within an experiment using an average background
fluorescence intensity and generating a binary mask. Individual
FA length measurements were done in representative cells from
the same experiments, selected for having total FA area closest
to the quantified mean FA area in each experimental condition.

FA lengths were quantified by thresholding all images within an
experiment to an average background fluorescence intensity
and using the length measurement tool in Elements software
(Nikon). Automated area measurements of binary masks were
taken, and the paxillin-positive area of all cells was plotted. In
addition, total cell area measurements were used to create bins,
and FA area (paxillin-positive area) was examined within each
bin. Additionally, in a separate analysis, the FA area from the
entire dataset was analyzed using a multiple regression model to
control for differences in cell area between experimental groups.

Quantification of p-FAK and p-pax area (mechanosensing)
Mechanosensory signaling was analyzed using immunofluores-
cence of p-FAK at Tyrosine-397 and p-paxillin at Tyrosine-118.
MCF7 cells were fixed and stained 24 h after plating on glass-
bottom dishes (1.5; MatTek). For myosin suppression studies,
cells were treated with 25 µM Y-27632 (Tocris) for 1 h before
fixation. Immunofluorescence was imaged with TIRF illumina-
tion on a Ti-E inverted microscope, with a 100× Apo TIRF 1.49
NA objective, an ORCA-Flash 4.0 V2 CMOS camera, and a mo-
torized stage. Area measurements were done in Elements soft-
ware by thresholding all images within an experiment to an
average background fluorescence intensity and generating a bi-
narymask. Automated areameasurements of binarymaskswere
taken, and areas of all cells were plotted.

In situ actin polymerization assay
In situ actin polymerization assays (also referred to as barbed
end labeling) were modified from Chan et al. (1998). Briefly,
Rhodamine-labeled actin (Cytoskeleton) was diluted to 0.2 µg/µl
in buffer (pH 7.5) containing 1 mM Hepes, 0.2 mM MgCl2, and
0.2 mM ATP (Sigma-Aldrich). Actin solution was sonicated on
ice before being centrifuged at 55,000 rpm for 30 min at 4°C in
an Optima TLX ultracentrifuge (Beckman) and TLA 120.1 rotor
(Beckman). The actin solution was then incubated on ice for an
additional 30 min. Just before cell exposure to actin, glass-
bottom dishes (1.5; MatTek) with cells were placed in a 37°C
water bath, and the actin solution was further diluted to 0.02
µg/µl in 37°C buffer (pH 7.5) composed of 20mMHepes, 138mM
KCl, 4 mMMgCl2, 3 mM EGTA, 1% BSA, 1 mM ATP, and 0.2 mg/
ml saponin. The actin solution was added to dishes for 1 min
before the reaction was stopped with buffer (pH 7.5) composed
of 20 mM Hepes, 138 mM KCl, 4 mM MgCl2, and 3 mM EGTA.
Providing labeled actin for 1 min allows for visualization of actin
polymerization dynamics within a defined period of time. Fix-
ation and immunofluorescent staining immediately proceeded.
Cells were imaged using TIRF illumination on a Ti-E inverted
microscope, with a 100× Apo TIRF 1.49 NA objective, an ORCA-
Flash 4.0 V2 CMOS camera, and a motorized stage. FA actin
polymerization was quantified in Elements software by gener-
ating binary masks of paxillin staining within nonclustered cells
(see FA area quantification) and measuring the fluorescence
intensity of exogenously introduced actin within binary masks.

3D N-STORM superresolution Imaging
In situ actin polymerization assays were imaged using 3D
N-STORM 5.0 system with astigmatic lens (Nikon), with a CFI
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HP Apochromat 100XAC TIRF 1.49 NA objective (Nikon),
LU-NV 405 nm (20mW), 488 nm (70mW), 561 nm (70mW), and
640 nm (125 mW) laser with power measured at the fiber tip
(Nikon), Flash 4.0 V3 camera (Hamamatsu), and a motorized
stage. Samples were imaged in imaging buffer containing
50 mM Tris, pH 8.0, 10 mM NaCl, 10% glucose, 14.3 mM 2-
mercaptoethanol, 560 µg/ml glucose oxidase, and 34 µg/ml
catalase. In situ actin polymerization assays used for super-
resolution imaging were performed as described above with
the exception of biotin-labeled actin (Cytoskeleton) and
streptavidin conjugated to Alexa Fluor 647 (Invitrogen) being
used for visualization of labeled barbed ends (in lieu of
Rhodamine-labeled actin). Assays were performed in MCF7
cells expressing GFP-EVL and were completed with paxillin
immunofluorescence to identify FA plaques. For 3D image
calibration, 100 nm TetraSpeck Microspheres (Thermo Fisher
Scientific) were imaged every 10 nm in the z plane to generate
a 1-µm z stack, which was used to measure the axial ratio of
stretch generated by the astigmatic lens in x and y. For image
acquisition, cells were located within the TIRF module, and a
75,000 frame imaging cycle was used for STORM imaging in
488-, 561-, and 640-nm wavelengths.

Quantification of cell area
Glass-bottom dishes (1.5; MatTek) were coated with fibronectin
(10 µg/ml; Corning), laminin (derived from HaCaT cells; a kind
gift from Anne Cress, University of Arizona, Tucson, AZ), or
collagen type I (rat tail; 50 µg/ml in 0.1% acetic acid; Corning).
For plating, cells were lifted using Cellstripper (Corning) for
20 min at 37°C. Cells were imaged 24 h after plating using a Ti-E
inverted microscope, with a 20× Plan Apo 0.75 NA objective
(Nikon) and a CoolSNAP MYO charge-coupled device camera
(Photometrics). Single cells were analyzed, and cell area was
quantified by manual tracing in Elements software.

Preparation of deformable hydrogels
Preparation of deformable polyacrylamide hydrogels was modi-
fied from Ng et al. (2012). Briefly, glass-bottom dishes (1.0; Mat-
Tek) were treated with a 2% solution of 3-aminopropyltrimethoxy
silane (Sigma-Aldrich) in isopropanol, for 10 min. After washing,
plates were dried at 37°C for several hours. Dishes were then
treated with 0.25% glutaraldehyde for 30 min, washed, and dried.
Dishes were stored in a dust-free environment for up to 1 mo.
Final ratios of 5/0.3%, 10/0.2%, and 10/0.3% acrylamide/bis-ac-
rylamide were used for 8-, 35-, and 64-kPa gels, respectively.
Acrylamide and bis-acrylamide were diluted in 50mMHepes (pH
8.5), with 0.1% APS and 0.2% tetramethylethylenediamine added
to the gel solution. To create flat-cell adhesion surfaces, un-
polymerized polyacrylamide gel was sandwiched between a pre-
treated MatTek dish and coverslip and allowed to polymerize at
room temperature. Following polymerization, coverslips were
removed, and gels were stored at 4°C in PBS until prepared for
matrix coating. For matrix coating, gels were treated with 2 mg/
ml Sulfo-SANPAH (Life Technologies) and placed under UV light
for 20 min. Gels were then washed with PBS and coated with
10 µg/ml fibronectin (Corning) for a minimum of 1.5 h at 37°C.
Gels were washed with PBS before cell plating.

Quantification of cell spreading on substrates of increasing
rigidity (mechanosensing)
Deformable 8-, 35-, and 64-kPa hydrogels were prepared and
coated with 10 µg/ml fibronectin (see Preparation of deformable
hydrogels). For plating, cells were lifted using Cellstripper
(Corning) for 20 min at 37°C. Cells were imaged 2 h after plating
using a Ti-E inverted microscope, with a 20× Plan Apo 0.75 NA
objective and an ORCA-Flash 4.0 V2 CMOS camera. Single cells
were analyzed, and cell area was quantified bymanual tracing in
Elements software.

Mechanically directed motility assay
Mechanically directed motility assays were performed as pre-
viously described (Lo et al., 2000; Plotnikov et al., 2012). Briefly,
cells were plated on 8-, 35-, or 64-kPa polyacrylamide gels coated
with 10 µg/ml fibronectin (see Preparation of deformable hy-
drogels) and allowed to adhere for ∼48 h. Before imaging,
imaging buffer was added to cells (full medium supplemented
with 10 mM Hepes). A micromanipulator (InjectMan NI2; Ep-
pendorf) was fitted with a glass micropipette (Femtotip; Ep-
pendorf), and a force gradient was generated by micropipette
insertion ∼10 µm away from nonleading edges of single cells and
pulling micropipettes a further 10 µm from the cell. This
methodology allows for reproducible and consistent stimulation
with respect to the position, duration, and magnitude of force.
Experiments were imaged by differential interference contrast
(DIC)microscopy on a Ti-E invertedmicroscope, with a 60× Plan
Apo 1.40 NA objective and a CoolSNAP MYO charge-coupled
device camera (Photometrics) or an ORCA-Flash 4.0 V2 CMOS
camera (Hamamatsu), a motorized stage, and an environmental
chamber. Imaging was done at 37°C with ambient 5% CO2.
Stimulated cells were imaged at a 1-s frame rate for 30 min. To
suppress myosin contractility, either 25 µM Y-27632 (Tocris) or
10 µM Blebbistatin (Sigma-Aldrich) was added to imaging
buffer, and cells were treated for 1 h before experiment start
time and maintained in drug throughout the experiment. To
suppress formin activity, 15 µM SMIFH2 (EMD Millipore) was
added to imaging buffer, and cells were treated for 4 h before
experiment start time and maintained in drug throughout the
experiment. Mechanically directed motility was quantified us-
ing the sensing index and turning angles of manual traces done
in ImageJ (see Sensing index and Turning angles). Additionally,
an accompanying analysis of cell area at the initial position was
performed for all the experiments in which we observed a dif-
ference in mechanically directed motility.

PDAI
PDAI = %P(|%P + %D|) accounts for two factors: (1) %P, which is
the percentage change in area of the side of the cell proximal to
the stimulus source, and (2) |%P + %D|, the migration factor,
which is the absolute value of the sum of the percentage change
in area at the proximal and distal sides. These factors reflect the
extent of de-adhesionwith respect to the direction of change and
de-adhesion due to mere cell translocation during cell motility,
respectively. Proximal and distal cell areas are quantified every
5 min by drawing a line from the pipette to the starting centroid
of the cell and then drawing a second, perpendicular line
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running through the starting centroid position of the cell. The
second line dictates the “proximal” and “distal” halves of the cell
with respect to the stimulus source, and cell area changes are
measured at starting and ending time points according to this
line. Both lines are redrawn for every starting time point for all
time interval comparisons to account for cell movement. Proxi-
mal and distal percentage changes in area were calculated by
subtracting the respective cell area of the ending position (IIP)
from the respective cell area of the starting position (IP), dividing
by the respective cell area of the starting position, and multi-
plying by 100: %P = 100 × (IIP − IP)/IP or %D = 100 × (IID − ID)/ID.

Random migration assay
Cells were plated on 35-kPa polyacrylamide gels coated with
10 µg/ml fibronectin (see Preparation of deformable hydrogels)
and allowed to adhere for ∼24 h before imaging. Cells were
imaged using a Ti-E inverted microscope, with a 20× Plan Apo
0.75 NA objective and an ORCA-Flash 4.0 V2 CMOS camera, a
motorized stage, and an environmental chamber. Imaging was
done at 37°C with 5% CO2. Single cells were analyzed, and cell
tracking analysis of cell migration during 2-h time periods was
performed in Elements software (Nikon). Speed and direction-
ality are quantified as [path length/time] and [net path/total
path], respectively. Measurements are averages from 10-, 20-,
30-, 40-, 50-, 60-, 70-, 80-, 90-, 100-, 110-, and 120-min intervals.

Chemotactic sensing assay
Chemotactic sensing assays were performed as previously de-
scribed (Mouneimne et al., 2006). Briefly, cells were plated on
glass-bottom dishes (1.5; MatTek) coated with 10 µg/ml fibro-
nectin (Corning) and allowed to adhere for ∼24 h. Before
imaging, imaging buffer was added to cells (full medium sup-
plemented with 10 mMHepes). A micromanipulator (InjectMan
NI2; Eppendorf) was fitted with a glass micropipette (Femtotip;
Eppendorf), which was loaded with 10 nM IGF with 3-kD fluo-
rescently labeled Dextran clarified by 0.2-µm filters. A chemo-
tactic gradient was generated using a pressure-regulated
microinjection system at 25pi with continuous flow (FemtoJet;
Eppendorf). Micropipettes were placed ∼25 µm away from
nonleading edges of single cells, and IGF was released from the
micropipette for 2 min. Experiments were imaged on a Ti-E
inverted microscope, with a 60× Plan Apo 1.40 NA objective,
and an ORCA-Flash 4.0 V2 CMOS camera, a motorized stage, and
an environmental chamber. Imaging was done at 37°C with
ambient 5% CO2. Stimulated cells were imaged by DIC micros-
copy at a 1-s frame rate for 30 min. Wide-field fluorescence,
captured at a 1-min frame rate, was used to visualize the che-
motactic gradient. Chemotactic sensing was quantified using the
sensing index and turning angles of manual traces done in Im-
ageJ (see Sensing index and turning angles).

Sensing index and turning angles
Sensing index
Cosine θ was quantified as previously described (Mouneimne
et al., 2006). Briefly, θ was measured as the angle between the
pipette, the first centroid position of the cell, and each subsequent
centroid position of the cell at 5, 10, 15, 20, 25, and 30 min.

Sensing indices range from +1 to −1, with +1 representing the
highest level of directionality toward the stimulus and −1 repre-
senting the highest level of directionality away from the stimulus.

Turning angles
Turning angles were measured between the pipette, the current
centroid position of the cell, and subsequent centroid positions
of the cell at 5-min intervals. Angles were then adjusted for
plotting on a normalized polar graph by converting the cell
centroid position at time 0, to x = 0, y = 0, and transforming all
cell centroid positions with reference to cell centroid position at
time 0. Centroid positions were then rotationally transformed so
that pipette positions were set along the same axis. For plotting,
rose plots were divided into 30° sectors, and turning angles from
all time points were plotted as a population percentage, with
each step within sectors representing 1% of all turns.

3D invasion assays
Invasion assays were modified from Padilla-Rodriguez et al.
(2018). Chambered 1.5 coverglass (Lab-Tek) was treated with si-
lane and glutaraldehyde (see Preparation of deformable hydro-
gels) and sterilized under UV light for 15 min. Cells were
suspended in 1 mg/ml type I collagen (Corning) diluted in DMEM
(Corning), containing 0.0625 mg/ml ethylene glycol-bis (succinic
acid N-hydroxysuccinimide ester; MP Biomedicals), buffered to a
neutral pH with sodium hydroxide. The cell/collagen solution
was then plated as a 3D dome in the center of the treated cov-
erglass and allowed to polymerize at 37°C. For durotactic invasion
assays, the outer collagen matrix was prepared by combining
1 mg/ml type I collagen in DMEM with 0.625 mg/ml ethylene
glycol-bis and buffering the solution to a neutral pH with sodium
hydroxide. The outer collagen for soft invasion assays was pre-
pared by combining 1 mg/ml type I collagen diluted in DMEM
containing 0.0625 mg/ml ethylene glycol-bis and 20 nM IGF
(Sigma-Aldrich), buffered to a neutral pH with sodium hydrox-
ide. After cell/collagen polymerization, the outer collagen matrix
solution was added onto the cell/collagen matrix and allowed to
polymerize at 37°C. After polymerization, collagen gels were
covered with medium. MCF7 invasion assays were performed for
4 d with medium changes every 24 h, and U2OS invasion assays
were performed for 18 h with imaging beginning immediately
after plating. MCF7 invasion assays were fixed and stained with
Hoechst 33342 (Thermo Fisher Scientific) for 24 h at 4°C, and
large stitch imaging of wide-field fluorescence and DIC micros-
copy was used for imaging the entire cell/matrix boundary. U2OS
invasion assays were imaged using multipoint DIC microscopy
for 18 h at a 10-min frame rate, with a 5-µm step z-series. All
invasion assays were imaged on a Ti-E inverted microscope, with
a 20× Plan Apo 0.75 NA objective, an ORCA-Flash 4.0 V2 CMOS
camera, and a motorized stage. Invasion assays were quantified
by counting the number of cells invaded into the outer matrix in
Elements software; cells were counted as invaded once their
nucleus crossed the inner/outer matrix boundary.

Atomic force microscope–based nano-indentation
A commercial atomic force microscope (MFP-3D-BIO AFM,
Asylum Research) was used for the determination of the elastic
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moduli (i.e., stiffness) as previously described (Staunton et al.,
2016; Wu et al., 2018). Briefly, spheroconical probes (LRCH,
Team Nanotech) with nominal spring constants of 0.2 N ·m−1, a
half cone angle of 18.8°, tip length of >10 µm, and a spherical
radius of 700 nm were used to collect force–indentation curves
in four to seven 4 × 5 grids of 90 × 90-µm areas at 37°C in PBS
buffer with an indenter vertical speed of 2 µm · s−1. Trigger
forces of 20–30 nN resulted in indentation depths ≥10 µm. The
elastic moduli were obtained by fitting the initial 10 µm of in-
dentation of each force–indentation curve to a nonadhesive
elastic contact model for spheroconical probes (Staunton et al.,
2016). Collagen was assumed to be incompressible, with a
Poisson ratio of 0.5 (Lacroix et al., 2018). The spring constants of
the cantilevers were determined by the thermal noise method
before the experiment (Butt and Manfred, 1995).

Statistics and reproducibility
Statistical analyses were performed in GraphPad Prism 8 and Stata
15. For the analysis of FA area in the different cell area bins,
Mann–Whitney U test was used. For the multiple regression
analysis of FA area as a dependent variable, experiment and cell
area were used as independent variables and controlled for; data
were log-transformed to accomplish normality for this analysis.
For analysis of mechanically directed motility, statistical differ-
ences were determined by a two-way ANOVA, using the raw angle
data after square root transformation; P values are specified in
figures and figure legends. For analysis of 3D invasion, data were
transformed to denote fold-change from the conditionwith highest
values, and one-sample t tests were performed with a hypothetical
value of 1. For de-adhesion event data, statistical differences were
determined using a Mann–Whitney U test. For qPCR and zymo-
gram data, statistical differences were determined using a two-
tailed Student’s t test. For all other data, statistical differences
were determined using regression analysis to control for variability
between experiments, and non–normally distributed data were
transformed using log or square root to achieve normality (un-
transformed data are graphed for clarity). Exact P values between
all comparisons are plotted in Tables S2 and S3. Sample sizes and
number of repeated experiments are specified in the legends. Data
are presented as violin plots with median, dot plots with mean ±
SEM, or dot plots with mean ± SD, as denoted in figure legends. P <
0.05 is considered significant; P value ranges are noted in figure
legends, and exact P values are listed in Tables S2 and S3.

Online supplemental material
Fig. S1 shows that mechanically directed motility occurs under
myosin suppression. Fig. S2 shows that EVL is required for cell-
matrix adhesion and cell spreading. Fig. S3 shows that EVL KD
reduces FA area independently of cell spreading. Fig. S4 shows
that EVL KD reduces FA maturation and mechanosensory sig-
naling, and that EVL localizes with sites of actin polymerization
at FAs. Fig. S5 shows measurements of cell area in mechanically
directed motility assays and the suppression of mechanically
directed motility by reduced EVL expression. Fig. S6 shows that
EVL KD uniquely impairs directionality, but not random mi-
gration speed of cells or MMP activity. Additionally, Fig. S6
shows atomic force microscopy measurement of the invasion

assay inner and outer gels. Table S1 shows the confirmed se-
quences of shResist EVL, shResist EVL domain deletion mutants,
and shResist EVL chimeric mutants. Table S2 shows exact P
values from the indicated figures. Table S3 shows exact P values
from all two-way comparisons done in the indicated figures.
Video 1 shows a time-lapse of mechano-stimulated control
and Y-27632–treated MCF7 cells on 35-kPa hydrogel (top),
Blebbistatin-treated MCF7 cells on 35-kPa hydrogel (middle),
and Y-27632–treated MCF7 cells on 64-kPa hydrogel (bottom).
Video 2 shows a time-lapse of mechano-stimulated control and
EVL KD MCF7 cells on 35-kPa hydrogel. Video 3 shows a time-
lapse of mechano-stimulated control and EVL KD U2OS cells on
35-kPa hydrogel. Video 4 shows a time-lapse of mechano-
stimulated control and EVL KD (shRNA #02) MCF7 cells on
35-kPa hydrogel. Video 5 shows a time-lapse of mechano-
stimulated control + GFP, EVL KD + GFP, and EVL KD + GFP-
ΔGF-PFN EVL MCF7 cells on 35-kPa hydrogel. Video 6 shows a
time-lapse of mechano-stimulated control and SMIFH2-treated
MCF7 cells on 35-kPa hydrogel. Video 7 shows a time-lapse of
mechano-stimulated control and EVL KD MCF7 cells on 8-kPa
hydrogel. Video 8 shows a time-lapse of mechano-stimulated
GFP and GFP-EVL–expressing MVD7 cells on 35-kPa hydrogel.
Video 9 shows a time-lapse of control and EVL KD U2OS cells
during durotactic invasion. Video 10 shows a time-lapse of
chemo-stimulated control and EVL KD MCF7 cells.
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